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SIMPLE AND GREEN STRATEGY FOR THE SYNTHESIS OF MIKTOARM
STAR COPOLYMERS BY MULTI-MODES POLYMERIZATIONS

SUMMARY

Many reactions are carried out with the help of solar energy by itself in ecosystem.
Therefore, chemists are inspired from this energy and apply these photochemical
strategies on different chemical synthesis. Photoinitiated polymerization is an
important research area for polymer chemistry due to the necessity of low energy and
temperature. To obtain polymers at lower temperatures than the traditional
polymerization with rapid rates leads to the suppression of side reactions, so that
polymerization reaction can be controlled easily. Photopolymerization is most
importantly applied to heat sensitive monomers and biochemical systems.

Ring opening polymerization (ROP) is a technique used for the polymerization of
cyclic compounds such as unsaturated cyclic ethers, cyclic esters (lactones), cyclic
amides (lactams) and cyclic amines (imines). Poly(butylene oxide), poly(ethylene
oxide), poly(ethylene imine) and poly(caprolactam) are some examples of polymers
frequently used in industry synthesized by ROP. ROP possesses some similarities with
addition polymerization including addition of monomers to the polymer chains by one
by and reaction takes places only between active chains and monomers. In spite of the
fact that the similarities, there are also some differences between ROP and addition
polymerization. For instance, there must be double-bounded compounds in addition
polymerization yet in ROP there is no obligation for this kind of monomers. Besides,
in addition polymerization, high molecular weighted polymers are obtained at the
beginning of polymerization process while in some of the ROPs they are obtained at
the last stages of polymerization.

Free radical polymerization is an important field of polymer chemistry whose
mechanism was discovered by Flory in 1937. He suggested that the free radical
polymerization contains three steps namely initiation, propagation and termination. A
great number of physical or chemical factors can initiate the polymerization. At
propagation step, chain grows via radicals. Finally, the polymerization terminates
either disproportination or coupling.

In this thesis, a simple and green strategy for the synthesis of miktoarm star
copolymers by the combination of ROP and free radical polymerization is described.
Using a multifunctional initiator, bearing primary hydroxyl and tertiary amine
functionalities, vinyl and lactone monomers were sequentially polymerized under mild
conditions. In the first step, phosphazene base (P2-t-Bu) catalyzed ROP of &-
caprolactone is employed. Secondly, thus obtained poly(e-caprolactone) with amine
end groups was used as co-initiator for the polymerization of methyl methacrylate by
utilizing conventional Type Il photoinitiators such as camphoroquione, benzophenone
and thioxanthone. The structures, molecular weight characteristics and thermal
properties of the polymers are analyzed by NMR, gel permeation chromatography
(GPC) and differential scanning calorimetry (DSC) measurements, respectively.
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COKLU POLIMERIZASYON TEKNIKLERI ILE FARKLI KOLLU YILDIZ
KOPOLIMERLERIN BASIT VE CEVREYE DUYARLI SENTEZI

OZET

Ekosistemde bircok reaksiyon giines enerjisi yardimiyla kendiliginden gergeklesir.
Bilim insanlari, siklikla dogali taklit ederek problemlere ¢6ziimler bulmaya
calismislardir. Boylelikle, giines enerjisinden etkilenen kimyagerler, bu stratejiyi
cesitli kimyasal tepkimelere uygulamiglardir. Isikla baglatilmis polimerizasyon,
polimer kimyasinin 6nemli bir ¢caligma alanidir ve bazi monomerlerin, monomerin 11k
hassasiyeti olmamasi durumunda ise 1518a duyarli maddelerin (photosensitizer), 15151
absorplamasi ile yapilarinda meydana gelen kimyasal degisimler sonucu
polimerlesmesi temeline dayanir. Duslik enerji ve disiik sicaklik gerektirmesi
nedeniyle cokca tercih edilen bir yontemdir. Geleneksel polimerizasyona goére ¢ok
daha diisiik sicakliklarda yiiksek hizlarla polimerler elde edilmesi, yan reaksiyonlarin
bastirilmasini ve polimerizasyonun rahatga kontrol edilmesini saglar. Ayrica bu
yontem, biyokimyasal uygulamalarda kullanilabilecek ya da 1s1 duyarliligi olan
maddelerin polimerizasyonunda hayati 6neme sahiptir. Genellikle gérinur bolge veya
UV 1sinlart kullanilir ve deneysel ¢alisma dalga boylar1 250-500 nm araligini kapsar.
Ekonomik ve ekolojik beklentileri karsilamasindan dolay1 mikroelektronik, yapistirict,
miirekkep, iic boyutlu yazici, kaplama gibi birgok endiistriyel uygulamada
kullanilmaktadir.

Polimerizasyon yontemleri katilma ve kondenzasyon olmak {izere ikiye ayrilir.
Katilma polimerizasyonu yapisinda I baglar1 igeren, doymamis bilesiklerin vermis
oldugu polimerizasyon g¢esitidir. Katilma polimerizasyonunda monomerler aktif
merkezlere, ki bu aktif merkezler radikalik ya da iyonik olabilir, ard arda ve hizla
katilarak zinciri biiyiitiirler ve polimerizasyonun ilk anlarinda yiiksek molekiil kiitleli
polimerler olusur. Polimerizasyon siiresince ortamda yalnizca yiiksek molekiil kiitleli
polimerler ve reaksiyona girmemis monomerler bulunur. Giinliik hayatimizda sikca
kullandigimiz maddelerin yapildig1 poli(sitiren), poli(vinil klortiir), poli(akrilonitril)
gibi maddeler katilma polimerlerine 6rnek verilebilir. Diger yandan kondenzasyon
polimerizasyonu ise tzerinde en az iki tane -OH, -NH., -COOH gibi fonksiyonel grup
tagityan molekiillerin birlesirken aralarindan kii¢iik bir molekiiliin reaksiyon ortamina
salinmastyla olusan polimerizasyon tepkimeleridir. Ornegin bir diol olan etilen glikol
ile bi diasit olan adipik asitin kondenzasyon polimerizasyonuyla yapidan suyun
ayrilmasi sonucu poliester olusur. Poliesterin diginda poliamidler, politretanlar énde
gelen kondenzasyon polimerlerindendir. Basamakli polimerizasyonun katilma
polimerizasyonundan en onemli farki olusan polimerin molekiil agirliginin yavas
yavag artmasi sonucu reaksiyonun ilk anlarinda degil, sonlara dogru yiiksek kiitleli
polimerlerin elde edilmesidir. Yukarida bahsedildigi gibi, katilma polimerizasyonu
aktif merkezin yapisina gore ii¢ farkli sekilde ilerleyebilir. Bunlar anyonik, katyonik
ve radikalik mekanizmalardir. Serbest radikal polimerizasyonu polimer kimyasinin
onemli arastirma konularindan biri olup mekanizmasi 1937°de Flory tarafindan
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aydinlatilmistir. Serbest radikal polimerizasyonu tumu radikaller izerinden yiriyen
lic basamaktan olusur; baslama, zincir uzamasi ve sonlanma. Baslaticilar bu
polimerizasyon tiirlinde biiyiikk 6nem tasir. Sicaklik, 1s1 gibi etkenler sonucu radikal
olusumu ve olusan bu radikalin monomere hiicum etmesi baslama asamasi olarak
adlandirilir. Fotobaglaticilar Tip | ve Tip Il olarak ikiye ayrilirlar. Tip | fotobaslaticilar
a-yarilmasi ile radikaller olustururan ve ¢esitli gruplar iceren karbonil bilesikleridir.
Asetofenon, acil fosfin oksit, amino alkil-fenon ve benzil ketal Tip | baslaticilarin
onemli 6rnekleridir. Tip Il fotobaslaticilar ise hidrojen koparma yoluyla radikal
olustururlar. Baslica 6rnekleri benzofenon, tiyokzanton, kamforokinondur. Baglama
agsamas1 tamamlaninca zincir uzamasi meydana gelir. Monomerler zincire teker teker
eklenirler ve ortamda yan urun olarak kuguk molekuller yer almazlar. Son basamak
ise zincirin sonlanmasidir ve iki yolla gerc¢eklesir. Bunlardan birisi uglarinda radikaller
bulunan iki aktif zincirin kenetlenerek tek bir uzun polimer zinciri olusturudugu
birleserek sonlanma; digeri ise bir zincirden diger zincire hidrojen transferi ile aktif
uclarin yok olmasi sonucu iki ayr1 polimer zincirinin olustugu orantisiz sonlanmadir.
Bu polimerizasyonda gozlenebilecek ve zinciri sonlandiran bir ara basamak daha
vardir ve bu zincir transfer reaksiyonu olarak adlandirilir. Bu reaksiyon ortamda
hidrojen verebilecek bir tiir varliginda gergeklesir. Molekiil agirliginin kontroll bu
basamagin en biiyiik avantajlarindan birisidir.

Halka acilma polimerizasyonu, halkali esterler (laktonlar), doymamis halkali eterler,
halkali aminler (iminller), halkali amidler (laktamlar) gibi bir ¢ok halkali bilesigin
polimerizasyonu i¢in kullanilan bir tekniktir. Sanayide ve bilimsel arastirmalarda
blyuk bir 6neme sahip olan Naylon-6 gibi polimerler halka agilma polimerizasyonuyla
kolaylikla iiretiliebilirler. Katilma polimerizasyonunda oldugu gibi reaksiyon aktif
zincirler ve aktif monomerler arasinda gergeklesir. Katilma reaksiyonlarina karsi
avantajlar ise yapilarin ¢ift bag bulundurma zorunluluklarinin olmamasidir. Halka
acilma polimerizasyonu anyonik ve katyonik mekanizmalar basta olmak iizere,
metatez ve radikalik mekanizmalar da takip edebilir. Anyonik mekanizmada niikleofil
uygun pozisyona atak ederek halkay1 agarken, katyonik mekanizmada ise olusacak
olan katyon kararliligina gore Sn1 ya da Sn2 mekanizmalartyla yilireyen iki farkli yol
vardir. Halka agilma polimerizasyonlarindaki énemli diger bir etmen de kullanilan
katalizorlerdir. Lewis asitleri, metal kompleksleri halka agilma polimerizasyonlarinda
sik kullanilan katalizorlerdir. Kullanilacak olan metal ve ligantin uygun sekilde
secilmesiyle istenilen polimerik yapilarin net bir sekilde elde edilebilmesine karsin bu
sistemlerde yiiksek sicaklik gereksinimi biiylik bir dezavantaj olarak karsimiza
cikmaktadir. Metal katalizor icermeyen polimerizasyon sistemleri ise daha 1limh
sartlarda, yiiksek verimlerle gergeklestirilerek enerji tasarrufu saglamasindan ve
cevreye duyarli bir sistem olmasindan dolay1 arastirmacilar tarafindan son yillarda
sikca kullanilmaktadir. Fosfazen bazlari, niikleofilik 6zellige sahip olmayan Bronsted
bazlaridir ve oda sicakliginda kisa siirede yiiksek verimlerle reaksiyonu
katalizlediginden dolay1 metalsiz halka agilma polimerizasyonlarinda tercih edilirler.
Bir¢ok solventte yiiksek ¢ozliniirliigli vardir. Kotii niikleofillerden proton kopartarak
aktiflenmelerini saglar. Bir diger mekanizma tiirii ise katalizor kullanilmayan halka
acilma polimerizasyonlaridir. Bu reaksiyon iki farkli halkali yapinin zwitter iyonik ara
yapist lizerinden ¢ok yiiksek olmayan sicakliklarda gergeklesir.

Tek bir monomerden olusmus polimere homopolimer denirken birden fazla
monomerden olusmus polimerler (kopolimerler) bu monomerlerin dizilis siralarina
gore as1, blok, rastgele, ardisik kopolimerler gibi cesitli isimler alirlar. Bu tiirlerin
yaninda yildiz polimerler gibi daha kompleks yapida olan polimerler de mevcuttur.
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Yildiz polimerlerin kollart aynt monomerlerden olusabilecegi gibi farkh
monomerlerden de olusabilmektedir ve kollarina gore isimlendirilirler. En az iki kolu
farkli olan yildiz kopolimerlere farkli kollu (miktoarm) yildiz kopolimerler denir.
Farkli kollu yildiz kopolimerlerin birden fazla monomerin 6zelliklerini bir binyede
barindirmalari onlarin birgok alanda etkili bir sekilde kullanilmalarina olanak saglar.
Yildiz kopolimerler ¢ekirdek oncelikli, kol oOncelikli ve eslesme yontemleriyle
sentezlenebilirler. Cekirdek oncelikli yildiz kopolimer sentezinde ¢ok fonksiyonlu bir
cekirdek kullanilarak kollarin bu ¢ekirdek {izerinde biiylimesi saglanirken diger bir
metod olan kol oncelikli sentez yonteminde ise kollar lineer bir sekilde biiyiitiiliip tek
bir noktadan ¢apraz baglanarak yildiz kopolimerler elde edilir. Eslesme yontemiyle
sentezde kollar ve ¢gekirdek ayr1 ayr1 hazirlanir. Bu yontemde yapinin kontrolii zordur
ve digerlerine gore daha az tercih edilir. Dallanmis yapilarin en basit 6rnegi olan yildiz
polimerler film olusumu, kaplama, ilag salinimi1 gibi alanlarda rahatlikla
kullanilabilmektedirler.

Polimerler olustuklari monomerlere goére belirli fiziksel ve kimyasal ozellikler
gosterirler. Bircok bilim insam1 bu Ozellikleri gelistirmek ve iyilestirmek icin
calismalar yapmislardir. Kopolimerizasyon yontemiyle farkli polimerlerin 6zellikleri
bir biinyede barindirilabilir. Fakat her zaman iki monomer aynm1 mekanizmayla
polimerlestirilemez. Farkli polimerizasyon yontemlerinin bir arada kullanilmalari, tek
bir mekanizmayla sentezlenemeyen kopolimerlerin sentezlenmelerini saglayan 6nemli
bir tekniktir. Bu yonteme mekanik transformasyon da denir. Bu metod ilk polimer
segmentinin izolasyon ve saflastirilmasina ve son olarak fonksiyonel gruplarin ikinci
monomerin polimerizasyonunu baslatabilecek bagka bir tiire doniisiimiine baglidir.
Transformasyon kavrami, elde edilen polimerlerde boyut ve yapi kontrolii saglar.
Bunun yani sira uygulanan polimerizasyon tekniklerine gore ekonomik ve cevreye
dost olmasi ydniinden avantaja sahip olabilir. Eger kosullar uygunsa farklh
polimerizasyon teknikleri ayn1 anda kullanilarak ara saflagtirma islemleri atlanabilir.
Bu ozellikle maliyeti diisiirmesi ve zamandan tasarruf saglamasi nedenleriyle
endustride tercih edilebilecek bir yontemdir.

Bu tezde, coklu polimerizasyon teknikleri ile farkli kollu yildiz kopolimerlerin basit
ve ¢evreye duyarli sentezi agiklanmistir. Birincil hidroksi ve figlinciil amin
fonksiyonalitelerini tasiyan ¢ok fonksiyonlu baslaticilar kullanarak vinil ve lakton
monomerleri 1liml1 reaksiyon kosullar1 altinda ardisik olarak polimerlestirilmistir. Tlk
basamakta, e-kaprolakton, fosfozen baz1 (P2-t-Bu) katalizorii esliginde halka agilma
polimerizasyonu ile polimerestirilmistir. Ardindan, elde edilen amin u¢ gruplu poli(e-
kaprolakton), metil metakrilatin polimerizasyonunda yardimci baglatict olarak
kullanilmigtir. Bu reaksiyonda kamforokinon, benzofenon ve tiyokzanton gibi Tip 1l
fotobaslaticilardan yararlanilmistir. Ayrica, bu iki polimerizasyon yontemi ayni anda
gerckelsetirilerek tek basamakta da sentez yapilmistir. Elde edilen yapilar niikleer
manyetik rezonans spektroskopisi (NMR), jel gecirgenlik kromatografisi (GPC),
fourier doniistimlii infrared spektroskopisi (FT-IR) ve diferansiyel taramali
kalorimetre (DSC) analizleri ile kanitlanmustir.
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1. INTRODUCTION

Star polymers have been of great interest since they possess unique rheological
behavior and superior mechanical properties compared to their linear counterparts
arising from their three dimensional architectures [1-7]. Different strategies toward
the synthesis of star polymers exist which can be broadly divided into three modes: (i)
core-first [8], (ii) arm-first [9, 10], and (iii) grafting-onto approaches [5]. The former
approach involves design and synthesis of a “core” which is a multifunctional initiator
[11]. The polymer chains are grown outwards from this core via combination of
different polymerization methods, such as living anionic polymerization [12], ring-
opening polymerization (ROP) [13], or a diversity of controlled/“living” radical
polymerization (CRP) techniques [14-16] comprised of atom transfer radical
polymerization (ATRP) [17-19], reversible addition—fragmentation chain transfer
(RAFT) polymerization [20, 21] and nitroxide mediated polymerization (NMP)
polymerization [22-25]. Based on the variety of polymerization methods and their
accompanying choice of monomers, the “core-first” strategy has been a versatile and

efficient approach for the synthesis of star polymers [26, 27].

Miktoarm star polymers are star-shaped architecture having different types of polymer
arms emanate from a focal point. These polymeric arms with chemically dissimilar

and/or different molecular weight were prepared by various synthetic strategies [28].

Photoinitiated free radical polymerization offers a number of advantages different
from thermally initiated free radical polymerization due to low-temperature
conditions, facilitation of temporal and spatial control, and especially for practical
application solvent-free formulation wavelength flexibility and high curing speed.

Photoinitiators for free radical polymerization can be mainly classified into two
categories; cleavage (Type 1) and H-abstraction type (Type Il) initiators [29, 30]
Benzoin and derivatives, acylphosphine oxides [31, 32] and acyl germanes [33, 34]
are commonly used as Type | photoinitiators for radical photopolymerization and are

able to unimolecular bond cleavage on irradiation. Contrarily, in Type Il systems, the



initiation relies on a bimolecular reaction and photoinitiators require a co-initiator (H-
donor) such as amines, thiols, alcohols and ethers to generate initiating radicals.
Following the photoexcitation of sensitizer by irradiation, electron transfer reaction
and subsequently hydrogen abstraction from co-initiator occurs and thus, two radicals
are formed; a radical affording from the carbonyl compound (ketyl-type radical) and
another radical produced from the hydrogen donor. Only the radicals formed from the
co-initiator are capable of initiating free radical polymerization as ketyl radicals are

not noticeably active in the initiation process.

Such reactivity difference gives particular advantage for block and graft
copolymerization when hydrogen-donating sites are incorporated to the polymer
chains. Benzophenone (BP), thioxanthone (TX), camphoroquinone (CQ) and their

derivatives are widely used as Type Il photoinitiators [35-42] (Figure 1.1).

Pl Vo Spr RH, R »  Polymer
—_— —_—

i.s.C. —>
Monomer

Pl= Type Il initiators
R= amines, thiols, alcohols and ethers

Figure 1.1: Photoinitiated free-radical polymerization by Type Il photoinitiators.

In a previous study, we have described preparation of block copolymers of vinyl
monomers by using well-established Type Il free radical photoinitiation method in the
presence of BP and triethylamine (NEtz) which afforded poly(methyl methacrylate)
(PMMA) with terminal N,N-dimethyl amino functionality. Subsequent BP sensitized
photopolymerization of tert-butyl acrylate was conducted with PMMA-N(Et), as
hydrogen donor resulted in poly(methyl methacrylate)-block-poly(tert-butyl acrylate).
Within a facile hydrolysis process, the tert-butyl ester moieties of the hydrophobic
block copolymers were converted to acid functionalities to obtain amphiphilic block

copolymer [43].

Recently, there have been great research attempts to realize various polymerization in
the absence of inorganic catalysts particularly for green chemistry applications.
Hadjichristidis and co-workers demonstrated the possibility of performing ROP
without using stannous octoate under mild conditions to obtain monodisperse
polylactones. A phosphazene base (P»-t-Bu) catalyzed process was shown to

successfully induce e-caprolactone (e-CL) polymerization [44, 45].



We have recently combined this strategy with a metal free photo ATRP approach to
form block copolymers in a sequential and simultaneous manner. Such combinations
of different polymerization processes provide possibility to construct a range of
polymeric structures including block [46], graft [47], hyperbranched [48-52], star
copolymers [53-57] and telechelic polymers [58, 59]. Herein, we report an
operationally simple method for the synthesis of star copolymers through combination
of two different polymerization methods; ROP and Type Il photoinitiation. Depending
on the initiator used, star copolymers with different arm combinations, PMMA and

poly(e-caprolactone) (PCL) were successfully prepared.






2. THEORETICAL PART

2.1 Photoinitiated Polymerization

Hermann Staudinger's concept of macromolecules, linking of small molecules via
covalent bonds to obtain big molecules, has been a pioneer in this area as a source of
inspiration for many scientists and has provided a new era for the design of new
functional polymeric materials. Today, one of the most widely used methods in the
design and handling of functional polymers is photoinitiated polymerization.
Compared with traditional polymerization, this methodology has many advantages
such as solvent-free applications, the necessity of lower energy and temperatures,
sustainability. This technique provides polymerization of monomers with low ceiling
temperatures. It is generally applied to addition polymerizations and the reaction takes
place only between active monomer and the active side of the growing chain. This

active center can be either a cation, anion or radical.

2.2 Photoinitiated Cationic Polymerization

This technique used widely in industry in UV curing applications, ink, adhesives [60].
Generally, unsaturated monomers as alkyl vinyl ethers and epoxy based cyclic
monomers can be polymerized via cationic photopolymerization. Only an initiator
having a counter ion, which exhibits low nucleophilicity, can initiate cationic
polymerization. Photoinitiator decomposed after absorbing the light and composed
radical cation reacts with solvent or monomer. Hereby, H* is released in the reaction

medium and initiates polymerization. So, it is called direct initiation (Figure 2.1).
on*Xx ﬂ» |On+X'I* — A;X‘ + R’
A+ RH —» A+ R + H*

X: PFG, SbFe, BF4 etc.
RH: monomer or solvent

Figure 2.1: General route of direct cationic photoinitiation via onium salts.



Besides, initiation by photosensitization, initiation by free radical oxidization [61, 62]
and initiation via charge transfer complexes [63, 64] can be performed and these all
can be classified under indirect initiation. Onium-type photoinitiators like iodonium,
sulfonium are the mostly used ones in cationic photoinitiation and they generally
works under A<300 nm (Table 2.1) . By preferring indirect initiation, wavelength

flexibility can be provided.

Table 2.1: Examples of onium-type photoinitiators generally used in cationic
photoinitiation.
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SAs S
iodonium salt aryldiazonium salt
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oF, asey

sulfonium salt

7 0 R

< | S\r
W+ i
OR

N-alkoxy pyridinium salt

phenacylsulfonium salt

As can be seen in figure 2.2, aromatic hydrocarbons can be used as photosensitizer
(PS) and the energy of light needed to initiate the polymerization is lowered. PS
absorbs the light and excited. Therefore, an electron is transferred from excited PS to
salt by the formation of the intermediate complex. The rest proceeds like the direct
initiation. Again, Bregnsted acid released in the reaction media and initiates the

polymerization.



ps _MVy pg ARMX petvxT + Al + Ar

ps'MX, + RH —> PS + R + H*MX,

RH: monomer or solvent

<0e

anthracene phenothiazine
perylene H
pyrene carbazole

Figure 2.2: Initiation via photosensitization by electron transfer.

Initiation via charge transfer complexes, another type of indirect initiation, is crucial
only for pyridinium salts; iodonium and sulfonium salts does not form such complexes.
In this of initiation, pyridinium salt forms a charge transfer complex with an electron
donor. By the excitation of this complex, the radical cations responsible from the
initiation of polymerization are formed and the rest of the polymerization proceeds in
the same way (Figure 2.3). Depending on the electron donor, charge transfer

complexes of pyridinium salts can absorbs light range between 350-650 nm [65].
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ED: Electron Donor

Figure 2.3: Initiation via charge transfer complexes.

The other type of indirect initiation is the initiation by free radical oxidation. Due to
using free radical photoinitiators, this process is also called as free radical promoted
cationic polymerization. This is the most flexible one among indirect initiation

systems. Once photochemically generated radical is formed, it is oxidized by onium



salts [66]. So, cation responsible from initiation of polymerization was produced
(Figure 2.4).

. + .
PILRLR*+On

ﬂlm

polymer

Figure 2.4: Initiation by free radical oxidation.

The most important disadvantage of this polymerization type is the sensitivity against

moisture that terminates the polymerization.

2.2.1 Photoinitiated free radical polymerization

Photoinitiated free radical polymerization follows the same initiation, propagation,
chain transfer and termination steps with other polymerizations in a radicalic manner.
Photoinitiator absorbs the light via its chromophore groups like C=0, N=N, C=C and
yields radicals (Figure 2.5). Either both or the proper one from that radicals attacts to
one monomer unit and initiates the polymerization. Then, this radical continues to add
monomers to the growing chain. That step is called propagation. Chain transfer also
takes place if there is any hydrogen donor species in the reaction media. This step
provides chemists to control the molecular weight of polymer due to terminating active
chain. The last step of polymerization is called termination and it may takes place via
coupling or disproportionation. In case of coupling, two active polymer chains are
combined with each other to form one polymer. In contrast to the coupling process,
with the transfer of a hydrogen to another active polymer chain leads to termination of
both chains. Finally, two different polymers are formed.

h .
Pl — Pl absorption

P —>» R; + R, radical generation
R; + M — RM initiation
Figure 2.5: General route of photoinitiation of free radical polymerization.

Photoinitiators can be categorized into two groups namely Type | and Type Il that

forms radicals via a-cleavage and H abstraction, respectively.



2.2.1.1 Type | photoinitiators (unimolecular photoinitiation type)

This type of initiators involves one molecular species that yields radicalic active
centers with the help of light. When photoinitiator absorbs the light homolytic bond
cleavage occurs and radicals formed. Quantum yield of radical formation is an
important parameter for photoinitiating systems. It is the number of initiating radicals

formed via the absorption of one photon (Figure 2.6).

i RO E

Figure 2.6: Radical generation via Type | photoinitiation.

Quantum yields of such systems should be two due to forming two radicals at the end.
But it was not as expected; while one radical initiates the polymerization, the other one
undergoes either combination or disproportination. So, the efficiency of radicals
changes and affects the quantum yield directly [67]. Benzoin ethers and its derivatives
are used frequently (Table 2.2) [30, 68, 69].

Table 2.2: Examples of Type | photoinitiators.
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2.2.1.2 Type 11 photoinitiators (bimolecular photoinitiatoion type)

In that type of initiation, two molecular species are needed to form radicals: a
photoinitiator that can absorb the light and a hydrogen donor species that can coinitiate
the radical formation.

First, photoinitiator absorbs the light and excited to triplet state by intersystem
crossing. A hydrogen donor substance R-H (amine, thiol, alcohol or ether) donates one

hydrogen to excited photoinitiator. Finally, radicals are formed (Figure 2.7).

o] 0 ) OH
hv R-H 0
e
1.S.C.

Figure 2.7: Initiation via Type Il photoinitiation.

Benzophenone, camphoroquinone, thioxanthone are the examples used frequently in
Type Il photoinitiation systems (Table 2.3) [70-72].

Table 2.3: Examples of Type Il photoinitiators.

Benzophenones Benzils
O
R
S R, O

Camphoroquinones

Coumarins
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2.3 Ring Opening Polymerization of Lactones

Ring opening polymerization is the term used for the polymerization of cyclic
monomers like cyclic unsaturated ethers, cyclic esters (lactones), cyclic amines
(imines), cyclic amides (lactams) (Table 2.4). ROP is used in industry frequently,
especially for the production of Nylon-6. Poly(etylene oxide), polycaprolactam,

pol(ybutylene oxide) are some examples of commercial polymers.

Table 2.4: Examples of cyclic monomers and their polymerization mechanism [73].

Structure Name Ring Number Mechnasim
D Olefin 4,5,8 Methathesis
0
Ether 3-5,7 Cationic, anionic
S
( ) Thioether 3,4 Cationic, anionic
R
< N ) Amine 3,4,7 Cationic
(0]
1]
Cc-0
Q Lactone 4, 6-8 Anionic, cationic
0
1
Cc-S
Q Thiolactone 4-8 Anionic, cationic
O H
C—N
U Lactam >3 Anionic, cationic
S-S
Q Disulfide >7 Radical
O0& 0.0
U Anyhride 5, >6 Anionic
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Like addition polymerization, monomers are added one by one to the active chain in
ROP. But, these monomers do not need to contain double bonds. Cylic compounds
can be polymerized by methathesis, radicalic, anionic and cationic mechanisms but

as shown in Table 2.4, lactones prefer anionic or cationic polymerizations.

In anionic mechanism, a nucleophile attacks to a monomer having a polarized bond
and polymerization initiates (Figure 2.8). With the nucleophilic addition of monomer
units to growing chain, propagation takes place. Finally, active chain terminates and

generally, low-molecular weighted polymers obtained.

0]
0 0O ! 0]
RO RO °C—= %
—> n
poly(e—caprolactone)

Figure 2.8: General procedure of anionic ring opening polymerization of
caprolactone.

In cationic mechanism, polymerization is initiated via a cationic initiator. Depending
on the stability of cation, propagation can follow either Sy1 or Sn2 mechanisms. If an

electron donation group stabilizes the formed cation, Sy1 mechanism is carried out

(Figure 2.9).

£\ C —

H,C m
MX+ ~—— ~X-CH, CH2 T X — 5 polymer
) —
H2C H2C

stable cation

H,C H2C .
Sn2: X+ ) —> mX-CH, CH,-X+ ) ——»  Polymer
\ \ —

2 H,C
_C
K/: )I(
H,C

Figure 2.9: General mechanism of cationic ring opening polymerization.

Cationic ring opening polymerizations are usually take places slowly and microwave

may be used to increase the reaction rate rather than simple heating.
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2.3.1 Organometallic catalyst for the ROP of lactones

Stannous(ll) 2-ethylhexanoate, aluminum tri-isopropoxide, tin-alkoxides like
organometallic metal complexes catalyze ROP of lactones via their free p or d orbitals.
They give side reactions like intermolecular or intramolecular transesterification
reactions depending on the temperature and reaction time. As shown in Figure 2.10,
intermolecular transesterification reaction inhibits the formation of block copolymers,
intramolecular transesterification reactions (back-biting) cause degradation of chain
[74]. Moreover, carboxylates have more catalytic properties than alkoxides due to

having weaker nucleophilicity.

Intermolecular Transesterification

(0]
O 0.0
)l\/\ A0 M4 \/\O/\)J\&
R o O\/\ ,Rz
(0]
0] (0]
R)I\/\O/\/O\[]/\/O\/\O,Rz N M'O\/\O/\)J\R
(0]
Intramolecular Transesterification

0]

Polymer, _\—O

/
/' / —_—>

\_\O_\_ I/ ; \_\O_\ )
o/ Polymer

M’O\/\/O\/ Polymer

N

Figure 2.10: Transesterification reactions caused by catalysts used at ROP.

Stannous(11) 2-ethylhexanoate, also called as stannous octoate, is the most widely used
ROP catalyst of lactones because of being economic and commercially available
(Figure 2.11). It is also not hazardous, so it can be used as a food additive. Despite

some proposals, the mechanism is still unclear.

In 1991, McLain and Drysdale used lanthanide alkoxides for the first time for
polymerization of lactones [75]. It is used especially for ROP of lactide due to being
more reactive. The best point of using lanthanide alkoxides is the repression of side

reactions.
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The other catalyst used in ROP of lactones is aluminum tri-isopropoxide that gives
well-defined polymers via living polymerization (Figure 1.11). It follows the
coordination-insertion mechanism by the formation of any side products. Recent
researches on this catalyst focused on the heterogeneous systems by binding the

catalyst on aluminum alkoxide which makes the recycling easier.

OR
0
s ° RO—Sn—OR
o'
0
OR

Figure 2.11: Chemical structure of stannous octoate and aluminum tri-
isopropoxide.

2.3.2 Metal free ROP systems via phosphazene bases

Metal free polymerization techniques are the main concern of many researchers.
Polymers synthesized via ATPR, ROP cannot purified from metal traces. PBs, strong
Bransted bases with non-nucleophilic property, are used as catalysts in ROP of
different monomers like lactones, lactams, epoxides etc [76-78]. They are soluble in
many organic solvents and makes easier to deprotonation of hydroxyl like protic
moieties. When the basicity of PB increased, both polymerization rate and side
products are increased. The other advantage of using PBs as catalyst is to obtain
polymers at room temperatures. When PBs are used, ROP follows an anionic

mechanism (Figure 2.12).

N ~NT Chain Transfer
\ "/
N-P—N=P-N
/ | I\

N 7N

0 0]
PB:PotBu 111\/\/\/O\|~)l\/\/0\
RO pelf H

Figure 2.12: Phosphazene base catalyzed ROP of caprolactone.
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2.4 Star Polymers

Each polymer chain has unique physical properties and characteristics of monomers
that they are formed from. The easiest way to modify these properties is
copolymerization. Copolymers can either be linear like block copolymers or branched.
The advantage of branching is to obtain more compact polymers with higher densities,
which affects the mechanical, crystalline and viscoelastic properties [79]. Star
polymers are the examples of branched polymers that can easily be synthesized. Arms
are linked from a core in that type of polymers. Furthermore, they can be either
symmetric or asymmetric. In symmetric star polymers, branches have the same length
and same chemical composition. They generally represented as A, where A is the
monomer polymerized and n is the number of arms recurred. Asymmetric ones, the
other type of star polymers can be classified under two main categories; molecular
weight asymmetry and chemical asymmetry (Figure 2.14) [80-82]. Chemically

asymmetric star copolymers can also be called as heteroarm or miktoarm.

A B
core
A A A A
symmetric star polymer Molecular weight Chemical asymmetry
asymmetry

Figure 2.13: Structures of different type of star polymers.
Several methods can be applied in the synthesis of star polymers [5].

2.4.1 Arm-first method
Arm-first methodology can be applied in two ways:

a) Macromonomer approach
b) Macroinitiator approach

In first approach, reaction of higher molecular weighted monomer chains with small
initiators are carried out (Figure 2.15). Generally, brush like molecules that have

degree of polymerization around 10-25 are obtained.
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macromonomer low molecular weigth
initiator

Figure 2.14: Formation of star polymer by macromonomer method.

Arm-first method can also be carried out by crosslinking of nonfunctional living
polymers and difunctional monomers (Figure 2.16). But, it is very hard to obtain well-
defined polymers at the end. Number of arms can only be predicted by molecular
weight measurements.

0 + \ g/ ——

living polymer difunctional monomer

Figure 2.15: Formation of star polymer by using macroinitiator.

2.4.2 Core-first method

Core-first methodology is applied frequently because of being easier. Monomers and
multifunctional core reacted directly and arms are grown on the core (Figure 2.17).
Multifunctional core used in that polymerization type must have the same rate of
initiation and be equally reactive. So, by using this method symmetric star polymers
can be obtained easily and number of arms are definite [83].

Monomer + Jk —_—

Multifunctional core

Figure 2.16: Synthesis of star polymers by core-first method.
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2.4.3 Grafting onto

In grafting onto method, pre-synthesized reactive arm and multifunctional core are
coupled together (Figure 2.18). Both structures can be analyzed independently. So, the
control of the final structure is easier than other polymerization types. Generally, low
arm numbered star polymers are obtained at the end because of having a small core.

Purification steps must be applied in order to purify star polymer from unreacted arms.

\/\/o + JL >
Reactive arm Multifunctional core
Figure 2.17: Synthesis of star polymers by grafting onto approach.
2.5 Miktoarm Star Polymers

The term mikto (comes from the Greek word miktos means mixed) is used for star
polymers having at least two chemically different arms and proposed by
Hadjichristidis in 1992 [12]. They are represented as AnBm where A and B symbolizes
different monomers; n and m clarifies the number of repetition of arms (Figure 2.19).

ABC, ABCD or ABs like less common structures is also available.

/
\
7/
X \
A,B ABC

AzBj

Figure 2.18: Representation of miktoarm star polymers.

17



2.6 Combination of Different Polymerization Modes

Copolymers have a wide area of usage especially in industry because of having
advanced properties. But sometimes, they cannot be synthesized in one manner.
Combination of different polymerization modes occupy an important position at this
point [84, 85]. In conventional way, block copolymers are synthesized by the
polymerization of first segment followed by isolation and purification of that
homopolymer. Either initiaton or termination steps, that polymer was converted into
another functionality that can initiate the polymerization of the other species. After, by
using this polymer as a precursor, block or graft polymers can easily be synthesized.
This manner is also called as mechanistic transformation reactions and it is a well-
accepted route to formation of copolymers that cannot be synthesized by one mode. If
it is needed, these monomers can be polymerized simultaneously [46]. By applying
this methodology, intermediate isolation and purification steps are not applied. As seen
in Figure 2.20, transformations involving cationic and controlled radical
polymerizations, anionic and cationic polymerizations, activated monomer
polymerization, metathesis polymerization are some examples studied and reviewed

widely.

Group Transfer
Polymerization

@ o]

Anionic Cationic
Polymerization »  Polymerization

Methathesis ¢ \\ Ziegler-Natta
Polymerization \ Polymerization

% I

Controlled
Radical
Polymerization

Figure 2.19: Combination of different polymerization modes.
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3. EXPERIMENTAL WORK

3.1 Materials and Chemicals

3.1.1 Reagents

Methyl methacrylate (MMA, >99%, Sigma-Aldrich): Methyl methacrylate was purified by

passing through basic alumina column and stored in nitrogen atmosphere in cold.

e-Caprolactone (e-CL, 97%, Aldrich): e-Caprolactone was vacuum distilled over calcium

hydride and stored over activated molecular sieves in nitrogen atmosphere in cold.
Benzophenone (BP, 98%, Sigma-Aldrich): Benzophenone was used as received.
Camphoroquinone (CQ, 97%, Sigma-Aldrich): Camphoroquinone was used as received.

Thioxanthone (TX, 98%, Sigma-Aldrich): Thioxanthone was crystallized from ethanol prior to

use.

Phosphazene Base (P.-t-Bu, ~2.0 M THF solution, Sigma-Aldrich): Phosphazene base was used

as received.

N,N-dimethylethanolamine (DMEA, Fluka): N,N-dimethylethanolamine was dried with
anhydrous KOH and vacuum distilled.

N-methyldiethanolamine (MDEA, 99%, Sigma-Aldrich): N-methyldiethanolamine was used as
received.
3.1.2 Solvents

Toluene (>99.5%, J.T. Barker): Toluene was dried heating over sodium wire and benzophenone
as indicator. Dry toluene was collected in molecular sieves before use and stored in nitrogen

atmosphere.

Methanol (Technical): Methanol was used for the precipitation of polymers without further

purification.
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3.2 Equipments

3.2.1 Light source

A Ker-Vis blue photoreactor equipped with a circle of 6 lamps (Philips TL-D 18 W) emitting
light nominally at 400-500 nm where only CQ absorbs the light. The light intensity was
measured by Delta Ohm model HD-9021 radiometer and found as 45 mW.cm-2. In case of using
TX and BP as photoinitiator, a rayonet type equipped with 16 lamps (Philips 8W/O6) emitting
light nominally at 350 nm with an intensity of 3.0 mW.cm.

3.2.2 Nuclear magnetic resonance spectroscopy (*H-NMR)

'H-NMR spectra were recorded in deuterated chloroform (CDCls with Si(CHs)s as an internal

standart) at 500 MHz on an Agilent VNMRS 500 spectometer at room temperature.

3.2.3 Gel permeation chromatography (GPC)

Apparent and absolute molecular weights were measured from a Viscotek GPCmax
Autosampler sys-tem consisting of a pump module (GPCmax, Viscotek Corp., Houston, TX,
USA), a combined lightscat-tering (Model 270 Dual Detector, Viscotek Corp.), and a refractive
index (RI) detector (VE 3580, Vis-cotek Corp.). The light scattering detector (Ao = 670 nm)
included two scattering angles: 7° and 90°. The RI detector was calibrated with polystyrene
standards having narrow molecular weight distribution and so the quoted molecular weights of
the polymers are expressed in terms of polystyrene equivalents. Two columns 7 x 300 mm, 8 x
300 mm (LT5000L, Mixed, Medium Org and LT3000L, Mixed, Ultra-Low Org) with a guard
column 4.6 x 10 mm (Viscotek, T Guard) were used for the chloroform eluent at 35°C (flow

rate: 1 mL min!). Data were analyzed using Viscotek OmniSEC Omni-01 software.

3.2.4 Differential scanning calorimetry (DSC)

DSC measurements were performed on Perkin-Elmer Diamond DSC with a heating rate of
10°C min-t under nitrogen flow.

3.2.5 Fourier transform infrored spectroscopy (FT-IR)

FT-IR spectra were recorded on Perkin—Elmer FTIR Spectrum One spectrometer with an ATR

accessory (ZnSe, PikeMiracle Accessory) and mercury cadmium telluride (MCT) detector.
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3.3 Preparation Methods

3.3.1 Synthesis of PCL by ROP

A dried Schlenk tube was charged with e-CL (200 eq), P»-t-Bu (5 eq), DMEA or MDEA (1 eq),
and dry toluene (1 mL) under nitrogen atmosphere. The solution was simply mixed at room
temperature for 2 h. Resulting solution was precipitated in excess methanol. Obtained polymers

were filtered and dried under vacuum.

3.3.2 General procedure for sequential polymerization

In a typical reaction, precursor polymer (2.5 eq), MMA (100 eq), photoinitiator (BP, 1 eq), and
dry toluene (Vmma=VTowene= 0.5 mL) were put into a dried Schlenk tube. After degassed with
nitrogen gase, tube was covered tightly and irradiated at proper wavelength for photoinitiators
for 4 hours. Resulted polymers were precipitated in excess methanol, filtered and dried under

vacuum.

3.3.3 General procedure for concurrent free radical and ROP

Following chemicals were taken in a dried Schlenk tube under nitrogen atmosphere:
[MMA]/[PI}/[DMEA or MDEA]:100/1/0.5, [e-CL]/[P2-t-Bu]/[[DMEA or MDEA]: 200/1/5,
Volene= 0.5 mL. After irradiation with a suitable light source at room temperature for 4 h,
resulted polymers were precipitated in excess methanol, filtered and dried under reduced

pressure.
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4. RESULTS AND DISCUSSION

Star copolymers were successfully synthesized by combining ROP and photoinitiated
free radical polymerization using DMEA and/or MDEA possessing hydroxyl and
amine initiating functionalities for the respective polymerization processes. The
concept is based on a core-first strategy which allows the polymerization of different
monomers through different polymerization mechanisms. The hydroxyl groups of the
cores were used as initiating sites for ROP of e-CL, whereas the amine functionalities
serve as hydrogen donating sites for the photoinduced radical polymerization of MMA
using Type Il initiators. Thus, two successive polymerizations were combined
sequentially to yield triblock copolymers under mild reaction conditions. In the first
step, e-CL was polymerized via P.-t-Bu catalyzed process at room temperature in the
presence of DMEA or MDEA.. Subsequently, thus formed precursor polymer was used
as macro hydrogen donor for the excited states of Type Il photoinitiators to give the

desired block copolymers (Figure 4.1).
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Figure 4.1: Synthesis of (PCL)(PMMA). and (PCL)2(PMMA\) star copolymers.
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It should be noted that BP and TX absorb light at the near-UV region, whereas CQ is

photosensitive to visible light signifying a broad wavelength flexibility.

The structures of the obtained the precursor polymers and final block polymers were
investigated by 'H-NMR spectroscopy. As seen in Figure 4.2, all the expected the

characteristic signals belonging to PCL and PMMA segments were clearly observed.

(a)

FNEAN l
T T T T T
4 3 2 1 0
ppm
H(O\/\/\)l)o/\/ N\/\O(ﬂ\/\/\aﬂ)“
b
4(”\/\/\{0);“
M
4 3 | 2 i
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Figure 4.2: 'H-NMR spectra of the polymers by sequential (a) and concurrent
polymerization (b).
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Table 4.1 shows the type of star polymers and their molecular weight characteristics.
Notably, the observed differences in the molecular weights determined by two

methods give indication of star structure.

Table 4.1: Molecular weight characteristics of the polymers at various stages.

MnGperi®® My cpe-Ls™®
n’ s M/ M2

Run Polymer H-donor PI (gmol) (g mol™)

1 (PCL)? - i 7100 7400 1.3
b BP¢

2 (PCL)Y(PMMA)> DMEA 12200 16000 1.9
b BP¢

3 (PCL)Y(PMMA)> DMEA 17000 31500 2.6

CQ!

4 (PCL(PMMA)* DMEA 9000 9450 1.6

d
5 (PCL)PMMA)® DMEA  °Q 14200 23500 2.2

6 (PCL\PMMA) DMEA  TX¢ 9300 11150 1.4
7 (PCL)Y(PMMA)® DMEA  TX¢ 10900 13000 3.1
8 (PCL)* - - 3900 nd 1.6
9 (PCL)(PMMA)> MDEA  BP* 10900 15000 2.7

10 (PCL),(PMMA)> MDEA  CQ¢ 12950 22850 3.1

11 (PCL)(PMMA)> MDEA  TX¢ 6550 7600 3.5

@Polymerization at room temperature for 2 h, [e-CL]/[P2-t-Bu]/[DMEA or MDEA]: 200/1/5, Vtoluene=
1 mL. °)[MMAYJ/[P1]/[DMEA or MDEA]: 100/1/2.5, Vtoene=VMMA= 0.5 mL. Irradiated at 350 nm.
dIrradiated at 400-500 nm. With refractive index detector. "With light scattering detector. 9Determined
by GPC using polystyrene standards.

Typical conversion range is 60-80% and 15-50% for ROP and Type Il photoinitiation,

respectively.

The process was also conducted in one-pot fashion under identical experimental
conditions. However, both polymerization modes were affected from the other mode

and star copolymers with relatively lower molecular weight were obtained (Table 4.2).
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Table 4.2: Concurrent Type Il photoinitiated polymerization and ROP?2.

M, creri®

H-donor PI (¢ mol) Mo/ M8
DMEA BP® 2700 1.5
DMEA CcQe 3200 1.4
DMEA TX 2700 1.5
MDEA BP® 3000 1.8
MDEA CcQe 2500 1.6
MDEA TX 2600 1.5

IMMA]/[PI]/[DMEA or MDEA]: 100/1/0.5, [e-CL]/[P2-t-Bu]/[DMEA or MDEA]: 200/1/5, Voluene=
0.5 mL. Plrradiated at 350 nm. CIrradiated at 400-500 nm. 9YDetermined by GPC using polystyrene
standards.

The success of the total process was further demonstrated by examining the GPC traces
of the polymers at different stages. Clear shifts to lower retention volumes after
sequential polymerizations in comparison to the precursor polymers demonstrates the
success of the total process. The unimodal regime of the chromatograms endorses that
no side reactions such as degradation or transfer reactions were operative during the

photochemical step (Figure 4.3).

(a) ——(PCL) (b) — (PCLYPMMA),
— (PCLYPMMA) — (PCL),(PMMA)
— (PCL)(PMMA),
r T T T T T 1 r T T T T T T T T T T T 1
10 1 12 13 14 15 16 10 11 12 13 14 15 16 17 18
Retention time (min) Retention time (min)

Figure 4.3: (a) GPC traces of PCL and star copolymers obtained by sequential
polymerization, (b) (PCL)(PMMA). and (PCL)2(PMMA) star
copolymers obtained from concurrent polymerization.

26



As seen from Figure 4.4, main bands of both segments were observed. For example,
carbonyl stretching bands around 1727 cm®, asymmetric and symmetric CH:

stretching bands around 2946 and 2865 cm™ can be detected in FT-IR spectroscopy.

(PCL)(PMMA),—— W

(PCL)(PMMA) ~

(PCL) o

T T T T T T T T T T 1
3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4.4: FT-IR spectra of PCL and polymers obtained by sequential Type Il
photoinitiation.

Thermal properties of the star copolymers were also studied by DSC analysis (Figure
4.5). Apparently, all polymers show a strong peak at around 55 °C corresponding to
the PCL segment’s T value. Additionally, small transitions around 100 °C was

observed, which corresponds to the PMMA segments of the block copolymers.

—\_/"_

Tm(pcLy: 57.5°C Te(PMMA): 105°C

. 959,
To(PMMAY 95°€

5 0,
Tm(PCL)' 56.7°C
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— (PCL)(PMMA)
— (PCL)
Tm(peLy: 60.2°C
T T T T T T T T T T T T 1
50 60 70 80 90 100 110

Temperature (°C)

Figure 4.5: DSC thermograms of PCL and star copolymers.
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5. CONCLUSIONS

In conclusion, a novel approach for the synthesis of (PCL)(PMMA). and
(PCL)2(PMMA) star copolymers by combination of sequential ROP and photoinitiated
free radical polymerization was described. The number and structure of the arms of
the star copolymers can readily be adjusted by selecting the type of the hydrogen donor
employed and recurrence of the individual polymerization sequences. It is shown that,
instead of complex and expensive method, fabrication of star copolymers can be
achieved from commercially available, cheap materials in a simple and
environmentally friendly way. Considering the metal free conditions and
biocompatibility of the PCL segments, the approach offers a molecular design
flexibility for various bio applications. Further studies in this line are now in progress.
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