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SYNTHESIS OF MIKTOARM STAR POLYMERS VIA COMBINATION OF
CONTROLLED POLYMERIZATION SYSTEMS

SUMMARY

Complex macromolecular structures such as star polymers have been synthesized in
the search for polymers with improved mechanical and thermal properties. Star
polymers are branched polymers consisting of several linear chains linked to a
central core. Among all branched structures, star polymers have been certainly the
most investigated architectures, attracting much experimental and theoretical interest.
Such species have been very useful in providing further insight into how branching
affects the overall properties of polymers in solution or in melt. Some of the
applications involving star polymers are the direct result of these structure-property
relationships, these polymers being now commonly used as viscosity modifiers in
paints and coatings or for their improved processability and mechanical properties
compared to their linear analogues.

Star polymers containing chemically different arms are termed miktoarm or
heteroarm star polymers. Miktoarm is the combination of Greek word miktos
meaning "mixed”’, and “arm”. Recently, miktoarm star polymers have gained much
attention due to its unique properties arising from their arm segments differ in
molecular weight and chemical composition. Compared with the corresponding
linear block copolymers, miktoarm star polymers exhibit many interesting properties,
such as unique phase separation behavior either in bulk or in solution, due to steric
hindrance as a result of more than two different types of polymers being brought
together at a single junction (core).

Although star polymers constitute the simplest branched structure, their synthesis
remains challenging, and star polymers are often difficult to synthesize in a well-
controlled manner. Due to the complex nature of these macromolecules, living
polymerization techniques, such as anionic, cationic have typically been used to
obtain well-defined star-shaped macromolecules.

The early synthesis of miktoarm star polymers have been based on two general
strategies. The first involves living anionic polymers being consecutively reacted
with an appropriate multifunctional core (chlorosilane compound) in a consecutive
polymer reaction. The second is the reaction of the active chain with divinylbenzene
(DVB). In this route, a living polymer (derived from anionic polymerization) is
added to DVB, and this leads to the formation of a star polymer with active anionic
sites on the polymer core. The subsequent anionic polymerization of another
monomer results in a miktoarm star polymer.
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Living polymerization is a chain growth polymerization that proceeds in the absence
of irreversible chain transfer and chain termination. Living polymerizations provide
the maximum degree of control for synthesis of polymers with predictable, well-
defined structures. For a long period of time, living ionic polymerization (anionic or
cationic) was the dominant living polymerization method. However, in recent years
there has been rapid growth in the area of growing controlled/“living” radical
polymerizations (CRP), which have some advantages over anionic polymerization, in
that they do not require rigorous experimental conditions.

CRP is a simple and robust method for the synthesis of complex macromolecular
structures with low polydispersity and well-controlled architecture and functionality.
Atom transfer radical polymerization (ATRP) and nitroxide-mediated radical
polymerization (NMP) are the most widely used CRP methods. In addition,
controlled ring-opening polymerization (ROP) has found wide applications in the
polymerization of lactones and lactides.

This thesis focused on the synthesis of well-defined miktoarm star polymers based
on combination of controlled radical and nonradical polymerization systems by using
a core-first approach employing miktofunctional initiators.

For this purpose, three novel miktofunctional initiators were synthesized. The first
one,2-hydroxyethyl 3-[(2-bromopropanoyl)oxy]-2-{[(2bromopropanoyl)oxy|methyl}
-2-methyl-propanoate, possessing one initiating site for ROP and two initiating sites
for ATRP, was synthesized in a three-step reaction sequence. This initiator was first
used in the ROP of e-caprolactone (e-CL), and this led to a corresponding polymer
with secondary bromide end groups. The obtained poly(e-caprolactone) (PCL) was
then used as a macroinitiator for the ATRP of tert-butyl acrylate or methyl
methacrylate, and this resulted in AB,-type PCL—[poly(zert-butyl acrylate)],, PCL-
(PrBA), or PCL—[poly(methyl methacrylate)],, PCL-(PMMA), miktoarm star
polymers with controlled molecular weights and low polydispersities via the ROP—
ATRP sequence. The formula of the initiator and illustration of AB,-type miktoarm
star polymers are shown in Scheme 1.

O CH,
O CH;—0—C—CH—Br
HO—CH;—CH—0— C—‘C—CH3 —Functionality for ATRP
CHy—0—C—CH—Br
O CH,
Functionality for ROP 1. e-caprolactone (ROP)

2. tert-butyl acrylate or

methyl methacrylate (ATRP)

Scheme 1. Illustration of the miktofunctional initiator and AB, miktoarm star.
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The ABC type miktoarm star polymer was prepared utilizing a “core-first” method
via combination of ROP, NMP and ATRP. First, the ROP of e-CL was carried out by
using a miktofunctional initiator, 2-(2-Bromo-2-methylpropionyloxymethyl)-3-
hydroxy-2-methyl-propionic acid 2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1yl oxy)-
ethyl ester, at 110 °C. Second, previously obtained PCL was used as a macroinitiator
for NMP of styrene. As a third step, this PCL-polystyrene (PS) precursor with a
bromine functionality in the core was employed as a macroinitiator for ATRP of /BA
in the presence of Cu(I)Br and pentamethyldiethylenetriamine (PMDETA) in order
to give ABC type miktoarm star polymer (PCL-PS-PrBA) with controlled molecular
weight and moderate polydispersity. The schematic representation of synthesized
initiator and ABC type miktoarm star polymer are shown in Scheme 2. The thermal
properties of obtained star polymers were also investigated by DSC and TGA
analysis.

0
o
é‘\ Br—— > ATRP
l 5 ROP
NMP
1. ROP (=-CL)
2. NMP (St)
3. ATRP (fBA)

Scheme 2. [llustration of the miktofunctional initiator and ABC miktoarm star.

Since the above initiator contains a single primary alcohol functionality, which is the
initiation center for ROP of e-CL, as well as a secondary benzyl group linked to an
alkoxyamine; the benzyl group is an efficient initiator for NMP of styrene,
polymerization of a mixture of St and &-CL initiated by corresponding initiator in the
presence of Sn(Oct), as ROP catalyst produces the block copolymer, PCL-b-PS. The
obtained PCL-b-PS having tertiary bromide functionality was used as macroinitiator
for ATRP of MMA to prepare PCL-PS-PMMA miktoarm star polymer (Scheme 3).
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Scheme 3. Illustration of the miktofunctional initiator and ABC miktoarm star.

As a third one, a novel miktofunctional initiator with two tertiary bromide (for
ATRP) and two 2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO) (for NMP)
functionalities and an azobenzene moiety at the core was synthesized. The initiator
thus obtained was used in the subsequent controlled/“living” radical polymerization
routes such as ATRP of MMA and NMP of St, respectively, to give A;B; type
miktoarm star copolymer, (PMMA ),-(PS), with an azobenzene unit at the core with
controlled molecular weight and low polydispersity. The idealized structures of the
initiator and A,B; type miktoarm star copolymer were shown in Scheme 4.

rqé%,

Functionality for NMP

Brﬂ Functionality for ATRP

|

Azobenzene moiety

o

Br 0 Functionality for NMP

Functionality for ATRP

1. ATRP (MMA)
2. NMP (St)

(PMMA),(PS),

—» Azobenzene core

Scheme 4. lllustration of the miktofunctional initiator and A,B; miktoarm star.
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Furthermore, the photoresponsive properties of the miktofunctional intiator and
(PMMA),-(PS), miktoarm star copolymer were investigated by UV and GPC
measurements (Scheme 5).

A <350 nm

dark

trans cis
Scheme 5. Trans to cis photoisomerization process of A>B; miktoarm star polymer
The structure of the novel miktofunctional initiators were elucidated by mass

spectroscopy and 'H (?C)-NMR measurements and the star polymers were
characterized by 'H-NMR and GPC analysis.
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KONTROLLU POLIMERIZASYON SISTEMLERIYLE FARKLI KOLLU
YILDIZ POLIMERLERIN SENTEZIi

OZET

Kompleks makromolekiiler yapilar 6rnegin yildiz polimerler gelistirilmis mekanik ve
termal Ozellige sahip polimer arastirmalari i¢in olduk¢a Onem tasimaktadir. Yildiz
polimerler birkag¢ lineer polimer zincirinin bir merkez ¢ekirdege bagli oldugu dallanmis
yapilardir. Tiim dallanmis yapilar arasinda, siiphesiz yildiz polimerler en ¢ok arastirilan,
deneysel ve teorik acidan ilgi ¢ceken yapilardir. Bu tiir yapilar, dallanmanin polimerlerin
cozelti veya eriyik haldeki tiim 6zelliklerini nasil etkiledigini anlamak i¢in oldukca
elveriglidir. Yildiz polimerlerin bazi uygulamalar1 da iste bu yapi-6zellik arasindaki
iligkinin sonucudur. Giiniimiizde, yildiz polimerler genellikle boya ve kaplamalarda
viskozite ayarlayici olarak kullanilmaktadir.

Kimyasal olarak farkli kollara sahip yildiz polimerler miktokollu ya da farkli kollu
yildiz polimer olarak adlandirilir. “Mikto” kokii Yunanca’dan gelmektedir ve “karisik”
anlamina gelir. Son zamanlarda, farkli kollu yildiz polimerler sahip olduklar1 farkli
molekiil agirligt ve kimyasal kompozisyonda kollardan dolayr oldukca ilgi
uyandirmaktadir. Lineer polimerlerle karsilastirildiklarinda, farkli  kollu yildiz
polimerler oldukca ilging 6zellikler gostermektedir. Bunun nedeni, kati halde ya da
¢oziicii i¢inde sahip olduklar1 farkli kollardan dolay1 gosterdikleri essiz faz ayrim
davranislaridir.

Her ne kadar yildiz polimerler en basit dallanmis yapiyr olustursa da, kontrollii
yaklagimla sentezleri ¢ogu zaman giictiir. Bu tip makromolekiiller kompleks
yapilarindan dolay1 genellikle yasayan polimerizasyon sistemleriyle (yasayan anyonik,
kaytonik polimerizasyon) sentezlenmektedir.

Farkli kollu yildiz polimerlerin sentezi iki genel stratejiye dayanmaktadir. Bunlardan
ilki yasayan anyonik polimerizasyonla sentezlenen polimerlerin uygun ¢ok fonksiyonlu
bir bilesikle tepkimeye ugratilmasidir. ikincisi ise aktif polimer zincirlerinin divinil
benzen (DVB) gibi c¢ift fonksiyonlu bir bilesik ile tepkimeye sokulmasidir. Bu
yontemde, anyonik polimerizasyonla sentezlenen yasayan polimer DVB bilesigi ile
tepkimeye sokulur, boylece ¢ekirdeginde aktif anyonik merkezler i¢eren yildiz polimer
olusturulur. Sonrasinda fakli bir monomerin anyonik polimerizasyonu farkli kollu yildiz
polimer ile sonuglanir.

Yasayan polimerizasyonlar geri doniisiimsiiz zincir transferi veya zincir sonlanmasi
olmaksizin ilerleyen zincir biiylime reaksiyonlaridir. Polimerin sonu¢ molekil agirligi,
dar bir molekiil agirligi dagilimi saglanarak, baslangic monomer/baglatict orani
degistirilerek ayarlanabilir. Simdiye kadar yasayan iyonik polimerizasyon yontemleri en
cok kullanilan yasayan polimerizasyon yoOntemleriydi. Fakat, son yillarda
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kontrollii/“yasayan” polimerizasyon alanindaki gelismeler iyonik polimerizasyon
yontemlerine karsi birgok distiinliik saglamistir. Bunlardan en 6nemlisi ¢ok zor
deneysel sartlar1 gerektirmemesidir.

Kontrollii/“yasayan”  radikal  polimerizasyon iyi tamimlanmig kompleks
makromolekiiler yapilarin sentezi ig¢in oldukca basit ve etkili bir yontemdir.
Stiphesiz, atom transfer radikal polimerizasyon (ATRP) ve nitroksit ortamli radikal
polimerizasyon (NMP) en ¢ok arastirilan kontrollii/“yasayan” radikal polimerizasyon
yontemleridir. Ote yandan, kontrollii halka agilma polimerizasyonu, lakton ve
laktidlerin polimerizasyonunda genis uygulama alani bulmustur.

Bu caligma, kontrollii polimerizasyon yontemleri kullanilarak iyi tanimlanmis yapiya
sahip farkli kollu y1ldiz polimerlerin sentezi iizerine yogunlagmistir.

Bu amagla, ii¢ tane farkli fonksiyonlu baslatic1 sentezlenmistir. Ilki, 2-hidroksietil 3-
[(2-bromopropanoyil)oksi]-2-{[(2-bromopropanoyil)oksi]metil } -2-metil-propanoat,
ROP i¢in bir fonksiyonel gruba ve ATRP i¢in iki fonksiyonel gruba sahip ii¢
fonksiyonlu baslaticidir. Bu baglatici ilk olarak kaprolaktonun (e-CL) ROP’sinde
kalay oktoat (Sn(Oct),) varliginda baslatici olarak kullanilmistir. Elde edilen
polikaprolakton (PCL) tersiyer-butil akrilatin (/BA) ya da metil metakrilatin (MMA)
ATRP’sinde makrobaslatic1 olarak kullanilmistir. Sonug olarak, diisiik molekiil
agirhigr dagilimina sahip AB,- tipli PCL-(PtrBA), veya PCL-(PMMA), farkli kollu
yildiz polimerler hazirlanmistir. Sentezlenen baslaticinin ve AB»- tipli farkli kollu
yildiz polimerlerin yapist Sema 1’de gosterilmistir.

CH,
0 CHZ—O—C—éH—Br
HO— CH;—CH;=0—C—C—CH, | o~ ATRP
CH;—0—C—CH—Br
O CH,

1. CL (ROP)

ROP 2. (BA or MMA (ATRP)

Sema 1. ABC-tipli farkl kollu yildiz polimerin sematik gosterimi.

Ikinci olarak, ATRP, NMP, ve ROP i¢in uygun fonksiyonel gruba sahip yeni bir
baslatici, 2-(2-bromo-2-metil-propiyoniloksimetil)- 3-hidroksil-2-metil-
propiyonikasit 2-fenil-2-(2,2,6,6 tetrametilpiperidinil oksi)-etil ester, sentezlendi
ABC- tipli farkli kollu yildiz polimerin eldesi i¢in iki farkli yol izlendi. Birinci
yaklasimda, sentezlenen baslatici kalay oktoatin, Sn(Oct), katalizoér oldugu &-CL’nin
ROP’ sinde kullanilarak PCL makrobaslaticist elde edildi. Sentezlenen PCL stirenin
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(St) NMP’sinde makrobaslaticit olarak kullanildi ve polistiren(PS)-blok-PCL blok
kopolimeri sentezlendi. Son olarak, u¢ grubunda ATRP i¢in uygun tersiyer bromiir
fonksiyonel grubuna sahip PS-blok-PCL blok kopolimer, tBA’nin ATRP’sinde
makrobaslatic1 olarak kullanildi ve nihayetinde PCL, PS ve PfBA kollarina sahip,
diisiik molekiil agirligr dagilimli ABC tipli farkli kollu yildiz polimer elde edildi
(Sema 2).

rdé Tl

1. ROP (e-caprolactone)
2. NMP (St)
3. ATRP (rBA)

PCL PS

PBA

Sema 2. ABC-tipli farkl kollu yildiz polimerin sematik gésterimi.

Ikinci yaklagimda ise, ROP ve NMP yéntemleri ayni anda kullamlarak tek asamada
PS-blok-PCL blok kopolimeri sentezlendi ve MMA’nin ATRP’sinde makrobaglatici
olarak kullanild1 sonug olarak PCL, PS ve PMMA kollarina sahip ABC tipli farkli
kollu yildiz polimer elde edildi (Sema 3).
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Sema 3. ABC-tipli farkl kollu yildiz polimerin sematik gésterimi.

Ugiincii olarak ise, iki tersiyer bromiir grubuna ve iki TEMPO fonksiyonuna sahip ve
merkezinde azobenzen grubu iceren dort fonksiyonlu baslatict hazirlanmistir. Bu
baslatic1 6ncelikle MMA’nin ATRP’sinde kullanild1 ve kontrollii molekiil agirligina
ve dar molekil agirligt dagilimmma sahip (PMMA), 6n polimeri hazirlandi.
Hazirlanan polimer stirenin NMP’sinde makrobaglatici olarak kullanilarak
merkezinde azobenzen grubu igeren A;B;-tipli (PMMA),(PS), farkli kollu yildiz
polimer elde edilmistir (Sema 4).

i>LBr4> ATRP

N i:q 5 Q - Q ? \;>A10benzene moiety
- TR

ATRP

1. ATRP (MMA)
2.NMP (St)

(PMMA),(PS),

Sema 4. A>B,-tipli farkl kollu yildiz polimerin sematik gosterimi.
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Merkezinde azobenzene grubu iceren baslatici ve farkli kollu yildiz polimerin 15182
cevap verme (trans-cis isomerizasyon) oOzellikleri UV ve GPC olctimleri ile
incelenmistir (Sema 5).

Sentezlenen baglaticilarin yapist 'H (°C)-NMR, kiitle spektroskopi ve yildiz
polimerler 'H-NMR, GPC, DSC 6l¢iimleriyle karakterize edilmistir.

A <350 nm

I

dark

trans cis

Sema 5. Trans-cis isomerizasyon prosesi.
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1. INTRODUCTION

It is well known that polymer properties are determined by the structure and
molecular architecture. Major developments in the science and technology of
polymeric materials have resulted from the preparation and characterization of
polymers with well-defined structures [1, 2]. Well-defined structure provides low
degrees of compositional heterogeneity to understand and predict polymer structure-

property relationships.

The construction of polymeric materials with controlled compositions, topologies,
and functionalities has been the enduring focus in current research [3-6]. Among
them, star polymers with well-defined structures are of considerable interest in the
understanding of the fundamental question of how macromolecular architecture can
affect polymer properties. Star polymers are characterized as the simplest case of
branched species where all chains of a given macromolecule are connected to a
single nodule referred to as the core. The presence of a central core in these
macromolecules has lead to new, often improved characteristics, compared with their
linear polymer analogs. In particular, star polymers provide compact morphology,
reduced solution viscosity, higher retention of properties under high temperature and

high shear applications.

Miktoarm (mikto from the Greek word miktos meaning mixed) star polymers are a
special class of nonlinear polymers where arms of different chemical nature and/or
composition are linked to the same branch point [7]. Recently, miktoarm star
polymers have received much attention because of their specific heterophase
structures, in addition to branched architectures. These star polymers may possibly
induce microdomain arrangements to form novel and interesting nanoscopic objects
with suprastructures [8-13]. The availability of miktoarm stars has facilitated studies
in many fields of polymer physics and particularly in block copolymer self-assembly

in selective solvents, in bulk, or on surfaces [14].



The synthesis of star-shaped polymers is generally achieved by one of two
approaches; the ‘‘arm-first route’” in which the polymer arms are coupled to a
multifunctional coupling agent and the ‘core-first route’’ based on a multifunctional
core as initiator. However, well-defined miktoarm star polymers are generally much
more difficult in synthesis than the corresponding regular stars with the same arms
because two or more quantitative nature of reactions and the isolation of intermediate

polymers during the synthesis are often required.

Previously, miktoarm star polymers have been prepared by living ionic procedures
[6]. However, the synthetically demanding nature of this approach and its lack of
compatibility with a variety of functional groups and stringent reaction conditions,
such as high sensitivity to CO, and moisture have limited the applicability of this
strategy.

In contrast, free radical polymerization is more tolerant to protic impurities and is
capable of polymerizing a vast variety of vinyl monomers. However, because of slow
initiation and fast radical-radical termination reactions, the resulting materials are
polydisperse, and the control over molecular weight and functionality is very
difficult. Controlled/“living” radical polymerization (CRP) combines the advantages
of living ionic polymerization and conventional free radical polymerization. It can
produce polymers with well-controlled structure and functionality under mild
reaction conditions. Currently, there is no truly living radical polymerization process.
The strategy to achieve system’s “livingness” is to temporarily and frequently shield
radical active centers from termination and other side reactions while allowing
monomer insertions. Mechanistically, the most distinguishable difference between
controlled/“living” radical polymerization and conventional free radical
polymerization is the presence of a reversible activation/deactivation process. This
process is the key factor in determining the livingness and control of a radical

process.

Controlled polymerization systems have attracted great attention in polymer science
over the past decade for providing simple synthesis of well-defined polymers. The
importance of these systems can be seen from the enormous number of scientific
papers published every year in leading journals in the fields of polymer and material
science. In the past 20 years, several controlled/“living” radical polymerization

methods were discovered. Among them, nitroxide-mediated radical polymerization



[15] and atom transfer radical polymerization [3, 4] are the two most successful and
promising CRP techniques for the synthesis of well-defined, low-polydispersity

polymers and the fabrication of novel functional materials.

In addition, controlled ring-opening polymerization (ROP) has found wide

applications in the polymerization of lactones and lactides.

One efficient method to prepare miktoarm star polymer is to employ the combination
of several controlled/‘‘living’” radical polymerization methods by employing
miktofunctional initiators (multifunctional initiator having at least two different

functional groups).

This thesis focused on the designation of novel miktofunctional initiators and their
use in the synthesis of well-defined miktoarm star polymers by combination of
controlled/“living” polymerization techniques. This approach enables to combine
very different types of monomers into one polymeric structure by a one-pot or

sequential two-step method.



2. THEORETICAL PART

2.1 Star Polymers

Polymer properties are influenced by their structure and topology. Therefore,
the synthesis of complex macromolecular architectures to control polymer properties
is an ongoing field of study in polymer science. Branching in polymers is a useful
structural variable that can be used advantageously to modify polymer physical
properties and the processing characteristics as a result of changing the melt,
solution, and solid-state properties of polymers [16]. It has been shown that
branching results in a more compact structure in comparison to linear polymers of
similar molecular weight, due to their high segment density, which affects the
crystalline, mechanical, and viscoelastic properties of the polymer. A branched
polymer structure was described as a nonlinear polymer comprised of molecules with
more than one backbone chain radiating from branch points (junction points; atoms
or small group from which more than two long chains emanate) [17]. Star polymers
constitute the simplest form of branched macromolecules where all the chains as arm
segments of one molecule are linked to a centre, which is called the core (Fig. 2.1).
The core of the star polymer can be composed of a multifunctional low molar mass
compound [18-21], a dendrimer [22], a hyperbranched polymer [23, 24], an

arborescent structure [25] and a crosslinked microgel [26, 27]. When the core is big

Figure 2.1 Illustration of a symmetric (regular) star polymer.



enough, the stars obtained are called core-shell structures. They exhibit interesting
properties, especially when the chemical differentiation between internal and
external parts occurs. There are two general types of star polymers:

(a) Symmetric or regular, star polymers, which have n branches of the same length
and composition (A), each connected a single site (core), represented as A,.

(b) Asymmetric star polymers, which are a special class of stars that is characterized
by an asymmetry factor compared to the classical symmetric stars, represented as
A;Bn. The following categories of asymmetric stars are defined in the literature [6, 7,
28]:

-stars with molecular weight asymmetry: The arms are chemically identical but differ
in molecular weight.

-stars with chemical asymmetry: The arms differ in chemical nature. The term
miktoarm stars (coming the Greek word miktos means mixed) or heteroarm star
polymers has been adopted for the stars with chemical asymmetry. Stars having
similar chemical nature but different end groups also belong to this category
(functional group asymmetry)

-stars with topological asymmetry: The arms of the star are block copolymers that
may have the same molecular weight and composition but differ with respect to the
polymeric block that is covalently attached to the core of the star. The schematic

representation of these structures is depicted in Figure 2.2.

A’ B
A

Molecular weight asymmetry Chemical asymmetry

Topological asymmetry

Figure 2.2 The schematic representation of asymmetric star structures.



2.1.1 Preparation of star polymers

Star polymers consist of a central core, from which a given number of chains radiate
attracted the attention of scientists so as to they constitute the simplest form of
branching. The earliest attempt to prepare a model star polymer was that by
Schaefgen and Flory [29]. They were able to synthesize four- and eight-armed
polyamide stars by condensation polymerization of with either a tetrafunctional acid
(cyclohexanone tetrapropionic acid) or an octafunctional acid (dicyclohexanone

octapropionic acid) as multifunctional reactants.

Living polymerizations provide the most versatile synthetic routes for the preparation
of a wide variety of well-defined polymer structure. The methodology of living
polymerization is ideally suited for the preparation of star polymers since it is
possible to vary and control important structural parameters such as molecular
weight, molecular weight distribution, copolymer composition and microstructure,
tacticity, chain end functionality and the number of branches per molecule. Because
termination and chain transfer reactions are absent and the chain-ends may be stable
for sufficient time periods, these polymerizations have the following useful synthetic

attributes for star polymer synthesis:

I. One polymer is formed for each initiator molecule, so that the number average
molecular weight of polymers or block segments can be predicted from the reaction
stoichiometry. Multifunctional initiators with functionality » can form stars with n
arms.

II. If the rate of initiation is rapid or competitive with the rate of propagation,
polymers (precursor arms) with narrow molecular weight distributions are formed
[30].

III. When all of the monomer has been consumed, the product is a polymer with
reactive chain ends that can participate in a variety of post polymerization reactions:
a. block copolymerization by addition of a second monomer, and/or

b. end-linking with multifunctional linking agents to form the corresponding star

polymers with uniform arm lengths.

Although a variety of mechanistic types of living chain reaction polymerization have
been developed [31] such as cationic, group transfer, or living ring opening
metathesis polymerization for the synthesis of star-shaped polymers, until recently

anionic polymerization was one of the best methods to obtain well-defined star-



shaped macromolecules of predetermined branch molar mass. However, in recent
years there has been rapid growth in the area of growing controlled/ “living” radical
polymerizations (CRP), which have some advantages over anionic polymerization, in
that they do not require rigorous experimental conditions and are applicable to a wide
range of monomers. The detailed historical background regarding the basic concepts
of CRP will be given in the following sections of this thesis. First, the general
methods for the synthesis of star-shaped polymers will be described based on living
anionic polymerization. There are three general synthetic methods for the preparation
of star-shaped polymers. These methods have been based on two approaches: arm-

first and core-first.

[1] end linking with multifunctional linking agent (arm-first)
[2] use of multifunctional initiators (core-first)

[3] use of difunctional monomers (arm-first)

2.1.1.1 End linking with multifunctional linking agent (arm-first method)

In the first method, referred to as the “arm-first” method, monofunctional living
chains of known length and low polydispersity are used as precursor. Subsequently,
the active sites located at chain end are reacted with a compound carrying a number
of appropriate reactive functions, whereupon chemical links are formed. The number
of arms corresponds to the functionality of the linking agent as shown in (2.1). The

precursor chains become the star branches, and the linking agent becomes the core.

Livin Pol er Y‘ Linking
s ronm Reaction (2.1)
Multifunctional

Linking Agent
The main advantage of this method is that the arms of the resulting star polymer are
well-defined because the precursor arms can be characterized independently from the
star. Because of the well-defined arms, the number of arms can be readily determined
by measuring the molecular weight of the star. In principle, a variety of well defined,
star polymers with different numbers of arms can be prepared using this
methodology by varying the functionality of the linking agents. Disadvantages of the

method can be considered the sometimes long time required for the linking reaction



and the need to perform fractionation in order to obtain the pure star polymer, since
in almost all cases a small excess of the living arm is used in order to ensure

complete linking.

A wide variety of linking agents have been used for the preparation of star polymers
via anionic polymerization [30]. The most important of those are chlorosilanes [32]
and the chloromethyl [33] or bromomethyl benzene derivatives [34]. However,
linking reactions involving polyfunctional alkyl halides are complicated by side
reactions such as elimination and metal-halogen exchange that lead to compositional
heterogeneity. In contrast, the linking reactions of living polymers with the
chlorosilanes proceed without any side reactions. The most common example is the
reaction of polymeric organolithium compounds (PLi) with multifunctional

electrophilic species such as silicon tetrachloride (SiCly) as shown in 2.2.

4PLi + SiCl, ——> SiP, +4LiCl (2.2)

Although this linking reaction is not complicated by side reactions, the efficiency of
the linking reaction depends on the steric requirements of the linking agent and the
living macromolecular chain end. The linking efficiency can be improved by
separating the Si-Cl groups by spacers, such as methylene groups, and/ or by end-
capping the living chains with a few units of butadiene in order to reduce the steric

hindrance and facilitate the linking reaction.

2.1.1.2 Use of multifunctional initiators (core-first method)

The “arm-first” methods are efficient at synthesizing well-defined star polymers.
Difficulty arises, however, in the functionalization of the outer chain ends, which is
only possible through the use of functional initiators to generate the precursor chains
[35]. Living polymerization using homogeneous, multifunctional initiator of
functionality n can, in principle, form a star-branched polymer with n arms (2.3) and
low-degree of compositional heterogeneity among the arms. There are several
requirements that a multifunctional initiator has to fulfill in order to produce star
polymers with uniform arms, low molecular weight distribution, and controllable
molecular weights. All the initiation sites must be equally reactive and have the same
rate of initiation. Furthermore, the initiation rate must be higher than the propagation

rate. Only a few multifunctional initiators satisfy these requirements. The high chain



segment density in a growing star-branched molecule exacerbates complications
arising from chain end/chain end interactions such as aggregation of ionic species,
oxidation-reduction reactions of organometallic centers, and bimolecular termination
reactions. Complications often arise from the insolubility of these initiators, due to
the strong aggregation effects. The steric hindrance effects, caused by the high

segment density, causes excluded volume effects.

X
Multifunctional —
Initiator - >
Living (2.3)
Polymerization

As a result of these problems, few well-defined multifunctional systems are
available. The use of divinyl benzene (DVB) as a multifunctional initiator was first
demonstrated by Burchard and co-workers [18]. DVB was first polymerized using
butyllithium in benzene to form soluble microgels of high molecular weight. These
microgels with their attendant anionic groups were used as multifunctional initiators
to polymerize monomers such as styrene. This method has been extended by Rempp
and coworkers [36, 37] as a general “core-first” method to prepare star polymers, as

shown in (2.4).
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The “plurifunctional” metalorganic initiator (A) was prepared by potassium
naphthalene-initiated polymerization of DVB in tetrahydrofuran (THF) at -40°C with
[DVB]/[K '] ratios of 0.5-3. Within the prescribed stoichiometric ratios, star polymers
(B) with arm functionalities varying from 8 to 42 were reported. The polydispersities
of resulting products were quite broad as expected for this type of process and were

attributed primarily to a random distribution of core sizes and functionalities.



2.1.1.3 Use of difunctional monomers (arm-first method)

In this method, a living polymer precursor is used as initiator for the polymerization
of a small amount of a suitable difunctional monomer, such as ethylene glycol
dimethacrylate (EGDM) or DVB [38, 39]. Microgel nodules of tightly cross-linked
polymer are formed upon the polymerization. These nodules serve as the branch
point from which the arms emanate. The functionality of the stars prepared by this
method can be determined by molecular weight measurements on the arms and the
star product, but it is very difficult to predict and control the number of arms. The
number of branches incorporated in the star structure is influenced by many
parameters. The most important is the molar ratio of the difunctional monomer over
the living polymer. The functionality of the star increases by increasing this ratio.

Other parameters that influence the number of branches are the chemical nature

Nttt 4 \\—YJ/

Living Polymer S
groym Difunctional Linking (2.5)

Monomer

Reaction

(polystyrene, polydiene etc.), the concentration and the molecular weight of the
living polymer chain, the temperature and the time of the reaction, the rate of stirring,
the composition of the isomers in the case of DVB (ratio of meta, ortho, and para
isomers), etc. Another disadvantage of this procedure is that the final products are
characterized by a distribution in the number of the arms incorporated into the star
structure. Consequently, the number of the arms determined experimentally by
molecular weight measurements is an average value. It is obvious that although this
method is technologically very important and can be applied on an industrial scale, it

is less suitable for the preparation of well-defined stars.

2.1.1.4 Synthesis of star-block copolymers

Star-block copolymers are star polymers in which each arm is a diblock (or a
triblock) copolymer (Fig. 2.3). They can be prepared by all the methods described
earlier. The best way involves the linking reaction of a living diblock copolymer,
prepared by sequential anionic polymerization of the two monomers, with a suitable

linking agent.
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Using this method and chlorosilane linking agents, Fetters and collaborators
synthesized star-block copolymers (polystyrene-b-polyisoprene),, where n=4, 8, 12,
18 [40, 41].

Figure 2.3 Schematic representation of star-block structure

2.1.2 Miktoarm star polymers

The term “miktoarm” has been attributed to star polymers with three or more arms, at
least two of which are molecularly and chemically different (chemical asymmetry).
Miktoarm is a combination of Greek miktos, meaning “mixed”, and arm. This term
was proposed by Hadjichristidis in 1992 [42] and was widely accepted by the other
research groups all over the world. Although, the terms heteroarm star and A,B,-
type star were also used for these types of star structures, miktoarm star (u-star) will

be used throughout this work to refer to star polymers with corresponding structure.

The most common examples of miktoarm stars are the A,B, A3;B, AxB», A,B, (n>2)
and ABC types. Other less common structures, like the ABCD, ABs, and AB,C, are
also available (Fig. 2.4).

2.1.3 Synthesis of miktoarm star polymers by anionic polymerization
2.1.3.1 Chlorosilane method

The synthesis of AB, type miktoarm star polymer was first reported by Mays [43]. A
and B represents polystyrene (PS) and polyisoprene (PI), respectively. The living PS
chains were reacted with an excess of methyltrichlorosilane to produce the
monosubstituted macromolecular linking agent (2.6). The steric hindrance of the
living polystyryllithium and the excess of the silane led to the absence of any
coupled byproduct.
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The excess silane was removed and then a slight excess of the living PI chains was
added to produce the miktoarm star PS(PI),. Excess PI was then removed by

fractionation.

ABC

ABCD

Figure 2.4 Illustration of miktoarm star polymers structures where each letter
represents different polymeric arms.

A : A
Li + CH,SICl; (€XCess) ——s ~mnnSi(CH,)C, + LiCl + CH,SiCI, }

A B
~rrenneSi(CH,)Cl, + ~~Li — = AB, (2.6)

AB, miktoarm star

The method was further developed by Hadjichristidis and coworkers [44] to all
possible combination of AB, p-stars, where A, B is PS, PI or polybutadiene (PBd).
Furthermore, they have prepared PS(PI);, ABs p-stars [45]. ABC miktoarm stars
containing PS, PI and PBd were synthesized by Hadjichristidis and coworkers [42]
according to the procedure shown in 2.7. The first step involved the addition of
living PI arms to excess SiMeClj, followed by elimination of the excess SiMeCl; and
titration of PI-Si(CH3)Cl, with the living PSLi arms. Finally, excess living PBd arms
reacted with the resulting (PI)(PS)Si(CH3)Cl to give the miktoarm star
(PS)(PI)(PBA).
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PISL® + CH SiCl, (excess) — = PI-Si(CH,)CL,
+LiCl +cH,sicl, b

" o. . titration
PI=Si(CH,)Cl, +pg>1i®_1raton_ (PS)—(PI)Si(CH,)Cl + LiCl @D

(PS)—(PI)-Si(CH,)Cl+ PBd@Li@ (excess) (PS)(PI)(PBd) + LiCl

ABC miktoarm star

More recently, Hadjichristidis et al. [46] prepared ABC miktoarm stars of PS, PI and
PDMS with the same methodology. In a slightly modified procedure, the same group
[47] prepared also ABC miktoarm stars of PS, PI and PMMA.

Another most common type of miktoarm star polymers is A;B, type p-stars. The
synthesis of the PS,PBd, stars was performed by latrou and Hadjichristidis [48]
using the reaction sequence outlined in 2.8. The living PS chains reacted with a large
excess of tetrachlorosilane (SiCly), which is the linking agent to produce the
trichlorosilane endcapped PS (PS-SiCls). The excess silane was evaporated on the
vacuum line. The second living PS arm was incorporated to the macromolecular
chains were reacted with SiCls in a molar ratio 2:1 for the formation of the two-arm
product. The formation of the three-arm product is avoided by the increased steric
hindrance of the living PS chain end. Subsequent addition of the living PI chains

resulted in the formation of the desired miktoarm star.

PS©Li®+ SiCl, (excess) —> PS—SiCl,
+Licl + sic1, |

titration
PS—SiCl3 + PS@Li®

(PS);=SiCl, + LiCl 2.8)

(PS);—SiCl,+ PBd@ Li® (excess) ——— (PS);—(PBd), + 2 LiCl
A,B, miktoarm star

The less common structure of miktoarm star polymer is ABCD type p-stars in which
each letter represents a different block. Only two examples of the synthesis of ABCD
miktoarm star are reported in the literature [48, 49]. The first one consists of four

different arms, PS, PI, PBd, and poly(4-methylstyrene) (P4MeS). A step by step
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incorporation of the branches was adopted. The synthetic procedure involved two
titration steps. Therefore, the order of linking of the different branches plays an
essential role in controlling the reaction sequence. The presence on the same nodules
of chains exhibiting different chemical structures leads to original solution
properties. The second example of ABCD miktoarm star polymer with four
incompatible arms, PS, PI, poly(dimethylsiloxane) (PDMS) and poly(2-
vinylpyridine) (P2VP) was synthesized more recently by Hadjichristidis [49].
Roovers et al. [50] have examined in detail the solution properties and compared the

specific behaviour of these miktoarm star polymers to linear diblock copolymers.

2.1.3.2 Divinylbenzene method

The DVB method can be applied for the synthesis of miktoarm stars of the type
A,B,. It is a three-step procedure starting from the synthesis of the living chains A.
These living chains initiate the polymerization of a small quantity of DVB, leading to
the formation of a living star polymer carrying within its core a number of active
sites equal to the number of arms that have contributed to its formation. During the
third step, these active sites are used to polymerize the monomer B, thus producing
A,B,.type miktoarm star. This method for the synthesis of miktoarm stars was first

disclosed by Funke [27, 51] and then extended and improved by Rempp et al [52].

Funke [27, 51] started from poly (tert-butylstyrene) of low molar mass made with
sec-butyllithium in a cyclohexane solution. A small amount of DVB was then added
to generate the living cores. Subsequently, second-generation branches of polydiene
or polystyrene were grown from these living cores. Funke has studied the influence
of the isomer of DVB and the diameter of the particles and has extended that reaction
other difunctional monomers such as diisopropenylbenzenes. Recently, Taromi and
coworkers [53] reported that star polymers obtained from living anionic PS chains
and a small amount of divinyl benzene (DVB) would have many unreacted vinyl
groups in the gel core, and that these vinyl groups could be attacked by carbonions of
another kind of polymer chain, forming miktoarm star polymers with A;B,, type. In
his work, linear polyisoprene chains were used to attack the double bonds existing in
the poly(divinyl benzene) cores of polystyrene star polymers, so that a miktoarm star

polymer with polystyrene and polyisoprene arms was synthesized as shown in (2.9).
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(2.9)

Star PS wtih DVB core

(PI)(PS) miktoarm star polymer
2.1.3.3 Diphenylethylene derivative method

The method developed by Quirk [30, 54] to prepare well-defined asymmetric star
polymers is based on the use of 1,1-diphenylethylene derivatives that are
nonhomopolymerizable monomers. This reaction involves first the synthesis of linear
precursor with the active chain end coupled with 1,3-bis(1-phenylvinylbenzene) or
1,3-bis(1-phenylethenyl)benzene (MDDPE) to form a living dianion. When
butadiene is added, polymerization of second branches occurs, yielding the desired

miktoarm star polymer (2.10).

Dumas et al. [55] have applied dipenylethylene (DPE) methodology in the
preparation of ABC type miktoarm star polymer exhibiting on the same nodules PS,
PMMA, and poly(ethylene oxide) (PEO) or e-caprolactone chains. Dumas et al. [56]
also synthesized a series of (PS)(P/BuMA)(PEO) miktoarm star terpolymers where
PtBuMa is poly(fert-butyl methacrylate) with the same methodology.

Hadjichiristidis [47] has also taken advantage of that coupling reaction with DPE
derivatives to prepare ABC miktoarm star polymers exhibiting PMMA branches,
since chlorosilane chemistry does not apply efficiently to the synthesis of star
polymers containing PMMA branches (living PMMA does not react with
chlorosilanes). In an extension of the methodology involving DPE derivatives, Hirao
and collaborators [57, 58] reported the preparation of chain-end and in-chain
functionalized polymers with a definite number of chloromethylphenyl or
bromomethylphenyl groups as well as their utilization in the synthesis of miktoarm

star polymers.
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CH, Li_CH;
(2.10)

butadiene

A,B, miktoarm star polymer

2.1.4 Synthesis of miktoarm star polymers by living cationic polymerization

It was a major challenge to synthesize stars via cationic polymerizations until the
discovery of living polymerization of isobutylene and vinyl ethers during the early

1980s.

Amphiphilic star polymers with heteroarms of vinyl ethers can be prepared on the

basis of living cationic polymerization [59], where living polyvinyl ether chains,
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produced with the hydrogen iodide/Lewis acid initiating system (HI/I,, HI/Znl,, etc.),
undergo linking reactions via a difunctional vinyl ether into a star-shaped polymer as
illustrated in 2.11. The initially formed star polymer (first star; A in 2.11) may still

carry living growing sites within its microgel core.
HI/Znl,

—_— + -
HC=CH ————~ H+CH2—(|*/H4;CH2—(|JH I Znl,
OR OR OR

Moo OO

2.11)

H,C=CH
OR'

B A

These “core” living sites may be used to initiate a second-phase living
polymerization to grow new arms from the core to give a “second-star” polymer B
where the number of arms per molecule is doubled from the star. When a second
monomer differs from the first polymerized monomer, a miktoarm star polymer may

be obtained where different arms are attached to a single core.

2.1.5 Synthesis of miktoarm star polymers by combination of controlled

polymerization methods

It was a major challenge to synthesize well-defined complex macromolecular
architectures such as block and graft copolymers and star polymers via radical
polymerizations until the discovery of controlled/“living” radical polymerization
(CRP) techniques. Although these architectures have been prepared mainly by truly
living systems (anionic, cationic), the radical polymerization method is more

convenient because it does not require strict purification of monomers and solvents,
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and allows the presence of functional groups. The combination of various controlled
polymerization techniques to produce novel polymer architectures is quite important
because of the synthetic limitations of the pure living systems. CRP combines the
advantages offered by truly living systems with the experimental easiness

characterizing free radical processes.

The synthesis of miktoarm star polymers by controlled polymerization methods can
be accomplished by those explained for the synthesis of miktoarm star polymers by
anionic polymerization. Although miktoarm star polymers have been synthesized
mainly by the anionic polymerization [7, 6, 28, 31], the recent development in the
CRP [3-5, 60, 61] has brought about a drastic change in the synthetic methodology
for miktoarm star polymers for the last 5 years [62-94]. They are essentially two
approaches to synthesize star polymers by CRP methods: core-first and arm-first
method [3-5, 60, 61]. The core first method exploits simultaneous growth from the
multifunctional initiators to give star polymers with constant arm number and

constant arm length as in living ionic polymerization.

The arm-first approach involves the linking reaction of linear living polymers
obtained by CRP with a divinyl compound. This gives a crosslinked gel core and a
random distribution of the number of arms per polymer molecule [64, 95-105]. The
mechanism of divinyl compound method is shown in 2.12. Firstly, a few units of
divinyl reagents add to the reactive macroinitiators (arms) to form short block
copolymers with hanging vinyl groups. Then, the reactive macroinitiator chain ends
react with the hanging vinyl groups to form a microgel core or add to a sterically
accessible star core. Finally, core—core coupling reaction can occur to form a higher-
order star polymer. The star polymer thus obtained still carries a number of active
sites within its microgel core, which is theoretically equal to the number of
incorporated arms of the star polymer. These ‘core’ active sites can initiate the living
polymerization of another monomer to grow new arms from the core, yielding a
miktoarm star polymer with A;B, type. Using this method, miktoarm star polymers
have been synthesized also by CRP methods [3, 4, 60, 61]. In the following, the
readers can find a historical background for the preparation of miktoarm star

polymers based on controlled polymerization methods and combination of those.
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Divinyl compound

S W2 (¢
)

* = active center

(2.12)

Polymer Linking Star-star coupling

2.1.5.1 Synthesis of miktoarm star polymers by atom transfer radical

polymerization (ATRP)

Gnanou and coworkers [69] synthesized AB; type miktoarm star polymers by
combination of atom transfer radical polymerization (ATRP) and chemical
modification of the termini of ATRP derived polymers (2.13). The first step involved
the preparation of w-bromo PS chains by ATRP using ethyl 2-bromoisobutyrate as
initiator. Next, the bromo end groups of the resulting PS chains were derivatized into
twice as many bromoisobutyrates in order to obtain ®,® ~bis(bromo)-PS chains. The
last step consisted of growing two poly(tert-butyl acrylate) (PrfBA) blocks by ATRP,
This methodology enabled to synthesize PS(P/BA), stars with chemically different
PS and PrBA arms. They further performed the selective cleavage of tert-butyl
groups from PS(P/BA), stars under acidic conditions. This resulted amphiphilic
PS(PAA), miktoarm stars carrying one hydrophobic PS branch and two ionizable
poly(acrylic acid) (PAA) arms.
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In 2003, Matyjaszewski reported the synthesis of miktoarm star polymer by arm-first
approach using ATRP [106]. The coupling of living PrBA arms with DVB and
subsequent growth of poly(n-butyl acrylate), PBA arms from the core gave multiarm

(PBA),-(PBA), miktoarm star polymer (2.14).

PBA \R 7 WVVW\(\(X
R R
X=Br / / .

X
Polymer Linking X XX monomer 2 x (2 14)
X X nBA X
X

Using the same methodology, Chen and coworkers [76] prepared (PCL),-(PS),
miktoarm star polymer by ATRP. For this purpose, they first synthesized PCL star
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polymer with a cross-linked microgel core by ATRP of DVB using mono-2-
bromoisobutyryl PCL ester as a macroinitiator. Then (PCL),-(PS), miktoarm star
polymer was produced subsequently by grafting PS from the core of PCL star
polymer in which the initiating groups were inherited from PCL star formation using

ATRP as shown in 2.15.

The same group also reported the synthesis of (PEO),-(PS), miktoarm star polymer
where PEO is poly(ethylene oxide) using the similar approach [77].

ATRP ATRP
_—
||| DVB St
o (2.15)
PCL\O J%Br
PCL Star PCL-PS Star
AAAAAAAAAS —— PS

With a slightly different strategy, Wu et al. [78] have been prepared (PS),-(PEA)m
miktoarm star polymer where PEA represents poly(ethyl acrylate) arms. In their
work, star polystyrene PS, was first synthesized by the arm- first method via ATRP
using a preformed PS macroinitiator in the presence of DVB. Then, the residual vinyl
groups in the gel core were converted to 1-bromoethylbenzene groups by

hydrobromination.

Lastly, miktoarm star polymer, (PS),-(PEA),,, where the arm number of PEA was
greater than that of PS, was prepared by ATRP of ethyl acrylate from 1-
bromoethylbenzene initiating sites, obtained by both the addition of linear PS
macrointiators to vinyl groups of DVB and by hydrobromination of residual vinyl

groups (2.16).
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Hydrobromination

(2.16)

ATRP
EA

s PEA (PS),(PEA),,

2.1.5.2 Synthesis of miktoarm star polymers by combination of ATRP and ring
opening polymerization (ROP)

Hedrick and coworkers [65] reported the production of miktoarm star copolymers
with alternating PCL and PMMA arms from miktofunctional initators using
consecutive ATRP and living ring opening polymerization (ROP) via core-first
approach. The key to this technique is the initiator molecule, since it determines the
structure of the resulting copolymer. They employed a building block containing
initiating sites for both ROP and ATRP (2.17). Coupling of this building block to a
multifunctional core leads to a multiarm initator with initiating sites arranged in an
alternating fashion for the synthesis of corresponding miktoarm star copolymer as

illustrated in 2.17.

The same methodology can also be applied for the preparation of other types of
miktoarm star structures such as AB, p-stars by differentiation of the building
block. Erdogan et al. [72] have reported the facile synthesis of AB, type miktoarm
star copolymers with PCL and P/BA or PMMA arms by combination of ROP and
ATRP processes. They employed a novel miktofunctional intiator (2.18) possessing
one initiating site for ROP and two initiating sites for ATRP. The successive ROP
and ATRP processes yield the desired AB; miktoarm star polymer (2.18).

22



Joa »
< OOO 51

o

A
T

Br

1. ROP (PCL)
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1. ROP (PCL)
2. ATRP (P/BA or PMMA)

(2.18)

PtBA or PMMA

PCL(PtBA)2
PCL(PMMA)2
PrBA or PMMA

The details of this work will be represented in the results and discussions part of this
thesis. The described core-first approach provides another level of control to the
preparation of miktoarm star polymers by employing different miktofunctional

initiators.



2.1.5.3 Synthesis of miktoarm star polymers by combination of ATRP and

nitroxide-mediated radical polymerization (NMP)

Tunca et al. [71] synthesized miktoarm stars of the AB,C, type, where A is PS, B
P/BA and C is PMMA by using the trifunctional initiator. They used a combination
of nitroxide mediated radical polymerization (NMP) and ATRP techniques and a
three-step reaction sequence. In the first step, PS macroinitiator with dual w-bromo
functionality was obtained by NMP of styrene in bulk at 125 °C. This precursor was
subsequently used as the macroinitiator for the ATRP of /BA in the presence of
copper bromide (CuBr) and pentamethyldiethylenetriamine (PMDETA) at 80 °C, to
produce the miktoarm star of the (PS)(PfBA),. This star was the macroinitiator for

the subsequent polymerization of MMA, giving the (PS)(PrBA),(PMMA), (2.19).
O
0 )Ké
N—0 )k{o
o) Br
2
Br
o

1. NMP (PS)
2. ATRP(P/BA)
3. ATRP(PMMA)

(2.19)

PMMA

PS(P/BA),(PMMA),

More recently, same group reported the preparation of A3;Bj; type (PS);-(PMMA);
miktoarm star polymers via combination of NMP and ATRP routes [92]. They
synthesized a novel initiator having initiating sites for both NMP and ATRP and first
used in the preparation of Az type PS macroinitiator by NMP. Next, using this
macroinitiator, the synthesis of A3;B; type (PS);—(PMMA); miktoarm star polymers
was carried out by ATRP of MMA (2.20). As can be seen in the given studies, the
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core-first approach does not need any chemical transformation of functional end-

groups in order to obtain proper functionality for a succeeding polymerization step.

Using the same approach, Erdogan et al. [93] prepared a novel miktoarm star
copolymer with an azobenzene unit at the core (2.21). For this purpose, first,
miktofunctional initiator, with tertiary bromide (for ATRP) and 2,2,6,6-
tetramethylpiperidin-1-yloxy (TEMPO) (for NMP) functionalities and an azobenzene

moiety at the core was synthesized. The initiator thus obtained was used in ATRP of

m (2.20)

1. St (NMP)
2. MMA (ATRP)

PS

PMMA

MMA and NMP of St, respectively, to give A;B, type miktoarm star copolymer,
(PMMA),-(PS), with an azobenzene unit at the core. The details of this work will be

given in the results and discussions part of this thesis.
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1. ATRP of MMA —> (PMMA),
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2.21)

PMMA

PS

2.1.5.4 Synthesis of miktoarm star polymers by combination of reversible

addition-fragmentation chain transfer (RAFT) polymerization and ROP

By combination of reversible addition-fragmentation chain transfer (RAFT) and
ROP, Pan et al. [80] synthesized (poly(ethylene oxide) methyl
ether)(polystyrene)(poly(L-lactide)((MPEO)(PS)(PLLA)), ABC miktoarm star
terpolymers. The synthetic approach involved the reaction of the w-functionalized
hydroxyl group of the poly(ethyleneoxide) methyl ether with maleic anhydride under
conditions where only one hydroxyl group could be esterified. The double bond of
the maleic group was then reacted with dithiobenzoic acid, resulting a dithiobenzoic
terminated MPEO. The second carboxyl group of the maleic anhydride was then
reacted with ethylene oxide, leading to the corresponding ester with a free hydroxyl
group. The dithiobenzoic group of the MPEO was used for the RAFT polymerization
of styrene in THF, at 110 °C, and 2,2’-azobisisobutyronitrile (AIBN) as the initiator.
Finally, the hydroxyl group attached at the junction point of the diblock copolymer
was used as the initiating site for the ROP of L-lactide, in the presence of Stannous

octanoate, Sn(Oct); in toluene at 115 °C (2.22).

Furthermore, Pan et al. [70] by using a combination of RAFT and cationic ROP,
synthesized a series of [poly(methyl methacrylate)][poly(1,3-
dioxepane)](polystyrene), ABC miktoarm star polymers.
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2.1.5.5 Synthesis of miktoarm star polymers by combination of ROP and NMP

The syntheses of well-defined AB, and AB4 type miktarm star copolymers have been
performed using dendric tri- and penta- functional initiators (2.23) via combination

of ROP of e-CL and NMP of styrene by Miura and coworkers [88, 89].

They first prepared two kinds of dendric initiators having one benzylic hydroxyl and
two or four TEMPO-based alkoxyamine moieties. By using them, they performed
ROP of &-CL to give PCL macroinitiators carrying two or four alkoxyamine
moieties. NMP of styrene from the preformed PCL macroinitiators gave

corresponding miktoarm star polymer.
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2.1.5.6 Synthesis of miktoarm star polymers by combination of ROP, NMP and
ATRP

As can be defined previously, ABC miktoarm star polymers are molecules composed
of three different polymer chains emanating from a central junction point. The
synthesis of ABC miktoarm star polymers by combination of three different
controlled polymerization methods either radical or nonradical provides a
fundamentally synthetic methodology. Tunca [73] and Zhao [74] reported
independently, in 2004, that a novel trifunctional initiator bearing a hydroxy group
(for ROP), tertiary bromide (for ATRP) and TEMPO (for NMP) could be used in the
preparation of ABC miktoarm star polymer composed of PCL, PfBA [73] or PMMA
[74] and PS arms.

The thermal properties of (PCL)(PS)(P/BA) miktoarm star polymers have been also
investigated [73]. The synthetic strategy followed for the preparation of
(PCL)(PS)(PfBA) and (PCL)(PS)(PMMA) miktoarm stars will be represented in the

results and discussions part of this thesis.
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2.1.6 Applications of star polymers

Polymers with star-shaped structures widely used as model branched polymers to
evaluate the influence of branching on the properties of polymers [2, 107-109]. Since
the properties of star polymers may be quite different in bulk, melt, and solution
from those of linear polymers with the same molecular weight, they have been
widely investigated from both synthetic and theoretical points of view [17, 30, 38,
110-113].

Star polymers are generally used instead of the same amount of linear polymers with
same molecular weight to reduce the viscosity of polymer solutions. For example,
star polymers are purposely added to paints and coatings to increase the solid content
of the latter without affecting their viscosities or their spraying properties [114]. The
presence of branching causes substantial changes in the solution and melt properties
of polymers. Star-branched polybutadienes are produced for their reduced cold flow
and improved storage [42]. Deformation of a polymer by continuous shearing
produces non-equilibrium states that persist longer in branched polymers than in
linear polymers [115-117]. In these non-equilibrium states, polymer have lower
viscosities, lower elasticity as measured by die swell, and produce less surface
roughness on processing. In solution, branched polymers are less sensitive to
mechanical degradation than linear polymers [118]. This degradation occurs
preferentially at the branching point and has little effect on the viscosity of the
solution [119], it is a desirable property that is used in viscosity improvers for

lubricating oil [120].

Recently, miktoarm star polymers have gained much attention due to its unique
properties arising from their arm segments differ in molecular weight and chemical
composition. Such star polymers are expected to exhibit interesting and unique
properties originating from possible heterophase structures, in addition to branching
architectures. For example, heterophase dissimilar structures are usually phase-
separated at molecular level to promote self-assembly, thereby facilitating the
fabrication of many new nanoscopic ordered suprastructures and characteristic
nanomaterials, opening the possibility for the development of sophisticated nano-
devices [8-13, 44, 45, 50, 121-141]. Therefore, the synthetic development of star

polymers is now associated with the rapid growth of nanotechnology.
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2.1.7 Characterization of star polymers

Star polymers are very compact in molecular dimensions and exhibit high segment
densities in solution when compared to their linear homologs of the same molecular
weight. This implies that the hydrodynamic volume of a star polymer is much
smaller than that of a linear, randomly coiled macromolecule of the same molecular
weight [38, 110, 142]. Therefore, the apparent molecular weight of star polymers, as
obtained from standard size exclusion chromatography (SEC) analysis after
calibration with linear homologous standards, are much lower than their true
molecular weights [142, 143]. Also, the molecular weight distribution (MWD) of the
sample with high arm functionality may be underestimated, because the
hydrodynamic volume of a star polymer is found to become independent of the

number of branches, f, especially when f exceeds five or six [144].

In order to determine the true molecular weights of star polymer sample, the
universal calibration curve (UCC) introduced by Benoit, Grubisic and Rempp [145]
has been commonly used. This method is based on the fact that the SEC elution
volume is related to the hydrodynamic volume of the polymer molecules in solution,
which is expressed by the product of their intrinsic viscosities, [n] and molecular
weights, M, i.e., [n]M. The usefulness of this method has been experimentally
confirmed for the analyses of graft and branched polymers [146] as well as di- and
triblock copolymers [147, 148], and symmetric star polymers [142, 143, 149],
however there are some limitations to the use of this method, such as in the case of

comb-type polymers [150, 151].

Ambler et al. [152] found that low molecular weight poly(n-butyl isocyanate)
fractions, as well as highly branched polystyrenes, deviate significantly from a
common UCC. However, these polymers exhibited high molecular polydispersity, a
key parameter for the determination of the molecular weight of the copolymers with

the UCC.

Huang et al. [153] found that the UCC was valid for well-defined poly(styrene-b-
isoprene) star-block copolymers having up to 32 arms. Timpa [154], by using a
chromatographic system equipped with a differential refractive index and a

viscometric detector, was able to calculate the [n] at each retention time of a
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polydisperse sample and determine the molecular weight and the polydispersity

index (PDI) of a natural cellulose sample.

More recently, Stogiou et al. [155] have tested the validitiy of the UCC by using a
linear tetrablock copolymer and branched block copolymers having complex
macromolecular architectures such as miktoarm star and H-shaped polymers. They
concluded that the universal calibration curve of the SEC, which is expressed by the
relation log(M [n]) vs. V. (elution volume of polymer sample), is valid for molecules
with complex macromolecular architectures that present high chemical and
molecular weight asymmetry such as linear tetrablock copolymers, miktoarm stars,

H-shaped polymers.

Nowadays, SEC apparatus fitted with three detectors in series (low-angle light
scattering, photometer, continous viscometer) is efficient for rapid and proper
characterization of star polymers [143]. It is now possible to simultaneously measure
the diffusion at different angles, giving direct access to the molar mass and the radius

of gyration (Wyatt technology) [156].

2.2 Azobenzene-Containing Polymers

Photochemical reactions which occur in small molecules can also be induced to
occur in macromolecules. Though, in macromolecular environments there are
constraints which are not present on a small-molecule scale, the challenge is to apply
fundamental principles to macromolecules which may coil, branch, or be chemically
crosslinked increasing the order of complexity. Molecular mobility plays an
important role in determining the course of photochemical reactions in polymers and
is related to the size of the molecule, the flexibility of the polymer chain, and
whether the polymer is in solution or the solid state. In order to fully understand
these effects, it is useful to select one or two simple photochemical reactions which
are well-known and to study them in a macromolecular environment. Such a
photochemical reaction is the cis-trans isomerism of an azobenzene. When the
azobenzene group is incorporated into a polymer, its photoisomerization can have a
wide range of unexpected possible consequences [157]. Azobenzene-containing
polymers are potentially useful materials for optical and photonic applications [158-
164]. In this respect, the preparation of systems containing azobenzene moieties

appears to be very promising.
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There exist two strategies to synthesize polymers containing azobenzenes [165]. The
direct approach consists of a polymerization of monomers having azobenzenes.
Linear polymers are obtained by condensation or by radical, cationic, or anionic
addition [166]. The direct polymerization method is practically useful because it
provides sensitive control over the sequence distribution in the polymer. The second
way involves the chemical modification of preformed polymers. The advantage of
this method stems from the fact that the starting material often is commercially
available. The azobenzene groups can be introduced into either the main chain of
polymers or on the side chains polymers; such as amides [167], esters [168],
urethanes [169], and ethers [170]. However, methacrylates [171], acrylates [171],

and isocyanates [173] are among the most synthesized backbones.

Athough there have been numerous reports on the synthesis and properties of azo
polymers [174], there are few examples of living polymerization of azobenzene-
containing momomers [175-178]. Especially, postpolymerization reactions were
required in cationic polymerization to prepare azopolymers with narrow molecular

weight distribution (MWD) [178].

There has been recently growing interest for azobenzene-containing polymers
obtained from the CRP techniques [179-183]. Most recently, Erdogan et al. [93] have
reported the synthesis of novel A;B, miktoarm star polymer with an azobenzene
moiety at core by combination of ATRP and NMP. The details of this work will be

given results and discussion part of this book.

2.2.1 Azobenzene chromophores

Azobenzene compounds are organo-nitrogen derivatives with a characteristic -N=N-
double bond functionality and the general formula phenyl-N=N-phenyl [165] as
shown in 2.24. Due to the fact that these systems are highly conjugated, azobenzenes
absorb light in the visible region and much interest is taken in their properties as

chromophores.

N
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The absortion spectra of trans azobenzenes show similar features to those of carbonyl
compounds (C=0) and stilbenes (phenyl-C=O-phenyl) [184]. In fact, a low-lying
n—mn transition band in the trans isomer, characteristic of a carbonyl absorption
spectra, is symmetry forbidden but due to non-planar distortions and to vibrational
couplings, this transition is intense. On the other hand, the cis form of the
azobenzene compound has asymmetry allowed n—m  transition; but demonstrates a
low intensity because there is little spatial overlap between the n and n molecular
orbitals. Hence, the n—7 transition band is intense in the trans isomer and decreases
in intensity in the cis form. The absorption band present at higher wavelengths in
azobenzene systems is very similar to that in the stilbenes’ one and has been
attributed to the © —7 transition. Moreover, the spectra of azoaromatic compounds
are rather insensitive to solvent polarity; nevertheless, they heavily depend on the

substituents on the phenyl rings.

2.2.2 Photoisomerization of azobenzene
2.2.2.1 Photochemistry of azobenzene: cis- trans isomerism

Azobenzene molecules are photochromic, showing significant changes in their
optical absorbtion spectra when irradiated at certain wavelengths. This response
arises because they have two geometric isomers which may be inter-converted
through the absorbtion of light and which exhibit different absorbtion spectra. The
process of photo-induced inter-conversion is known as photoisomerization. The
isomerization of azobenzene and its derivatives has been extensively studied,
characterized and used in various applications [157] because it is readily induced,

reversible and produces no side reactions.

N=N
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Trans-cis isomerization of azobenzene is shown in 2.25. The isomerization reaction

is a light or a heat-induced interconversion of the two isomers. As the trans form is
generally more stable by approximately 50 kJ mol” in the case of azobenzene [185],

thermal isomerization is generally in the cis-trans direction. Light induces
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transformations in both directions. The photoisomerization reaction begins by raising
molecules to electronically excited states, and a nonradiative decay brings them back
to the ground state, in either the trans or the cis form. This isomerization effectively
reduces the distance between attachment points from 9.0 to 5.5 A (2.25). When the
azobenzene molecule is attached chemically to a polymer chain, photoinduced
isomerization can result in conformational change being induced in the polymer
chains. This can cause significant changes to physical properties such as the dipole
moment, refractive index, and solution viscosity. Many of these changes can be
reversed by heat or visible irradiation. These polymers when manifested in polymers
are useful probes of conformational dynamics of macromolecules by site- specific
photolabeling, in estimating the free volume in cross-linked networks, and in

designing photoreactive polymers responsive to external stimuli.

There may be occured two mechanisms during the photoisomerization of azobenzene
compounds: one from the high energy m—n transition, which leads to rotation
around the -N=N- double bond, and the other from the low energy n—m transition,
which induces isomerization by means of inversion through one of the nitrogen
nuclei [185]. Both mechanisms lead to the same eventual conformational change of
the molecule, but for each the process of photoisomerization is different [185]. For
the photoisomerization of azobenzenes it has been shown that the free volume

nedded for inversion is lower than for rotation.

The mechanism of isomerization is still under debate, and spectroscopists and
photochemists have long been aware of the inversion-rotation dichotomy. Early
suggestions [186] of a rotation about —-N=N- double bond axis were followed by
experiments showing a planar inversion via linear transition state [187]. Recently,
femtosecond time-resolved fluorescence studies suggested inversion as being the

dominant process [188, 189].

2.3 Controlled/ “Living” Radical Polymerization (CRP)

Conventional free radical polymerization (FRP) is a very important industrial process
for the preparation of high molecular weight polymers and infinite number of
copolymers since it can be employed for the polymerization of numerous vinyl
monomers. Free radicals are active centers for chain propagation in a radical

polymerization. They are highly active, but not as sensitive to impurities as ions due
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to their neutral charge nature. Compared with ionic polymerizations, radical
polymerization is much more tolerant to impurities (e.g. water), requiring an oxygen
free medium, and can be conducted under mild reaction conditions and over a large
temperature range (-80 to 250°C) [190]. The polymers obtained via this method are
used in the manufacture of numerous products such as fabrics, surface coatings,

plastics, paints, packaging, and contact lenses [191].

One of the main disadvantages of FRP is the poor control over the microstructure of
the synthesized macromolecules. This includes the relatively high polydispersity
index (PDI), 1.5 or 2.0, and also the practical impossibility to synthesize block

copolymers, and other advanced structures.

There is increasing interest in polymer chemistry to prepare well-defined polymers
with control of the major variables affecting polymer properties. Living
polymerizations [192-195] provide the maximum degree of control for synthesis of
polymers with predictable, well-defined structures. Living polymerization was first
defined by Szwarc [192] as a chain growth polymerization that proceed in the
absence of irreversible chain transfer and chain termination. Until recently, ionic
polymerizations (anionic or cationic) were the only living techniques that efficiently
controlled the structure and architecture of vinyl polymers. Although these
techniques ensure low polydispersity materials, controlled molecular weight and
defined chain ends, they are not useful for the polymerization and copolymerization
of a wide range of functionalized vinylic monomers. This limitation is due to the
incompatibility of the growing polymer chain end (anion or cation) with numerous
functional groups and certain monomer families [196]. Furthermore, these
polymerization techniques require stringent reaction conditions including the use of
very pure reagents and the total exclusion of water and oxygen. The necessity to
overcome all these limitations emboldened synthetic polymer chemists to develop
new concepts, which would permit the development of a free radical polymerization
procedure possessing the characteristics of a living process. Since the term living is
not appropriate for a radical process that inherently involves chain transfer and
termination reactions, these new concepts are often called controlled radical
polymerization, living radical  polymerization, control/“living”  radical

polymerization and so on. Since the term “controlled/“living” radical polymerization
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(CRP) describes the essence of these systems better, it will be used throughout this

thesis. For terminology, the readers are referred to literature [197, 198].

A “controlled/“living” radical polymerization can be defined as a synthetic method
for preparing polymers with predetermined molecular weights, low polydispersity
and controlled functionality. Transfer and termination, which often occur in real
systems, are allowed in a controlled polymerization if their contribution is
sufficiently reduced by the proper choice of the reaction conditions such that

polymer structure is not affected.

The last decade have witnessed the explosive growth in the development and
understanding of new controlled/“living” radical polymerization (CRP) methods. A
number of specialized books and reviews have been published in this general area

[199-203].

2.3.1 Basic principles of CRP

CRP requires all chains to begin growing (reversibly via exchange reactions) at the
same time and retain functionalities until the very end of the reaction. This is in
contrast to RP where all chains terminate and initiation is never completed, even
when all monomer is consumed. Therefore, three basic prerequisites for CRP are

a. Initiation should be completed at low monomer conversions,

b. Relatively low molecular weight (degree of polymerization (DP) < 1000)
should be targeted to avoid transfer effects. This requires high concentration
of growing chains (for example >10 M for bulk polymerization),

c. Concentration of propagating radicals ([P-]<10” M) should be sufficiently
low to enable growth of chains to sufficiently high molecular weight, before
they terminate.

The mismatch between concentration of growing chains and propagating chains (10~
M>>10" M) can be achieved by the exchange reactions between high concentration
of growing chains in the dormant state and the minute amounts of propagating

radicals. The other unique feature of CRP is the persistent radical effect.
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2.3.1.1 Exchange between active and dormant species (reversible activation

process)

Mechanistically, CRP is distinguished from conventional free radical polymerization
(FRP) by the existence of a reversible activation process (with rate constants k.. and
kdeact) (2.26). The dormant (end-capped) chain P-X is supposed to be activated to the
polymer radical P- by thermal, photochemical, and/or chemical stimuli. In the
presence of monomer M, P+ will undergo propagation (with rate constant k) until it
is deactivated back to P-X. In practically important systems, it usually holds that
[P-]/[P-X] < 107, meaning that a living chain spends most of its polymerization time
in the dormant state. Here, the term “living chain” is used as the sum of the active
and dormant chains. CRP is accordingly defined as the radical polymerization that is
structurally (and kinetically in many cases) controlled by the work of living chains. If
a living chain experiences the activation-deactivation cycles frequently enough over
a period of polymerization time, all living chains will have a nearly equal chance to

grow, yielding polymers with low molecular weight distribution (MWD).

kact kp
PX —= pQ
k (tM) (2.26)

deact

(Dormant) (Active)

CRP is distinguished also from truly living systems like anionic living
polymerization by the existence of bimolecular, chain transfer and all the other
elementary reactions involved in RP. While it clearly limits the degree of structural
control attainable, this feature of CRP provides a variety of unique polymerization
systems that are particularly interesting from the viewpoint of polymerization
kinetics. Given the rate constants of all the elementary reactions, including those of
the activation and deactivation reactions, and details of experimental conditions such
as the concentrations of reactants and temperature, one will be able to stimulate the
whole process of a CRP run and predict the characteristics of the polymer produced,
quite accurately in principle. This, in turn, indicates the feasibility of optimizating
experimental conditions for the highest optional performance. The demerit of
termination and other side reactions would be minimized in a well designed CRP

run.
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The reversible activation reactions in the most successful CRPs currently known may
mechanistically be classified into three types, which are dissociation-combination

(DC), the atom transfer (AT) and degenerative chain transfer (DT) mechanisms.

2.3.1.1a Dissociation- combination (DC)

In this mechanism P-X (2.27) is thermally or photochemically dissociated into P- and
X-, where a stable (persistent) radical X- is assumed to be stable enough to undergo
no reaction under than the combination with P- (and other alkyl radicals, if any
present). Namely, an ideal stable free radical does not react between themselves,
does not initiate polymerization, and does not undergo disproportionation with P-.
The well- known examples of stable free radical are nitroxides such as 2,2,6,6-
tetramethylpiperidinyl-1-oxy radical (TEMPO). Therefore, these type of CRPs are
called stable free radical polymerization (SFRP) or nitroxide mediated radical

polymerization (NMP) [5, 204, 205].

kd
P-X ? Pe 4 X (2.27)

C

The rate constants of dissociation k4 and combination k. are related to ku (pseudo-
first-order activation rate constant) and kgeact (pseudo-first-order deactivation rate

constant) by the rate equations (2.28, 2.29).

k,

act

ky (DC) (2.28)

ky.=k[X] (DC) (2.29)

eact ‘¢

2.3.1.1b Atom transfer mechanism (AT)

In this mechanism, P-X is activated by the catalysis of activator A, and the capping
agent is transferred to form a stable species AX-. All currently known CRPs in this
category use a halogen like CI and Br as a capping agent X and a halide complex of
transition metal like copper (Cu) and ruthenium (Ru) as an activator A. these CRPs
are often termed atom transfer radical polymerization (ATRP) [3, 4]. The basic
mechanism of AT was shown in 2.30 where k&, and kg4, are rate constants of activation

and deactivation, respectively.
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k

- ‘—‘; Pe + A Xe
P-X+ A ] (2.30)

The rate constants in 2.30 are related to k.t (pseudo-first-order activation rate
constant) and kgeaet (pseudo-first-order deactivation rate constant) by the rate

equations (2.31, 2.32).
kact: ka[A] (AT) (23 1)

k.= k [AX:] (AT) (2.32)

eact a

2.3.1.1c Degenerative chain transfer mechanism

In this mechanism (2.33), P-X is attacked by the propagating radical P'- to form the

active species P- and the dormant species P'-X. This is an exchange reaction.

k

X
P-X+ P" Pe + X-P'

' (2.33)

€X

If the radicals P- and P'- are kinetically identical, then k.x (degenerative chain transfer

rate constant) is equal to k', and one can write the following rate equations (2.34)
and 2.35).

k.= k[P-] (DT) (2.34)

act

Kyouo= K [P-X]  (DT) (2.35)

eact

Two types of CRPs belong to this category: organotellurium-mediated living radical
polymerization (TERP) [206] and reversible addition-fragmentation chain transfer
[60]. These types of CRPs are out of scope of this book, therefore the readers are
referred to literature [60, 206].

2.3.1.2 Persistent radical effect (PRE)

The stability of a system is both a kinetic and a thermodynamic notion. From a
thermodynamic point of view, a system will be called stable if the variation in the
standard free energy of the system (AG”), dealing with any evolution in the system, is

positive (2.36) :
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AG° = AH® —TAS® >>0 (2.36)

The apparent stability of a system can also be due to a very slow reaction rate, and it
is necessary to separate the stability of a system into two contributions: kinetic and
thermodynamic. Thus, a radical is termed persistent if its lifetime is significantly
higher than those for a transient radical such as methyl radical (typically <10 s)
under the same conditions. In other words, radicals are called persistent if their
lifetimes exceed those of reactive radical species by many orders of magnitude. They
may self-terminate slowly or disappear by other reactions, but these processes do not
compete with the cross-coupling with usual transient radicals [207, 208]. A radical is
called stable if it is particularly persistent, not reactive with air and not moisture
sensitive, and is stockable without any specific conditions. The persistence of a
radical depends more closely on kinetic factors (especially steric effects) than on
electronic ones. It is a concept relevant to kinetics whereas stabilization is more of a
thermodynamic notion. The latter term is an intrinsic property of the radical and

depends on electronic factors.

Persistent radical effect (PRE) works in the following way: Assume that radicals X-
and Y- are produced in a radical reaction sequence. The possible radical termination
steps are self-termination of two X- or two Y- radicals or cross termination of an X-

radical and a Y- radical (2.37).

X+Y — X-Y
(2.37)

Y +Y —— Y-Y
Further assume that self-termination of Y- and cross-termination are diffusion-
controlled reactions, but self-termination of X- is much smaller than diffusion or
thermodynamically unfavorable. In this situation, radical X- is a persistent radical,
and the concentration of X- will build up early in the reaction. As the X:
concentration becomes large, the velocity of the cross-termination between X- and Y-
(occurring with a diffusion-controlled rate constant) increases because of the high X-
concentration such that this process overwhelms the self-termination reaction of two
Y- radicals. When this occurs, the products formed by radical-radical reactions will

effectively be only those of the cross-coupling reaction X- and Y-.
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For successful control in polymerization, the trapping of transient carbon centered
radicals with the persistent species must occur faster than the addition to the
monomer. This ensures that all polymer chains grow at the same rate. However, if
the concentration of persistent radicals becomes too high, virtually every transient
radical that is formed is trapped before any addition to the monomer can take place.
In this situation, polymerization is inhibited, and incomplete consumption of the
monomer is observed. Thus, the concentration of the persistent species must be high
enough to ensure selective cross-coupling but not so high that addition to the
monomer (chain elongation) is prohibited. Thus, the chemical stability of the
persistent species under polymerization conditions is critical. As a conclusion, PRE

is the key underlying principle of controlled/“living” radical polymerization.

2.3.2 Examples of current CRP

In recent years, the use of CRP techniques in the synthesis of complex
macromolecules has increased fast because of the variety of applicable monomers
and more tolerant experimental conditions than that the living ionic polymerization
routes require. Although several CRP methods were discovered in the past twenty
years, the reversible addition fragmentation chain transfer (RAFT) [60, 61, 209]
polymerization, the nitroxide-mediated free radical polymerization (NMP) [5, 204,
205] and the metal mediated controlled/ “living” radical polymerization often called
as atom transfer radical polymerization (ATRP) [210-213] are the three most
successful and promising CRP techniques. However, the latter two cases turned out

to be more extensive and will receive detailed consideration in this work.

2.3.2.1 Atom transfer radical polymerization (ATRP)

Atom transfer radical addition (ATRA) is known as an efficient method for carbon-
carbon bond formation in organic chemistry [214] and organometallic synthesis
[215]. The basic transformation, sometimes called a Kharasch addition, is outlined in
2.38. A wide variety of heteroatom and carbon groups Y can be added. When Y is a
heteroatom, a wide variety of atoms and groups X may be incorporated, due to the
weak nature of most interheteroatom bonds [216]. When Y is a carbon, X is usually
restricted to a univalent atom (H, Cl, Br, I). In a simple thermochemical analysis, the
overall transformation exchanges one c-bond and m-bond for two o-bonds. This is

often exothermic by > 20 kcal/mol, particularly when a weak X-Y bond is involved.
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X

X—Y + -~ >p _initiator Y\)\R
(2.38)

X=H, halogen

Y= carbon, heteroatom
In 1995, Matyjaszewski [212], Sawamoto [210] and Percec [213] reported
independently that metal-catalyzed atom transfer radical addition can be successfully
applied to radical polymerization processes to control the growth of chains. It was
based on catalytic systems used by organic chemists by ATRA and therefore was

termed atom transfer radical polymerization (ATRP).

An ATRP system consists of an initiator (alkyl halide), a low oxidation state metal
halide complexed with a ligand, and a monomer. ATRP is based on the reversible
homolytic cleavage of carbon-halogen bond by a redox reaction between the alkyl
halide (R-X) and transition metal (metal compound complexed by amine ligand). A
general mechanism for ATRP is represented by reaction 2.39. The halogen atom, X
is abstracted by the transition metal complex, M,"/ Ligand from the dormant alkyl
halide species, R-X by a one-electron oxidation step. This produces an alkyl radical
and oxidized metal complex, X-M™Y Ligand, the deactivator, to reform the dormant
species and the activator. This process occurs with a rate constant of activation, k,,
and deactivation kg4,, respectively. The formed alkyl radical, is able to propagate (add
monomer with the rate constant k,) and it is also able to abstract the halogen back
from X-M"""/ Ligand, reforming alky halide (dormant species). This reversible
activation/deactivation process is fast and the equilibrium is strongly on the side of
dormant species, thus the propagating radical concentration is kept low, resulting in a

reduced amount of irreversible radical-radical termination with the rate constant 4.

R—X + M./Ligand
'dormant’ kga actlve

O

According to this general ATRP scheme, the rate of polymerization is given by

+ X-M;"!/Ligand

equation 2.40.
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R,= k,[M][RX], &,[M1/(ky,[M1]) (2.40)

The rate of polymerization is first-order with respect to monomer, alkyl halide and
transition metal comlexed by ligand. The reaction is usually negative first order with
respect to deactivator, X-M,""'/ Ligand. However, the kinetics may be more complex
due to the formation of X-M""! species via the persistent radical effect (PRE) [208].
The actual kinetics depend on many factors, including the solubility of activator and
deactivator, their possible interactions, and variations of their structures and
reactivities with concentrations and composition of the reaction medium. It should be
also noted that the contribution of PRE at the initial stages might be affected by the
mixing method, crystallinity of the metal compound and ligand, solubility of the

reagents in the polymerization locus, etc [217].

Termination reactions (k) also occur in ATRP, mainly through radical coupling and
disproportionation; however, in a well-controlled ATRP, no more than a few percent
of the polymer chains undergo termination. Other side reactions may additionally
limit the achievable molecular weights. Typically, no more than 5% of the total
growing polymer chains terminate during the initial, short, nonstationary stage of the
polymerization. This process generates oxidized metal complexes, the deactivators,
which behave as persistent radicals to reduce the stationary concentration of growing

radicals and thereby minimize the contribution of termination at later stages [208].

The rate coefficients of termination decrease significantly with the progress of the
polymerization reaction due to the increase in the chain length and increased
viscosity of the system. In fact, the progressive reduction of k; is one of the most
important features of many controlled radical polymerizations [218]. A successful
ATRP run will have not only small contribution of terminated chains but also
uniform growth of all the chains; this is accomplished through fast or competitive

initiation relatively to propagation and rapid reversible deactivation.

Since ATRP is a multicomponent system, basic components of ATRP, namely,

monomers, initiators, catalysts, ligands, and solvents should be discussed briefly.
(a) Monomers

The ATRP of each type of monomer requires a specific set of conditions due to a
number of factors. Each monomer possesses an intrinsic radical propagation rate, so

the concentration of propagating radicals and the rate of radical deactivation may
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need to be adjusted to maintain polymerization control. For the polymerization of
each monomer, the corresponding alkyl halide end group will possess its own unique
redox potential. Therefore, in combination with the same metal catalyst, each end
group will exhibit different atom transfer equilibrium constant, deactivation rate

constant and corresponding concentration of propagating radicals.

A variety of monomers have been successfully polymerized using ATRP. Typical
monomers include styrenes, (meth)acrylates, (meth)acrylamides, acrylonitrile, dienes
and some others which contain substitutients that can be stabilize the propagating
radical [3, 4, 219, 220]. Ethylene, a—olefins, vinyl chloride and vinyl acetate give
non-stabilized, reactive radicals; therefore the currently used catalyst systems are not
sufficient to polymerize these monomers although copolymerization is sometimes

successful [198].

A big advantage of any radical process, ATRP included, is its tolerance to many
functional groups such as amido, amino, ester, ether, hydroxy, siloxy and others. All
of them have been incorporated as substituents into (meth)acrylate monomers and
successfully polymerized. One current exception is a ‘free’ carboxylic acid group
which potentially complexes with the catalyst and disables ATRP, and therefore,
presently, it has to be protected. Recent work has shown that monomers bearing ionic
substituents such as sodium 4-vinylbenzoate, sodium 4-vinylbenzylsulfonate and 2-
trimethylammonioethyl — methacrylate  methanesulfonate and triflate, and

dimethylaminoethyl methacryate can be polymerized directly [221].
(b) Initiators

Another important tool is the initiator, which, depending upon the propagation rate
constant for a particular monomer and the equilibrium constant for the end
group/catalyst pair, can be varied to assure that the apparent rate of initiation is faster
than the apparent rate of propagation. The initiator is generally a simple,
commercially available, alkyl halide. To obtain well-defined polymers with narrow
molecular weight distributions, the halide group, X, should rapidly and selectively
migrates between the growing chain and the transition metal complex. Thus far,
bromine and chlorine are the halogens that afford the best molecular weight control
[210, 211, 222, 223]. lodine works well for acrylate polymerizations; however, in

styrene polymerizations the heterolytic elimination of hydrogen iodide is too fast at
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high temperatures [224]. As for other X groups, some pseudohalogens, specifically
thiocyanates, have been used successfully in polymerization of acrylates and styrenes

[224].

Basically, the structure of the alkyl group of the alkyl halide should be similar to that
of the monomer for quantitative generation of growing chains. Thus, 1-phenylethyl
halides resemble dormant polystyrene chain ends, a-halopropionates approximate
dormant acrylate end groups, and a-halopropionitriles are homologous to dormant
acrylonitrile chain ends. Another advantage of ATRP is a multitude of commercially
available initiators. Nearly all compounds with halogen atoms activated by the
presence of B-carbonyl, phenyl, vinyl or cyano groups have been used as efficient
initiators. Also compounds with a weak halogen—heteroatom bond can be used, such
as sulfonyl halides [213]. Small molecule initiators can carry additional
functionalities, a few examples are shown in 2.41, the functionality is incorporated at

the residual chain end.
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(¢) Transition metals and ligands

(2.41)
HO

The most important system variables in selecting or designing good ATRP catalysts
are the position of the atom transfer equilibrium and the dynamics of exchange
between the dormant and active species. There are several requirements for an
effective ATRP catalyst. First, the metal complex must have an accessible one-
electron redox couple to promote atom transfer, but this requirement alone is not
sufficient, because as its name indicates ATRP is an atom transfer not an electron
transfer process. Therefore, a second requirement is that upon one electron oxidation,
the coordination number of the metal center must increase by one in order to
accommodate a new ligand, X. A brief review of known copper-based ATRP
catalysts shows that in most systems the lower oxidation state of the metal is

presumed to be tetracoordinate and the higher oxidation state is presumed to be
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pentacoordinate. A third requirement for a good ATRP catalyst is that the catalyst
must show selectivity for atom transfer and therefore possess a low affinity for alkyl
radicals and the hydrogen atoms on alkyl groups. If not, then transfer reactions, such
as PB-H elimination and the formation of organometallic derivatives, may be
observed. Finally, the metal center must not be a strong Lewis acid, otherwise the

ionization of certain initiators/end groups to carbocations may occur.

A variety of transition metal complexes with various ligands have been studied as
ATRP catalysts. The majority of work on ATRP has been conducted using copper as
the transition metal. Apart from copper-based complexes, Fe [225, 226], Ni [227],

Ru [228], etc have been used to some extent.

The main roles of the ligand in ATRP is to solubilize the transition metal salt in the
organic media and to adjust the redox potential and halogenophilicity of the metal
center forming a complex with an appropriate reactivity and dynamics for the atom
transfer. The ligand should complex strongly with the transition metal. It should also
allow expansion of the coordination sphere and should allow selective atom transfer

without promoting other reactions.

Simple amine ligands have been used for ATRP because of their relatively
inexpensive cost and commercially availability. Generally, more electron donating
ligands stabilize better the higher oxidation state of the metal and accelerate the
polymerization. The most widely used ligands for ATRP systems are substituted
bipyridines, alkyl pyridylmethanimines and multidentate aliphatic tertiary amines
such as N, NN N"N" -pentamethyldiethylenetriamine (PMDETA), and tris[2-
(dimethylamino) ethyl]lamine (Mes-TREN). Examples of ligands used in copper-
mediated ATRP are illustrated in 2.42 [211, 229].

Blpy dT Blpy dHBlpy
~N (2.42)
| N/ H
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(d) Solvents

ATRP has been successfully carried out in bulk, in solution [210-213], as well as in
aqueous solution [230], emulsion [231], miniemulsion [232], and suspension [233,
234], and in other media (e.g., liquid or supercritical CO, [235] or ionic liquids)
[236, 237].

Various solvents, such as benzene, toluene, anisole, diphenyl ether, ethyl acetate,
acetone, dimethyl formamide (DMF), ethylene carbonate, alcohol, water, carbon
dioxide, and many others, have been used in the polymerization of different
monomers. A solvent is sometimes necessary, especially when the polymer is
insoluble in its monomer (e.g., polyacrylonitrile). Several factors affect the solvent
choice. Chain transfer to solvent should be minimal. In addition, potential
interactions between solvent and the catalytic system should be considered. Catalyst
poisoning by the solvent (e.g., carboxylic acids or phosphine in copper-based ATRP)
[238] and solvent-assisted side reactions, such as elimination of HX from polystyryl

halides, which is more pronounced in a polar solvent, [239] should be minimized.
e) Deactivators

The deactivator in ATRP is the higher oxidation state metal complex formed after
atom transfer, and it plays a vital role in ATRP in reducing the rate of polymerization
and the polydispersity of the resulting polymer. For copper—catalyzed ATRP, the
deactivator is the corresponding copper (II) halide complex (e.g. CuX,/PMDETA).
In ATRP the concentration of deactivator continuously, but slowly, increases with
conversion due to the persistent radical effect. While the final molecular weights do
not depend upon the concentration of deactivator, the rate of polymerization will

decrease with its increasing concentration.

As a conclusion, ATRP is a powerful technique for the preparation of new functional
polymers with novel and controlled compositions and topologies including block,
graft copolymers, star and (hyper)branched polymers and a complete structure-
property relationship has to be developed to allow a correlation of molecular
structure with macroscopic properties. ATRP has been used successfully for the
largest range of monomers, although the direct polymerization of vinyl acetate and
acrylic acids has not yet been successful. The reaction conditions are not very

stringent, because only the absence of efficient radical scavengers is required to
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conduct the polymerization. Some tolerance to oxygen has been reported in the
presence of zero-valent metals [240]. Moreover, ATRP has been carried out in bulk,
solution, dispersion and emulsion at temperatures ranging from —20 °C to 130 °C.
Finally, the composition, functionality, and architecture of the final polymer all can
be controlled through variations in the side groups, end groups, and initiator

structure.

2.3.2.2 Nitroxide-mediated radical polymerization (NMP)

Nitroxides are kinetically persistent free radicals that are easily oxidized or reduced
and act as reversible traps for other free radical species. These unusual properties
have led to a wide range of applications spanning their use in biology as spin labels

[241-243] to the development of organomagnetic materials [244].

Nitroxides are N,N-disubstituted N—-O compounds with an unpaired electron
delocalized in the N-O =& system. This three-electron © system effectively forms a
bond order of one-and-a-half as indicated by the bond energy of 100 kcal/mol,
midway between the energy of a N-O single bond (53 kcal/mol) and a N=0O double
bond (145 kcal/mol) [245]. The gain in energy from the delocalization of the
unpaired electron has been calculated to be approximately 30 kcal/mol. Nitroxides
are commonly formed by the treatment of corresponding hydroxylamines with mild
oxidants such as oxygen, with or without a catalyst (2.43). Further oxidation of the
nitroxide with a slightly stronger oxidant such as bleach or bromine produces
oxammonium salt. The reduction of nitroxides with mild reducing agents such as
phenyl hydrazine [246] and ascorbic acid [247] gives the corresponding
hydroxylamine. The further reduction of the hydroxylamine with a stronger reducing
agent can result in cleavage of the N—O bond, providing the corresponding secondary

amine [248].

(o]
N N N N (2.43)
[H] [H]
TEMPO

In polymer chemistry, nitroxide-mediated radical polymerization (NMP) [15] has

become popular as a method for preparing living polymers under mild,
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chemoselective conditions with good control over both the polydispersity and
molecular weight. Rizzardo, Solomon and Moad [249-251] were the first to
demontrate that the reversible end capping of the propagating chain ends by nitroxide
free radicals, like 2,2,6,6-tetramethylpiperidinyl 1-oxy (TEMPO). At temperatures
typically associated with the process (40-60 °C), the TEMPO capped molecules were
stable and did not participate further in the reaction. Further work investigate the
same concept at slightly elevated temperatures (80-100 °C), which yielded low
molecular weight oligomers, but this seminal work generated a basis for future

efforts in the field of CRP.

The use of TEMPO in CRP was finally realized by Georges et al. [204] who
demonstrated that polystyrene with narrow MWD can be prepared using a mixture of
benzoyl peroxide (BPO) and TEMPO as an initiating system. TEMPO was employed
because in addition to not initiating polymerization, it was believed to contribute to
the simultaneous initiation of all the polymer chains by promoting the dissociation of
peroxide initiators. These two seminal reports resulted in developments of the

modern of CRP era.

Subsequently a large number of publications [252-257] have appeared confirming
the “living” nature of this novel procedure and demonstrating the usefulness of this
approach to the preparation of a variety of well-defined and complex
macromolecular architectures, a number of which cannot be prepared using
traditional methods. NMP is the simplest of CRP techniques and the most
environmentally friendly because it can be performed in an environment with little or
no solvent. Reactions can be done in bulk, solution, dispersion, and emulsion [15]. In
this process, polymerization proceeds in a controlled manner, with molecular weight
increasing as a function of time while maintaining a narrow MWD. NMP has been
successfully used to produce linear homopolymers as well as polymers with complex
architecture. The success of this approach can be related to the ability of stable
nitroxide free radicals, such as TEMPO, to react at near diffusion controlled rates
with the carbon-centered free radical of the growing polymer chain end in a
thermally (> 120 °C) reversible process (reversible combination/dissociation step).
This dramatically lowers the concentration of free radicals in the polymerization
system and, coupled with the inability of the nitroxide free radicals to initiate new

chain growth, leads to controlled polymerization.
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Mechanism of NMP

The polymerization mechanism is the key to the successful establishment of
controlled/“living” type system. The basis for the control of the NMP process is the
equilibrium that exists between the active and dormant species. At elevated
temperatures, typically 100 °C or greater, the nitroxide radical either caps the carbon-
centered radical or exists independently (2.44). The carbon-centered radical can then
undergo chain extension with monomer (with rate contant k,) to yield a similar
radical in which the degree of polymerization has increased. The recombination of
this finally formed radical with nitroxide then gives again dormant species and the
cycle of homolysis /recombination/ monomer addition can repeated as seen in (2.44)

resulting the polymerization controlled.

H
CH—C 0—N I
>>i> CH;—C- + -O—@
deact

H_

B 5%

As a mechanical consideration, two general initiating systems have been used in

(2.44)

NMP: The first NMP systems used a bimolecular system where BPO was employed
as a radical source and TEMPO was included as the mediating agent. The original
initiating approach possessed the possibility of decomposition products, which led to
unfavorable effects on the molecular weight control, architecture, and any control of
the polymer chain ends. Moreover, the actual initiator concentration was not

consistent or completely controlled resulting in a less well-defined system [15].

Development a more well-defined initiation process prompted an investigation into
unimolecular alkoxyamine initiators. Alkoxyamine initiators mimic the polymer
chain end consisting of an alkyl group coupled to a stable nitroxide mediator. These
small molecules will decompose at the homolytically unstable C—O bond generating

an initiating radical and a nitroxide radical in the proper stoichiometric ratio.
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Unimolecular initiators are nitroxide containing compounds that produce two
radicals upon thermal decomposition being the carbon centered radical and a
nitroxide. The structure of the typically used unimolecular initiator for nitroxide
mediated CRP is found in 2.45. In this work, two general methods for the generation

of an alkoxyamine initiator were reported.

Unimolecular initiators are easily synthesized and offer an alternative to using
conventional free radical initiators. They are shelf-stable and the polymerization can
be induced with simple monomer addition and heating. More importantly, the
decomposition of these initiators yields a stoichiometric amount of nitroxide relative
to the initiating radical. The importance of this is great as each polymer chain

initiated will be capped by nitroxide leading to controlled living polymerization and

O
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ultimately polymers with low MWD. The amount of initiator added to the
polymerization can be accurately weighed, and subsequently, the resulting polymer

chain length can be determined by the monomer to initiator ratio.

Although the polymerization remains controlled, there is a low occurrence of
undesired side reactions (thermal initiation of monomer, chain transfer, and

irreversible termination), allowing polymerization to proceed in a controlled manner.
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The amount of irreversible termination is very small due to the low concentration of
free radicals in comparison with dormant chains. Fukuda and coworkers have noted
that another important side reaction to be considered is the abstraction of the -
proton of the polymer radical by the nitroxyl radical, producing a terminally
unsaturated polymer and hydroxylamine; this side reaction can lead to loss of control

and broadening of MWD [253].

Although TEMPO-mediated NMP proved effective in controlling the polymerization
of styrene, extension of the polymerization process to other monomer families
including dienes and acrylates was difficult and often resulted in polymer products
with broad molecular weight distributions [15]. Polymerizations involving
monomers, such as acrylates, were influenced significantly by the buildup of a large
excess of the nitroxide species and lead to slowing of the reaction. This effect is due
to the dormant and active chain equilibrium lying heavily in favor of dormant species
and termination due to oxygen ingress. Eventually, the excess mediating agent
reached levels where the propagation reaction essentially stopped due to those high
levels of nitroxide species. The excess effectively halted all propagation because

only the dormant state of the radical was present.

Several researchers have investigated alternative nitroxide mediators in order to
extend the range of controllable monomers to include acrylates, dienes and
acrylamides [256, 257]. The presence of an a-hydrogen seemed to be structurally
significant in enhancing the capability to maintain low levels of excess mediator.
Gnanou was the first to show this significance, demonstrating that the a-hydrogen
enabled extensive control over the polymerization process of n-butyl acrylate [255,
257]. This N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide
(DEPN) molecule included an open chain structure and a phosphonate ester
functionality and exhibited results superior to those obtained with the simple

TEMPO mediator.
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Fukuda and coworkers measured and studied the rate constants of activation in order
to examine the effect of the nitroxide structure on resulting equilibrium [253]. In this
report, TEMPO was investigated in addition to di-zerz-butyl nitroxide (DBN) and the
novel DEPN (2.46).

The discovery of facile alkoxyamine synthesis resulted in the generation of
unimolecular initiators also capable of producing star polymers. Hawker and
Gnanou have investigated the use of trifunctional alkoxyamines to yield well-defined
three arm star polymers [258]. Gnanou’s initiator possessed three alkoxyamine
functionalities composed of a labile C—O bond and a DEPN mediating group. Star
polymers of styrene and n-butyl acrylate were readily synthesized with relatively
narrow molecular weight distributions ranging from 1.09 to 1.40. The addition of

supplemental free nitroxide was critical to produce well-defined polymers.

As a conclusion, NMP is a versatile method to produce polymers with controlled
molecular weights and narrow MWDs. The reversible homolysis of the carbon
oxygen bond only requires heating to ~115 °C where the equilibrium becomes
essentially a diffusion controlled process. NMP necessitates less rigorous laboratory
procedures and purification of the reagents is minimal although the presence of
oxygen in the reaction continues to be a concern for the radical process [259-262].
Although this polymerization has proven successful with styrene, extension of the
technique to other monomer families requires further manipulation of the reaction

conditions to provide greater control.

2.4 Ring-Opening Polymerization (ROP)

Ring-opening polymerization (ROP) is a unique polymerization process, in which a
cyclic monomer is opened to generate a linear polymer. It is fundamentally different
from a condensation polymerization in that there is no small molecule byproduct
during the polymerization. Polymers with a wide variety of functional groups can be
produced by ring-opening polymerizations. Examples of industrially important
polymers made by ring-opening polymerizations are nylon 6, polysiloxane,
polycaprolactone and epoxy resin. Ring-opening polymerization has a unique
position in polymer chemistry. Preparation of cyclic monomers, studies of catalysis
and mechanisms are active areas of research both in academia and industry [253-

266].
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The thermodynamic polymerizability of a cyclic monomer has been elegantly
summarized by Ivin [267]. Negative free energy change from monomer to polymer is

the thermodynamic driving force for the ring-opening.

Nowadays, increasing attention is paid to degradable and biodegradable
biocompatible polymers for applications in the biomedical and pharmaceutical fields,
primarily because after use they can be eliminated from the body via natural
pathways and also they can be a solution to problems concerning the global
environment and the solid waste management. Aliphatic polyesters are among the
most promising materials as biodegradable polymers. Many types of aliphatic
polyesters have been prepared by both chemosynthetic and biosynthetic methods.
The poly(e-caprolactone) (PCL) family of polyesters is synthesized by ring-opening
polymerization of e-caprolactone (e-CL), which is an industrially available

petrochemical. PCL is known as a biodegradable and biocompatible thermoplastic.

2.4.1 Controlled ring-opening polymerization of cyclic esters

Polylactones and polylactides can be either synthesized by polycondensation of
hydroxyl-carboxylic acids or by the ring-opening polymerization (ROP) of cyclic
esters. The polycondensation technique yields low molecular weight polyesters
(M;<30.000) with poor control of specific end groups. In contrast, high molecular
weight aliphatic polyesters can be prepared in short periods of time by ROP.

Comparison of these two mechanisms is clearly in favor of polyaddition process.

The ring-opening reaction can be performed either as a bulk polymerization, or in
solution, emulsion, or dispersion. In practice, the ROP of lactones and lactides
requires an appropriate catalyst to proceed in reasonable conditions and to afford
polymers with controlled properties (2.47). Since the pioneering work of Kleine et al.
in the 1950s [268] metal-based catalytic systems have been the focus of considerable
attention for the polymerization of cyclic esters, [269-271] and numerous studies
have been carried out to elucidate the mechanism of such coordination
polymerizations. Through variation in the nature of the metal center and of the
surrounding ligands, a broad range of initiators have been prepared and evaluated
[272]. These well-defined complexes have contributed significantly to a better

understanding of the factors that govern the polymerization, and spectacular
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improvements have thereby been achieved in terms of catalytic activity as well as

polymerization control.
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Besides the coordination-insertion mechanism, alternative strategies based on anionic
[273], nucleophilic, or cationic promoters [274] have also been recently

(re)evaluated, the preliminary results reported in these fields being rather promising.

2.4.1.1 Coordination-insertion ROP

Covalent metal carboxylates, particularly tin(II) bis(2-ethylhexanoate) usually
referred to as tin(Il) octanoate, Sn(Oct), belong to the most frequently used initiators
for polymerization of cyclic esters due to its low cost, low toxicity, and high
efficiency. Although, there are controversial reports in the literature about the nature
of Sn(Oct), activity in the polymerization of lactones, two basic types of mechanism

have been proposed.

The first one is directly catalytic type where the catalyst serves to activate monomer
through coordination with its carbonyl oxygen [275-278]. The second mechanism is
the monomer insertion type mechanism where the catalyst acts as co-initiator along
with either purposely added or adventitious hydroxyl impurities, and polymerization
proceeds though an activated stannous alkoxide bond [279-285]. The Sn(Oct); is not
thought to be the actual initiator since the molecular weight does not depend on the

monomer-to-Sn(Oct), molar ratio.

Most recently, Sherman and coworkers [286] presented evidence that the bulk
polymerization of &-CL conducted at 130 °C displays the characteristic kinetic
features of a polymerization that propagates through an active stannous alkoxide

center co-initiated by stannous octoate and purposely added alcohol.
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Kricheldorf and co-workers have recently illustrated how the structure of the alcohol
initiator may influence the strength of the catalyst/alcohol interaction [277, 284].
According to these authors, this interaction, in the early stages of reaction, is
responsible for formation of the “true” initiating species, subsequent ring opening,
and formation of the active, propagating chain end. Prior to the beginning of
polymerization, adventitious hydroxyfunctional impurities (e.g., water) or purposely
added alcohol first complex and subsequently react with Sn(Oct), producing a
stannous alkoxide species (a) and free 2-ethylhexanoic acid (b) as shown in 2.48.
Further reaction with a second equivalent of alcohol produces the stannous
dialkoxide initiator (¢) and releases a second equivalent of 2-ethylhexanoic acid (b)
as depicted in 2.48 [280, 284]. Adventitious water, meanwhile, serves mainly as a
catalyst deactivator via a reversible reaction with a or ¢, thereby decreasing the
concentration of active initiator and producing a stannous alcohol derivative (d),
such as shown in 2.48, which is more thermodynamically stable than the stannous

dialkoxide and is less efficient as an initiator [284].
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Reaction of ¢ with monomer by means of coordination- insertion generates the first
actively propagating chain end (e) consisting of not only the initiating alcohol
fragment but also the active propagating center derived from the first monomer unit
and stannous alkoxide. The e species may either propagate or undergo rapid

intermolecular exchange of the stannous alkoxide moiety for a proton from either
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hydroxyl groups of initiator (if remaining) or another hydroxy chain end, either e or
polymeric in nature. This rapid exchange of protons and stannous alkoxide moieties
results in a dynamic equilibrium between activated and deactivated chain ends as
depicted in 2.49, where R= unreacted alcohol initiator or hydroxy chain ends
generated in situ. This process eventually consumes the remaining unreacted alcohol
initiator not involved in the initial formation of c.

ROP based on coordination-insertion mechanism has been thoroughly investigated

since it may yield well-defined polyesters through living polymerization [287, 288].

2.4.1.2 Organometallic compounds as initiators for the ROP of lactones and

lactides

A large variety of organometallic compounds, such as metal alkoxides and metal
carboxylates (2.50), has been studied as initiators or catalysts in order to achieve
effective polymer synthesis [287]. The covalent metal alkoxides with free p or d
orbitals react as coordination initiators and not as anionic or cationic inititors [288].
The most widely used complex for the industrial preparation of polylactones and
polylactides is undoubtedly Sn(Oct),. It is commercially available, easy to handle,
and soluble in common organic solvents and in melt monomers. It is highly active
and allows for the preparation of high-molecular-weight polymers in the presence of
an alcohol [289]. Although Sn(Oct), has been accepted as a food additive by the U.S.
FDA, the toxicity associated with most tin compounds is a considerable drawback in

the case of biomedical applications.

Aluminum alkoxides have also proved to be efficient catalysts for the ROP of cyclic
esters. The common example, namely, aluminum (I1l) isopropoxide, Al(Oi-Pr);, has
been largely used for mechanistic studies. However, it has been revealed to be
significantly less active than Sn(Oct), [290]. Moreover, an induction period of a few
minutes is systematically observed with Al(Oi-Pr); attributed to aggregation
phenomenon [291]. For all these reasons, Al(Oi-Pr); is much less used for the
preparation of biodegradable polyesters, and especially since aluminum ions do not
belong to the human metabolism and are suspected of supporting Alzheimer’s

disease.
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Much interest has thus been devoted to zinc derivatives as potential nontoxic
catalysts. Zinc powder itself is a relatively good polymerization catalyst that is used
industrially [292, 293]. With reaction times of several days at 140 °C in bulk, it is
roughly as active as Al(Oi-Pr);. Numerous zinc salts have also been investigated
[294, 295]. So far, the best results regarding lactide conversion and degree of
polymerization were observed with zinc(1l) lactate, Zn(Lact),, which is commercially
available and can be readily obtained from ZnO and ethyl lactate or lactide. Notably,
Zn(Lact), allows for a better control of the molecular weight of the resulting

polymers compared with zinc powder.

In such coordination-insertion polymerizations the efficiency of the molecular-
weight control depends from the ratio Apropagation/Kinitiation DUt also from the extent of
transesterification side reactions. These transesterification reactions can occur both
intramolecularly (backbiting leading to macrocyclic structures and shorter chains)
and intermolecularly (chain redistributions) (2.51-2.52) [296]. Intermolecular
transesterification reactions modify the sequences of copolylactones and prevent the
formation of block co-polymers. Intramolecular transesterification reactions cause

degradation of the polymer chain and the formation of cyclic oligomers.

The polymerization/ depolymerization equilibrium should also be taken into account
as a particular case of intramolecular transesterification reaction. All of these side
reactions result in broader molecular-weight distributions, sometimes making the
molecular weights of the resulting polymers irreproducible. The extent of these
undesirable transesterification reactions was found to strongly depend on the metallic

initiator [290]. Side reactions occur from the very beginning of the polymerization
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with Sn(Oct),, leading to rather broad MWD (PDI indexes around 2) but only at high
or even complete conversion with Al(Oi-Pr)s, yielding lower PDI indexes (less than

1.5) [290, 297].

Parameters that influence the number of transesterifications are temperature, reaction
time, and type and concentration of catalyst or initiator. Depending on the metal

used, the initiator is more or less active towards transesterification reactions [297].
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The promising results obtained with Sn(Oct),, Al(Oi-Pr);, and Zn(Lact), have given
rise to a growing interest in metal-based initiators that would display higher catalytic

activity and better control the extent of the undesirable transesterification reactions.

2.4.2 Poly(e-Caprolactone)

Poly(e-caprolactone) (PCL) is a semicrystalline polymer which represents one of
several aliphatic polyesters that undergo degradation and absorbtion in vivo [298,
299]. The repeating molecular structure of PCL homopolymer consists of five non-
polar methylene groups and a single relatively polar ester group. Although not

produced from renewable raw materials, PCL is a fully biodegradable thermoplastic
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polymer due to the presence of the hydrolytically unstable aliphatic-ester linkage.

PCL has good water, oil, solvent and chlorine resistance.

PCL has some unusual properties, including a low T, (~ —60 °C) and Ty, (~ 60 °C)
and a high thermal stability. These properties are related to PCL’s chain of carbons,
as longer chains are give rise to less mobility and lower Ty,’s and T,’s. PCL is also
highly permeable, which results from its low T, and subsequent rubbery state at

room temperature.

2.4.2.1 Degradation of PCL

Hydrolysis is the principal mode of degradation for polyglycolide (PGA), polylactide
(PLA), PCL and copolymers. Degradation proceeds first by diffusion of water into
the material (initially into the more amorphous zones), followed by random
hydrolysis, fragmentation of the material; and finally a more extensive hydrolysis
accompanied by phagocytosis, diffusion and metabolism. The hydrolysis is affected
by the size and hydrophilicity of the particular polymer implant, the crystallinity of
the polymer and the pH and temperature of the environment [299, 300].

2.4.2.2 Applications of PCL

PCL is compatiable with numerous other polymers, has the possibility of blending
this aliphatic polyester with a number of commercial polymers such as poly(vinyl
chloride) and bisphenol A polycarbonate. PCL is of interest as a packaging material
and in biomedical applications since it is degradable and its degredation products are
non-toxic. PCL and other copolymers have been evaluated for medical uses such as
drug delivery systems, an external casting material for broken bones, as a material

for use in making custom dental impression trays.

In addition to above, it is used mainly in thermoplastic polyurethanes, resins for
surface coatings, adhesives and synthetic leather and fabrics. It also serves to make
stiffeners for shoes and orthopedic splints, and fully biodegradable compostable
bags, sutures, and fibres. Because the homopolymer has a degradation time on the
order of 2 years, copolymers have been synthesized to accelerate the rate of
bioabsorption. In Sweden there has been an attempt to produce PCL bags, but they

degraded before reaching the customers.

60



3. EXPERIMENTAL WORK

3.1 Materials and Chemicals

3.1.1 Monomers

Styrene (St, 99 %; Merck), tert-butyl acrylate (1BA, 99 %; Aldrich) and methyl
methacrylate (MMA, 99 %; Aldrich) were passed through a basic alumina column to
remove inhibitor and distilled over CaH, in vacuo prior to use. e-Caprolactone (e-CL;
Aldrich) was distilled over CaH, in vacuo before use.

3.1.2 Solvents

Dichloromethane (CH,Cl,, Aldrich)

It was dried with CaCl, and distilled over P,Os. It was stored over molecular sieve

(4 °A).

Tetrahydrofuran (THF, J.T. Baker)

It was dried over potassium hydroxide and distilled over LiAlHy.
Methanol (Technical)

It was used for the precipitation of polymers without further purification.
Chloroform (CHCI3, J.T. Baker)

It was used as received.

Ethanol (99.5% J.T.Baker)

It was used as received.

Hexane (J.T. Baker)

It was dried prior to use.
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Ethyl acetate (EtOAc)

It was dried prior to use.

3.1.3 Other chemicals

Copper (I) bromide (CuBr, Aldrich)

It was used as received.

Copper (I) chloride (CuCl, Aldrich)

It was used as received.

N,N,N,N",N -pentamethyldiethylenetriamine (PMDETA, Aldrich)
It was used as a ligand for ATRP after distilled over NaOH.
Thionyl chloride (SOCl,, Fluka)

It was used as received.

Triethylamine (Et;N, Merck)

It was used as received.

Stannous octanoate (Sn(Oct),, Sigma)

It was used as a catalyst for ROP without further purification.
2-Bromoisobutryl bromide (99%, Aldrich)

It was used as received.

2,2-bis(hydroxymethyl)propanoic acid (bis-MPA, 99% Acros)
It was used as received.

4-Dimethylaminopyridine (DMAP, 99% Aldrich)

It was used as received.

p-toluenesulfonic acid monohydrate (p-TSA, Merck)

Water was removed by azeotropic distillation with benzene using Dean-Stark

apparatus and followed by recrystallization from chloroform.
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4-Dimethylamino pyridinium-4-toluene sulfonate (DPTS)

The synthesis of DPTS was carried out through the reaction of anhydrous p-
toluenesulfonic acid (p-TSA) and 4-dimethylamino pyridine [301].

N,N-Dicyclohexylcarbodiimide (DCC, 99% Acros)
It was used as received.
2,2,6,6-Tetramethylpiperidinyl-1-oxy (TEMPO, 98% Acros)
It was used as received.

2,2-Dimethoxypropane (98%, Acros)

It was used as received.

Benzoyl peroxide (BPO, 77% Fluka)

It was used as received.

Phosphorus penta chloride (PCls, Aldrich)

It was used as received.

a-D glucose (Aldrich)

It was used as received.

4-Nitrobenzoic acid (Aldrich)

It was used as received.

3.2 Equipment

3.2.1 Nuclear magnetic resonance spectroscopy (NMR)

The 'H and ">C NMR spectra were recorded on a Bruker NMR spectrometer (250
MHz for '"H NMR) and a Varian Inova 500 spectrometer (125.66 MHz for B0) using
CDCl; as solvent and tetramethylsilane as an internal standart.

3.2.2 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) measurements were obtained with an Agilent

model 1100 instrument consisting of a pump, refractive index and UV detectors, and
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four Waters Styragel columns (HR 5E, HR 4E, HR 3, and HR 2). THF was used as
an eluent at a flow rate of 0.3 mL/min at 30 °C. BHT was used as an internal
standard. The molecular weights of the polymers were calculated on the basis of

linear PS standards (Polymer Laboratories).

3.2.3 Differential scanning calorimeter (DSC)

DSC analyses of ABC miktoarm star polymers were performed on a Netzsch DSC
204 at a heating rate of 20 °C/min and on a Perkin Elmer DSC 7 at various heating
rates under a nitrogen atmosphere. DSC analyses of AB, miktoarm star polymers
were conducted on a Perkin Elmer DSC 6 at a heating rate of 10 °C/min under
nitrogen. The glass-transition temperatures (Ty’s) and melting temperatures (Tp,’s)

were determined from a second heating cycle.

3.2.4 Infrared spectrophotometer (IR)

IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR Spectrometer.

3.2.5 UV-visible spectrophotometer

UV visible spectra were recorded on a Perkin-Elmer Lambda-2 spectrophotometer in
CHCIls. Trans-cis photoisomerization experiments were carried out in a Schlenk tube
equipped with a lateral quartz cell, using a merry-go-round type reactor equipped

with 16 Philips 8W/06 lamps emitting light at A <350 nm.

3.2.6 Mass spectrometer (MS)

Mass spectroscopy measurements were carried out on a LCQ MS Thermo Finnigan
equipped with an electrospray ionazation (ESI) source and on a Micromass Autospec

instrument operating in ESI positive mode at 70 eV.
3.2.7 Thermogravimetric analyzer (TGA)

Thermogravimetric data were obtained using a Thermogravimetric Analyzer PL-

1000 (PL-TGA), between 30-600 °C, under nitrogen, with a scan rate of 10 °C/min.
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3.3 Preparation Methods

3.3.1 Synthesis of miktofunctional initiator for the preparation of AB, type

miktoarm star polymers

3.3.1.1 Synthesis of 2,2-bis|[methyl(2-bromopropianato) propionyl chloride

2,2-Bis[methyl(2-bromopropianato) propionyl chloride was synthesized in two steps
following a literature [21] procedure:

A. In a 250 mL one-neck flask equipped with a magnetic stirrer, 2,2-bis(hydroxyl
methyl) propionic acid (bis-MPA) (5 g, 37 mmol) was dissolved in dried THF (180
mL). Triethylamine (12.5 mL, 89 mmol) was added and the solution became
homogeneous. The flask was cooled at 0 °C. A solution of 2-bromo propionyl
bromide (9.5 mL, 89 mmol) in 15 mL THF was added dropwise through a cannula.
The mixture was kept under stirring at room temperature overnight. The salt was
filtered off and the solvent was removed completely under vacuum. A pale yellow
viscous liquid was obtained in 78 % yield (10.8965 g) and used further without

purification.

'H-.NMR (CDCL) (8, ppm): 9.09 ppm (s, COOH), 4.43-4.13 ppm (m, 6H,
CH,OCO, CH(CH3)Br, 1.81 ppm (d, 6H, CH(CH3)Br), 1.29 ppm (s, 3H, CCHj3).

B. The latter compound (5 g, 12 mmol) was dissolved in benzene (50 mL).
phosphoruspentachloride, PCLs (6 g, 28.8 mmol) was then added. The mixture
turned immediately to green colour; the solution was kept under stirring at room
temperature overnight. The salts were filtered off and benzene was removed by
evaporation under vacuum. Hexane was added in order to remove the excess of PCls.
The organic phase was recovered and the solvent evaporated under vacuum. A

clearly green-brown liquid (oil like) was obtained in 43% yield.

'H-NMR (CDCl3) ( 8, ppm): 4.40-4.20 ppm (m, 6H, CH,OCO, CH(CH3)Br, 1.79
ppm (d, 6H, CH(CH3)Br), 1.33 ppm (s, 3H, CCHj).

3.3.1.2 2-hydroxyethyl 3-[(2-bromopropanoyl)oxy]-2-{[(2-bromopropanoyl)
oxy|methyl}-2-methyl-propanoate

The obtained 2,2-bis[methyl(2-bromopropianato) propionyl chloride (5.53 g, 13.08

mmol) was added into a molar excess (25 times) of ethylene glycol (18.26 mL), and
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the mixture was reacted for 21 h in a jacketed Schlenk tube, which was cooled to
0 °C. The reaction mixture was dissolved in water and extracted with
dichloromethane. The organic phase was washed with a saturated aqueous solution
of NaHCOj; (sodium bicarbonate), which was followed by water, and was dried over
Na,SOy4 (sodium sulphate). The solvent was distilled off under reduced pressure, and

an orangelike oil was collected in a 40 % yield (2.3 g) without further purification.

'H-.NMR (CDCls) (8, ppm): 4.50-4.18 ppm (m, 8H, CH,OCO, CH(CH;)Br,
HOCH,CH,OCO), 3.81 ppm (t, 2H, HOCH,CH,0OCO), 2.2 ppm (bs, 1H, HOCH,),
1.79 ppm (d, 6H, CH(CH3)Br), 1.31 ppm (s, 3H, CCH3).

3.3.2 Synthesis of miktofunctional initiator for the preparation of ABC type

miktoarm star polymers

3.3.2.1 Synthesis of benzoic acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperin-1-
yloxy)-ethyl ester

In a 1000 mL of two-necked round bottom flask, equipped with a magnetic stirrer,
TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy) (6 g, 19.2 mmol) and BPO (9.4 g,
38.8 mmol) were dissolved in 600 mL of freshly distilled styrene, then flask
conducted three times evacuation and subsequent nitrogen purging. The solution was
kept for 30 minutes stirring at 90 °C in an oil bath. After that period the excess of
styrene removed via back distillation and flask dissolved in 200 mL of ethyl acetate
then extracted two portions (100 mL) of NaOH (1%). The combined organic phase
was dried with Na,SO4 and solvent evaporated. The crude product purified by
column chromatography over silica gel eluting just with dichloromethane, and the
product fully purified by recrystallization from cold hexane concentrated to yield

4.44 g (11.64 mmol, 60 %) as white needles.

'H NMR (CDCl3) ( 8, ppm): 0.75, 1.07, 1.21, 1.37 (each br s, 12H, CHs), 1.38-1.52
(m, 6H, CH>), 4.53 (ABq, J =6 Hz, 1H, CHH), 4.83 (ABq, J = 6 Hz, 1H, CHH), 5.06
(ABq, J=3 Hz, 1H, CH), 7.25-7.56 (m, 8H, ArH), 7.91 (B of ABq, J =6 Hz, 2H,
ArH)
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3.3.2.2 Synthesis of 2-phenyl-2-(2,2,6,6-tetramethyl-piperin-1-yloxy)-ethanol

Benzoic acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperin-1-yloxy)-ethyl ester (4.44 g,
11.64 mmol) was dissolved in 70 mL of absolute ethanol and 17 mL of 2 N KOH
and kept for 5 h to reflux. Then the product is extracted with water and
dichloromethane (1:1). The combined liquid phase is again extracted with
dichloromethane and combined organic phase dried with Na,SO,4, evaporation of the
solvent yielded 2.8 g (10.11 mmol, 87 %) as yellow viscous liquid without further

purification.

'H-NMR (CDCl;) (8, ppm): 1.15-1.58 (m, 18H), 3.72 (dd, J = 2.5 and 9.5 Hz, 1H,
CH), 4.22 (dd, J=9.5 and 12 Hz, 1H, CH,), 5.31 (dd, J = 2.5 and 9.5 Hz, 1H, CH),
5.89 (brs, OH), 7.29-7.36 (m, 5H, ArH). *C NMR (CDCls) (8, ppm): 17.25, 20.66,
25.64,32.30,34.21, 39.99, 40.52, 61.03, 67.93, 69.18, 84.23, 126.96, 127.83, 128.31,
139.10.

3.3.2.3 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid

The 2,2-bis(hydroxymethyl)propanoic acid, bis-MPA (4 g, 29.84 mmol) along with
p-TSA (0.112 g, 0.58 mmol), and 2,2-dimethoxypropane (5.6 mL, 44.8 mmol)
dissolved in 20 mL of dry acetone , and stirred 2 h at room temperature. In the
vicinity of 2 h, while stirring continued the reaction mixture was neutralized with 3
mL of totally NH4OH (25 %), and absolute ethanol (1:1), filtered off by-products and
subsequent dilution with dichloromethane (80 mL) , and once extracted with distilled
water (20 mL). The organic phase dried with Na,SO,, concentrated to yield 4.01 g

(77.3 %) as white solid after evaporation of solvent.

'"H-NMR (CDCls) (8, ppm): 1.17 (s, 3H, -CHz), 1.39-1.43 (d, 6H, -C(CHs),), 3.62
and 4.20 (dd, 4 H, C(CH,0-),).

3.3.2.4 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid 2-phenyl-2-
(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester

2-phenyl-2-(2,2,6,6-tetramethyl-piperin- 1-yloxy)-ethanol (2.80 g, 10.10 mmol), was
dissolved in 20 mL of dry CH,Cl, along with 2,2, 5-trimethyl-[1,3]dioxane-5-
carboxylic acid (1.86 g, 10.68 mmol), and DPTS (0.45 g, 1.45 mmol) were added in
that order. Dicyclohexylcarbodiimide (DCC) (2.58 g, 12.50 mmol) dissolved in

CH,Cl, (5 mL) was then immediately added and the mixture was stirred at room
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temperature for 24 h. The precipitated dicyclohexylurea was filtered off, the solvent
evaporated, and the remaining product was purified by column chromatography
(silica gel) eluting with hexane then gradually increasing to 1:4 (hexane/ EtOAc) to
give the final product as pale yellow oil. Yield 3.68 g (84 %).

'H NMR (CDCl;) (8, ppm): 7.30-7.23 (m, 5H, ArH), 4.93 and 4.91 (dd, 1H, ArCH),
4.57 and 4.52 (dd, 1H, ArCHCHH), 4.41 and 4.37 (dd, 1H, ArCHCHH), 3.98 and
3.93 (dd, 2H, CH20), 3.47 (d, 2H, CH20), 1.73-0.72 (m, 21H).

3.3.2.5 Synthesis of 3-hydroxy-2-hydroxymethyl-2-methyl-propionic acid 2-
phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester

2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid 2-phenyl-2-(2,2,6-trimethyl-
piperidin-1-yloxy)-ethyl ester (3.68 g, 8.5 mmol) was dissolved in a mixture of 22.2
mL of THF and 11.1 mL of 1 M HCI (aq). The reaction mixture was stirred for 4 h.
The precipitated product was filtered off and washed with THF and evaporated at 45
°C to dryness. The crude product was dissolved in CH,Cl, and washed with water.
The combined organic phases were dried over Na,SOy, filtered and evaporated. The

product was isolated as white solid. Yield: 3.14 g (94 %).

'"H NMR (CDCL) (5, ppm): 7.35-7.27 (m, SH, ArH), 4.99 (t, 1H, ArCH), 4.51 (d,
2H, ArCHCH,), 3.69-3.60 (m, 4H, CH,OH), 2.74 (bs, 1H, CH,OH), 2.61 (bs, 1H,
CH,OH), 1.65-0.81 (m, 21H).

3.3.2.6 Synthesis of 2-(2-bromo-2-methyl-propionyloxymethyl)-3-hydroxy-2-
methyl propionic acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl

ester

3-hydroxy-2-hydroxymethyl-2-methyl-propionic acid 2-phenyl-2-(2,2,6,6-
tetramethyl-piperidin-1-yloxy)-ethyl ester (4.19 g, 10.67 mmol) was dissolved in dry
Et:N (3.28 mL, 23 mmol) and CH,Cl, (20 mL) and cooled to 0 °C. 2-
Bromoisobutyrylbromide (1.32 mL, 10.67 mmol) was added dropwise to the reaction
mixture within 30 minutes. It was then stirred for 4 h at room temperature. After
dilution with 200 mL of CH,Cl,, the mixture was extracted three times with 50 mL
of saturated aqueous solution of NaHCOj3. The organic phase was dried over Na,SOs.
The solution was purified by column chromatography on silica gel with 1:10

(ethylacetate/ hexane) to give 4.37 g (75 % yield) of product as pale yellow.
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'H NMR (CDCls) (3, ppm): 7.33-7.28 (m, 5H, ArH), 4.97 (t, 1H, ArCH), 4.53-4.45
(m, 2H, ArCHCH,), 4.22 and 4.18 (dd, 2H, CH,0CO), 3.55 (dd, 2H, CH,OH),
2.78 (bs, 1H, CH,OH), 1.85 (d, 6H, CBr(CHs),), 1.60-0.78 (m, 21H).

3C NMR (CDCL) (8, ppm): 17.0, 17.2, 20.3, 28.3, 29.6, 30.5, 33.8, 40.1, 48.4, 55.3,
60.1, 64.9, 66.9, 83.5, 127.15, 127.18, 127.7, 128.14, 128.15, 140.0, 171.3, 173.6.

Anal. Calc. for C,6H4BrNOg: C, 57.56%; H, 7.43; N, 2.58%. Found: C, 57.52%; H,
7.40%, N, 2.60%.

MS (ESI): 542 (M), 544 (M+2), 386.8 (M-TEMPO)

3.3.3 Synthesis of miktofunctional initiator for the preparation of
photoresponsive A;B, type miktoarm star polymers containing an azobenzene

moiety at the core

3.3.3.1 Synthesis of 4,4’-bis(chlorocarbonyl) azobenzene

4,4°-bis(chlorocarbonyl) azobenzene was synthesized in two steps following a
literature [302-304] procedure: A. A solution of 13,1 g (78,3 mmol) 4-nitrobenzoic
acid and 50,1 g (1,25 mol) NaOH in 225 mL water was heated at 50 °C then a hot
solution of 100,4 g (0,56 mol) a-D glucose in 150 mL water was added under stirring
over lh. The stirring was continued for 2 h at 50 °C and overnight at room
temperature, then air was bubbled within the resulting solution for 12 h. After
addition of acetic acid to pH 6, the solid precipitate was filtered and dried to constant

weight to give 10.5 g (99.5 %) of a brownish solid.

B. Charge 5 g (18.5 mmol) of azodibenzoic acid, 25 mL (40.75 g, 340 mmol) of
thionyl chloride, and 0.076 mL of Et;N into a 100 mL round-bottom flask equipped
with stirred and a reflux condenser with a drying tube. Reflux reaction mixture until
a dark red solution is obtained, about 4h. (The off-gas hydrogen chloride must be
trapped or scrubbed in a water trap.) Excess thionyl chloride is removed using a
water pump at a temperature < 50 °C gives 5.6 g (90 %) of azodibenzoyl chloride.
The acid chloride thus obtained is sufficiently pure for polymerization but can be

further purified by recrystallization from dry hexane. (1 g, 16 %).
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3.3.3.2 Synthesis of azobenzene-4,4’-dicarboxylic acid bis-{3-(2-bromo-2-methyl-
propionyloxy)-2-methyl-2-[2-phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-
ethoxycarbonyl]-propyl} ester

2-(2-bromo-2-methyl-propionyloxymethyl)-3-hydroxy-2-methyl propionic acid 2-
phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester (1.15 g, 2.12 mmol) is
dissolved in 20 mL of CH,Cl,. To this solution, added was DMAP (0.117 g, 0.96
mmol), Et;N (0.3 mL, 2.16 mmol) in that order and the reaction mixture was stirred
and cooled to 0 °C. 4,4’-bis(chlorocarbonyl) azobenzene (0.295 g, 0.96 mmol)
dissolved in 5 mL of CH,Cl, was added drop-wise to the mixture. The reaction was
continued overnight with stirring and then filtered. It was extracted with water and
dried with Na,SO4. The organic phase was evaporated and the remaining product
was purified by column chromatography over silica gel eluting once with
ethylacetate/hexane (1:15) and then with (1:10) to give the desired product as viscous
red liquid (Yield: 0.67 g, 53 %). It was solidified upon storage.

'H NMR (CDCl;, 8) 8.06 (d, J = 8.4 Hz, 4H, ArH of azobenzene), 7.95 (d, J = 8.4
Hz, 4H, ArH of azobenzene), 7.28-7.17 (m, 10H, ArH), 4.94 (t, 2H, ArCH), 4.59 and
4.46 (m, 4H, ArCHCHH), 4.45-4.24 (m, 8H, CH,OC=0), 1.84 (12H, CBr(CHs),),
1.69-0.73 (m, 42H), m.p. (DSC): 46-47 °C.

PC NMR (CDCls, &) 172.08, 170.99, 165.08, 155.08, 140.23, 131.96, 128.68,
123.83, 121.68, 83.07, 66.54, 66.06, 64.69, 60.11, 55.26, 46.64, 40.37, 38.87, 32.90,
31.18, 30.19, 29.65, 20.55, 17.08, 15.25.

Anal. Calc. for C66H86BI'2N40142 C, 60.09 %; H, 6.57 %; N, 4.25 %.
Found: C, 59.38 %; H, 6.64 %; N, 4.13 %.

MS (ESI): 1319.5 (M+H)", 1341.4 (M+Na)".
3.3.4 Synthesis of AB, type miktoarm star polymers via ROP-ATRP route

3.3.4.1 Synthesis of poly (e-caprolactone) (PCL) macroinitiator by ROP

PCL macroinitiator was prepared by the ROP of e-caprolactone in bulk using
Stannous octanoate, Sn(Oct), as a catalyst and 2-hydroxyethyl 3-[(2-
bromopropanoyl)oxy]-2-{[(2-bromopropanoyl) oxy]methyl}-2-methyl-propanoate as
an initiator at 110 °C for a given time. To a previously flamed Schlenk tube equipped

with a magnetic stirring bar, e-CL (3 mL, 28.3 mmol), catalytic amount of Sn(Oct),
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([Initiator]/[Sn(Oct),]=400) and miktofunctional initiator (0.422 g, 0.94 mmol) were
added in the order mentioned. The tube was degassed by three freeze-pump-thaw
(FPT) cycles left under vacuum and placed in a thermostated oil bath. After the
polymerization, the resulting polymer was dissolved in THF, precipitated into excess
amount of methanol and then isolated by vacuum filtration and dried at room

temperature in vacuo for 1 day.

3.3.4.2 Synthesis of the PCL—(PfBA), miktoarm star polymers by ATRP

The synthesis of the PCL—-(PfBA), miktoarm star polymers was accomplished by the
ATRP of BA (tert-butyl acrylate) in bulk with CuBr/PMDETA (Copper
bromide/N,N,N’,N’’,N’-pentamethyldiethylenetriamine) as a catalyst and PCL as
macroinitiator. To a Schlenk tube equipped with a magnetic stirring bar, the degassed
BA (2 mL, 13.65 mmol), PMDETA (28.2 pL, 0.14 mmol), CuBr (19.4 mg, 0.14
mmol) and PCL macroinitiator (0.25 g, 0.07 mmol) were added in the order
mentioned. The polymerization was carried out at 100 °C under degassed conditions
for the given time. After the polymerization, the reaction mixture was diluted with
THF and then passed through a column of neutral alumina to remove metal salt. The
excess of THF and the unreacted monomer were evaporated under reduced pressure.
The resulting polymer was dissolved in THF and precipitated into cold
methanol/water (80/20; v/v). After decantation, the polymer was dissolved in
CH,Cl,, extracted with water and dried over Na,SO,. Finally, the organic phase was

removed by evaporation.

3.3.4.3 Synthesis of the PCL-(PMMA); miktoarm star polymers by ATRP

The preparation of PCL(PMMA), was accomplished with MMA (7.5 mL, 70.1
mmol), diphenyl ether, DPE (3.75 mL) as a solvent, PMDETA (28.2 uL, 0.14 mmol)
CuCl (13.4 mg, 0.14 mmol), and PCL macroinitiator (0.25 g, 0.07 mmol) at 90 °C.
After the prescribed reaction time, the reaction mixture was diluted with THF and
then passed through a column of neutral alumina to remove metal salt. The excess of
THF and the unreacted monomer were evaporated under reduced pressure. The
resulting polymer was dissolved in THF, precipitated into methanol and then isolated

by vacuum filtration and dried at room temperature in vacuo for 1 day.
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3.3.4.4 Preparation of the amphiphilic PCL-(PAA); miktoarm star polymer

PCL-(PtBA), (0.4 g, 0.015 mmol) was dissolved in 5 mL of dichloromethane and 1
mL of trifluoroacetic acid (TFA). The reaction mixture was stirred for 24 h at room
temperature and then precipitated into hexane, washed with dichloromethane. 0.235

g of amphiphilic polymer (PCL-PAA), was recovered after vacuum drying (Yield:
60 %).

3.3.5. Synthesis of ABC miktoarm star polymers by ROP-NMP-ATRP route

3.3.5.1 Synthesis of PCL macroinitiators by ROP

PCL macroinitiator was prepared by the ROP of ¢-CL in bulk using Sn(Oct), as a
catalyst and 2-(2-bromo-2-methyl-propionyloxymethyl)-3-hydroxy-2-methyl
propionic acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester as an
initiator at 110 °C for a given time. To a previously flamed Schlenk tube equipped
with a magnetic stirring bar, e-CL (3 mL, 28.3 mmol), catalytic amount of Sn(Oct),
([Initiator]/[Sn(Oct),] = 300) and initiator (0.384 g, 0.71 mmol) were added in the
order mentioned. The tube was degassed by FPT cycles left under vacuum and
placed in a thermostated oil bath. After the polymerization, the mixture was diluted
with THF, precipitated into an excess amount of methanol and then isolated by

filtration and dried at room temperature in vacuo oven for 1 day.

3.3.5.2 Synthesis of AB type PCL-b-PS precursors by NMP

The synthesis of PCL-b-PS precursors having bromine functionality in the core was
accomplished by the NMP of St (3 mL, 26.2 mmol) in bulk using previously
obtained PCL macroinitiator (0.25 g, 0.062 mmol). The reaction mixture was
degassed by three FPT cycles, left in vacuo, placed in an oil bath at 125 °C, and
stirred for a given polymerization time. After the polymerization, the polymerization
mixture was diluted with THF, precipitated into methanol, isolated by filtration, and

dried in vacuo at room temperature.

3.3.5.3 Synthesis of ABC type PCL-PS-PrBA miktoarm star polymers by ATRP

The synthesis of PCL-PS-P/BA miktoarm star polymers was carried out by the
ATRP of BA (1.4 mL, 9.83 mmol) in bulk using CuBr (2.4 mg, 0.0166
mmol)/PMDETA (3.5 pL, 0.0166 mmol) as a catalyst and previously obtained
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PCL-b-PS macroinitiator (0.3 g, 0.0166 mmol). The polymerizations were carried
out at 100 °C under degassed conditions for the given times. After the
polymerization, the reaction mixture was diluted with THF and then passed through a
column of neutral alumina to remove metal salt. The excess of THF and the
unreacted monomer were evaporated under reduced pressure. The resulting polymer
was dissolved in THF and precipitated into excess amount of cold methanol/water
(80/20; v/v). After decantation, the polymer was dissolved in CH,Cl,, extracted with
water and dried over Na,SOs. Finally, the organic phase was evaporated to give

PCL-PS-PfBA miktoarm star polymer.

3.3.5.4 Synthesis of PCL-b-PS via one-pot process by combination of NMP and
ROP

To a previously flamed Schlenk tube equipped with a magnetic stirring bar, &-CL (3
mL, 283 mmol), St (8.1 mL, 70.7 mmol), catalytic amount of Sn(Oct),
([Initiator]/[Sn(Oct),] = 300) and miktofunctional initiator (0.384 g, 0.71 mmol) were
added in the order mentioned. The tube was degassed by FPT cycles left under
vacuum and placed in a oil bath at 125 °C for 20 h. The polymerization mixture was

diluted with THF, precipitated in methanol and dried in vacuo.

3.3.5.5 Synthesis of PCL-PS-PMMA miktoarm star polymer by ATRP

The synthesis of PCL-PS-PMMA miktoarm star polymers was carried out by the
ATRP of MMA (1.5 mL, 14 mmol) in DPE (1.5 mL) using CuCl (3 mg, 0.028
mmol)/PMDETA (6 uL, 0.028 mmol) as a catalyst system and previously obtained
PCL-b-PS macroinitiator (0.275 g, 0.028 mmol). The polymerization was carried out
at 90 °C under degassed conditions for the given time. Then, the polymerization
mixture was diluted with THF, passed through a basic alumina column to remove the

catalyst, and precipitated in methanol.

3.3.6 Synthesis of photoresponsive miktoarm star copolymer containing an

azobenzene moiety at the core by ATRP-NMP route

3.3.6.1 Preparation of (PMMA), macroinitiator by ATRP of MMA

(PMMA), macroinitiator was prepared by ATRP of MMA using azobenzene-4,4 -
dicarboxylic acid bis-{3-(2-bromo-2-methyl-propionyloxy)-2-methyl-2-[2-phenyl-2-
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-(2,2,6,6-tetramethyl-piperidin- 1-yloxy)-ethoxycarbonyl]-propyl} ester as an initiator
and CuCl complexed by PMDETA as the catalyst at 60 °C. To a Schlenk tube
equipped with a magnetic stirring bar, the degassed MMA, (I mL, 9.35 mmol),
ligand, (PMDETA, 19.5 pL, 0.0934 mmol), CuCl (9.2 mg, 0.0934 mmol) and
initiator (0.061 g, 0.0467 mmol) in 1 mL of anisole were added in the order
mentioned. The tube was degassed by three freeze-pump-thaw cycles, left in vacuo
and placed in a thermostated oil bath at 60 °C for 15 min. Subsequently the brown
polymerization mixture was diluted with THF, passed through a basic alumina
column to remove the catalyst, and precipitated in hexane. The polymer was dried for

24 h in a vacuum oven at 25 °C.

3.3.6.2 Preparation of (PMMA),-(PS), miktoarm star copolymer by NMP of St

(PMMA),-(PS), miktoarm star copolymer was prepared using NMP of St (0.687 mL,
6.0 mmol) in the presence of TEMPO functionalized (PMMA); as a macroinitiator,
(0.09 g, 0.02 mmol). The reaction mixture was degassed by FPT cycles and left in
vacuo. The tube was then placed in an oil bath thermostated at 125 °C for 19.5 h. The
polymerization mixture was diluted with THF, and precipitated in methanol. The

obtained star polymer was dried for 24 h in a vacuum oven at 25 °C.
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4. RESULTS and DISCUSSION

4.1 Synthesis of AB, type Miktoarm Star Polymers via ROP-ATRP Route

The preparation of AB, type miktoarm star polymers is based on a two-step reaction
consisting of the synthesis of well-defined bromine terminated poly(e-caprolactone),
(PCL), using a miktofunctional initiator (2) in the ROP of e-caprolactone, followed
by the ATRP of fBA or MMA initiated with PCL macroinitiator thus obtained (4.2).

4.1.1 Synthesis of AB; type miktofunctional initiator (2)

A novel miktofunctional initiator (2), 2-hydroxyethyl 3-[(2-bromopropanoyl)oxy]-2-
{[(2-bromopropanoyl)oxy]methyl}-2-methyl-propanoate, possessing one initiating
site for ROP and two initiating sites for ATRP is synthesized in a three-step reaction
sequence shown in 4.1. Miktofunctional initiator (2) was prepared from 2,2-
bis[methyl(2-bromopropianato)propionyl chloride (1) and ethylene glycol in 40%
yield. The "H NMR spectrum of compound 2 shows the signals of the ethylene
glycol segment (HO-CH,: 2.2 and 3.81 ppm) together with the signals of the 2-
bromopropanoate groups (CH(CH3)Br: 4.50-4.18 and 1.79 ppm) (Figure 4.1).

4.1.2 Synthesis of PCL macroinitiator by ROP

PCL macroinitiator containing dual bromine end groups was prepared using a
miktofunctional initiator (2) and Sn(Oct), as a catalyst in bulk at 110 °C (4.2). The
experimental conditions and the properties of PCL macroinitiator are given in Table
4.1. The '"H NMR spectrum of PCL macroinitiator is shown in Figure 4.2 where the
respective resonances including secondary bromine end groups were assigned. The

theoretical M, values of PCL were calculated by using the following equation:

Moo= ((M]o/[T]o) X Conv. X 114.15 + 448.104 (MWinitiator) (1)

where MW pisiator 18 the molecular weight of the initiator (2) and [M], and [I], are the

initial concentrations of the monomer and initiator, respectively.
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The M,nmr value, which was determined from the ratio of integrated peak areas of
-CH,OCO (4.0 ppm) and the initiator peaks around 4.3 ppm, were consistent with

those derived from GPC and the theoretical one.

2CH(CH3)Br T 4COCH ,CH,

+ MWinitiator (2)

monomer

M n,NMR — MW 1
CH,0CO

where MW onomer and MWipisiaror are the molecular weight of the monomer (g-CL)
and initiator (2), respectively. Usually determining more precise the molecular

weight for PCL a correction formula is used in the literature [305] :

Myper=0.259 X My gpc'" 3)

where M, gpc 1s the molecular weight determined from GPC using PS standards.
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Figure 4.1: "H-NMR spectrum of AB, type miktofunctional initiator (2).
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Figure 4.2: "H NMR spectrum of poly(e-caprolactone) homopolymer (T1) in CDCls.
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4.1.3 Synthesis of PCL—(P7rBA), miktoarm star polymers by ATRP

The functionalized PCL was employed as a macroinitiator for the ATRP of rBA in
the presence of CuBr/PMDETA complex system as the catalyst in bulk at 100 °C
(Table 4.1). The GPC traces of macroinitiator and AB; miktoarm star polymer are
shown in Figure 4.3. These chromatograms show the formation of the PABA blocks.
After polymerization of tBA, the GPC trace shifts to the higher molecular weights
region along with complete disappearance of the peak of the precursor indicating that
efficient initiation has occurred. The polydispersity index of the miktoarm star

polymer, PCL-(PfBA),, is relatively low (1.18).

Table 4.1: Synthesis of PCL-(PrBA), and PCL-(PMMA), miktoarm star polymers
derived from PCL macroinitiator.

Run Monomer [M]y/[I], Initiator T(l}rlr)le (EOO/?)V Muheo Moxmr Mucre My/My

T1* e-CL 30 2 64 75 3000 3700 2800 1.12
T2* e-CL 50 2 46 55 3590 4180 3370 123
T3" BA 80 T1 0.67 63 10160 11900 16550 1.27
T4° BA 200 T1 3 90 26770 27000 38300 1.18

TS MMA 1000 T1 275 66 69780 61400 89600 1.23
T6° MMA 1000 T2 2.16 36 40220 43780 62850 1.17

“The polymerization was carried out at 110 °C; [Initiator],/[Sn(Oct),], = 400.
°[1]o:[PMDETA],:[CuBr], = 1:2:2; the polymerization was carried out at 100 °C.
‘[T]o:[PMDETA],:[CuCl], = 1:2:2;,the polymerization was carried out at 90 °C in
DPE; MMA/DPE = 2 (v/v)

“Molecular weights were calculated with the aid of polystyrene standards by using an
equation [305] (Mpcr= 0.259 X Mpg,' ™).

The signals of the fert-butyl ester group were also assigned by means of 'H NMR
measurements confirming the incorporation of the P/BA blocks in the miktoarm star

polymer (Figure 4.4).
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Figure 4.3: GPC traces of poly(e-caprolactone) (T1), PCL-(PfBA), (T4).
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Figure 4.4: '"H NMR spectrum of PCL-(P/BA), miktoarm star polymer (T4) in
CDCl;.

The theoretical M, value of PCL-(P/BA), was calculated according to the following

formula:
M heo = ([M]o/[1]0) X Conv. X 128.17 + My nmr of PCL precursor (4)

where [M], and [I], are the initial concentrations of the monomer and macroinitiator,

respectively.
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The molecular weight (Mn,nmr) Was determined from the integration of signals

appeared at 1.41 ppm (-C(CH)3) of tBA to 4.01- 4.06 ppm (CH>OCO) of CL.

Me(cny),

M 0 NMR = MW +M n,NMR of PCL precursor (5)

monomer

2len,0c0

where MW ,onomer 1S the molecular weight of /BA.

0 CH;—O0—C—CH—Br

HO—CH;—CH;~0—C—C—CH,

CHy—O—(—CH—Br

) O CH,
()
@)
ROP
Sn(Oct),, 110 °C, bulk
IR
Y
Q CH7—0—C—CH—Br
HO—PCL—0—CH;—CH;—0—C—C—CI, (4.2)
CHy—0—C—CH—Br
O CH,
BA
ATRP | - Br/PMDETA
100 °C
r 0 CH,

. ?HTO—g—éH—PtBA—Br
HO—PCL—0—CHy—CH;~0—C—(C—CH,
CHy—O—C—CH—PBA—Br
O CH,
PCL-(P/BA),
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4.1.4 Synthesis of PCL-(PMMA); miktoarm star polymers by ATRP

The ATRP of MMA can also be carried out using PCL macroinitiator,
CuCl/PMDETA as a catalyst, DPE (MMA/DPE = 2; v/v) at 90 °C (Table 4.1). The
bromine terminal group of PCL macroinitiator was converted to chlorine soon after
the polymerization of MMA started where CuCl was used as Cu(I) species, in which
the halogen exchange enhanced the rate of the initiation over the rate of the
propagation [306]. According to the 'H NMR spectrum (Figure 4.5), the methyl ester
peak around 3.5 ppm together with the characteristic peaks of PCL revealed the
structure of PCL-(PMMA), miktoarm star copolymer.

PMNMA

O CH,
0 CH;0—C-CH-PMMA-CI
HO-PCL-0—CH;CH;0-C-C-CH,
T CHy-O— (- CH-PMMA-CI
O CH,

PCL-(PMMA },

PCL

5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5pPMm

Figure 4.5: '"H NMR spectrum of PCL-(PMMA), miktoarm star polymer (T5) in
CDCl;.

The theoretical M, value of the star copolymer was also calculated using:

M theo = ([M]o/[1]5) X Conv. X 100.12 + M, nmr of PCL precursor (6)

and the molecular weight of the resulting miktoarm star (M,nxmr) was determined
from the ratio of the "H NMR integrated peak areas of the -OCH; groups of the
PMMA relative to the -CH,OCO groups of the PCL signals.

3loc,
Mn, NMR = MW T

monomer

X + M, nmr of PCL precursor (7)
2len,0c0

81



where MW onomer 1S the molecular weight of MMA. The characterization by GPC
confirmed the clear shift between PCL-(PMMA), miktoarm star polymers and its

precursor (Figure 4.6). Moreover, the low polydispersity index (1.23) indicated a
controlled growth of the PMMA blocks.

PCL(P:BA)-

PCL
T1

PCL(PMMA):
TS

Flow matlcer

| | | | | |
25 a0 34 40 45 a0

Eetention Time (in)
Figure 4.6: GPC traces of poly(e-caprolactone) (T1), PCL-(PrBA), (T4) and PCL-
(PMMA); (TS).
4.1.5 Preparation of amphiphilic PCL-(PAA), miktoarm star polymer

The fert-butyl ester groups of the P/BA blocks were then cleaved by treatment with
trifluoroacetic acid in dichloromethane yielding amphiphilic PCL-(PAA), miktoarm
star polymer with 60 % yield. The "H NMR spectrum showed no signal at 1.4 ppm
due to the removal of the tert-butyl protons of the P/BA blocks (Figure 4.7). In
addition, the evolution of a signal at 12.2 ppm is indicative of -COOH protons of
PAA blocks. The resulting amphiphilic polymer is not soluble in THF and
dichloromethane, and soluble in DMSO.

4.1.6 Investigation of thermal properties of synthesized polymers

Thermal behavior of polymers was investigated by DSC. PCL macroinitiator (T1)
showed two transitions around —55 and 52 °C as T, and Ty, respectively (Figure 4.8).
However, PCL-(PMMA), miktoarm star polymer (T5) showed only one T, at 100 °C
similar to that of poly(methyl methacrylate) homopolymer (Figure 4.9).
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In the case of PCL-(PfBA), (T4), corresponding single glass transition at 51.5 °C,

which was consistent with that of PABA homopolymer, was observed (Figure 4.9).

H,0
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Figure 4.8: DSC trace of PCL T1

This behavior might be due to relatively very short PCL arm comparing with both
PMMA and PrBA arms. Thus, the thermal transitions of the miktoarm star
copolymers were dominated with the long PMMA or P/BA blocks.
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Figure 4.9: DSC traces of PCL T1, PCL-(PfBA), T4 and PCL-(PMMA), T5.
4.2 Synthesis of ABC Miktoarm Star Polymers by ROP-NMP-ATRP Route

4.2.1 Synthesis of ABC type miktofunctional initiator

For the synthesis of ABC type miktofunctional initiator, first we obtained 2-phenyl-
2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester (3) according to the procedure
reported by Hawker et al. [307]. 3 was then hydrolyzed with aqueous potassium
hydroxide (KOH) to give 2-phenyl-2-[(2,2,6,6-tetramethylpiperidino)oxy]-1-ethanol,
4 (4.3). The characteristic peak of aromatic protons adjacent to ester group at o 7.9
ppm completely disappeared after hydrolysis. Moreover, the new signals appeared at
0 5.9 ppm of —OH and the shifts of the -CH, and —CH protons adjacent to hydroxyl
and aromatic group, respectively, clearly confirm the successful hydrolysis. The 'H
NMR spectra of the corresponding ester and alcohol precursors are presented in

Figures 4.10 and Figure 4.11, respectively.
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Figure 4.10: 'H NMR spectrum of benzoic acid 2-phenyl-2-(2,2,6,6-tetramethyl-
piperin-1-yloxy)-ethyl ester (3).
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Figure 4.11: 'H NMR spectrum of 2-phenyl-2-(2,2,6,6-tetramethyl-piperin-1-yloxy)-

ethanol (4).
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In order to convert the hydroxyl functionality of compound 4 into two hydroxyl

functionalities, successive protection, esterification and deprotection reactions were

realized. For this purpose, we synthesized diacetal of bis(hydroxymethyl)propionic
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acid, 6, as a core compound starting from 2,2-bis (hydroxymethyl)-propanoic acid, 5
(4.4). In this reaction, 5 was reacted with excess amount of dry acetone using p-
toluene sulfonic acid (p-TSA) as catalyst. Additionally, 2,2-dimethoxypropane was
deliberately used to provide acetone during the reaction. The '"H NMR spectrum of

compound 6 is shown in Figure 4.12.

Then reaction of 6 with 2-phenyl-2-[(2,2,6,6-tetramethylpiperidino)oxy]-1-ethanol
(4) produced the TEMPO functional compound 7 using DCC and DPTS in high
yields after column chromatography purification. Although this procedure was
reported to be a suitable method for the esterification reaction [308], the main
drawback of this system is related to the difficulties arising from the removal of
formed urea by product. However, this was overcomed by further precipitation
followed by filtration method. "H NMR spectrum of compound 7 clearly shows the
signals of aromatic hydrogens appeared at 7.2-7.3 ppm (Figure 4.13).

b+c

JCDC[S JLML_ L

g 7 6 5 4 3 2 1 0 PPM

Figure 4.12: "H-NMR spectrum of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic
acid (6).

Deprotection of the acetonide groups of compound 7 can easily be accomplished
quantitatively in the presence of 1 M HCL to yield 8. The hydroxyl groups of 8 can
clearly be seen from 6 = 2.61 and 2.74 ppm together with the signals associated with
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Figure 4.13: '"H-NMR spectrum of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid 2-
phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester (7).
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Figure 4.14: '"H NMR spectrum of 3-hydroxy-2-hydroxymethyl-2-methyl-propionic
acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl ester (8).

The functionality serves as ATRP initiator was introduced into the core by
esterification reaction of one hydroxyl group of 8 with 1 equivalent of 2-
bromoisobutyrylbromide. It should be pointed out that at this step severe reaction

conditions may cause the hydrolysis of the ester groups present in the structure.
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Therefore, the esterification process was performed at room temperature and 2-
bromoisobutryl bromide was added in a dropwise manner. The disubstituted product
did not occur due to the probably steric hindrance, so that tri miktofunctional initiator

9 is obtained in high yields.

O it+tc

7 6 5 4 3 2 1 (O PPM

Figure 4.15: 'H NMR spectrum of 2-(2-bromo-2-methyl-propionyloxymethyl)-3-
hydroxy-2-methyl propionic acid 2-phenyl-2-(2,2,6,6-tetramethyl-piperidin-1-
yloxy)-ethyl ester (9).

The 'H NMR spectrum of the compound 9 clearly shows that the —OH protons of
compound 8 at 6 2.7 ppm completely removed and the signals arisen from ATRP
initiator (6 = 1.85). Moreover, monofunctional hydroxyl groups (6= 2.28) together
with the shift of the -CH, protons adjacent to ATRP functionality to 6 4.1 ppm
indicate that esterification reaction was carried out successfully. The 'H NMR

spectrum of the resulting compound 9 is shown in Figure 4.15.

Mass spectroscopy measurement was also carried out to elucidate the structure and to
determine the exact molar mass of miktofunctional initiator, 9. The mass spectrum of

9 was depicted in Figure 4.15.
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Figure 4.16: Mass spectrum of 2-(2-bromo-2-methyl-propionyloxymethyl)-3-hydroxy-2-methyl propionic acid 2-phenyl-2-(2,2,6,6-tetramethyl-
piperidin-1-yloxy)-ethyl ester (9).
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4.2.2 Synthesis of PCL macroinitiators by ROP

ROP of &-CL from the hydroxyl group of 9 was accomplished with Sn(Oct), as a
catalyst at 110 °C in bulk (4.5). The characteristics of the PCL macroinitiator (T7)
are given in Table 4.2. The theoretical number-average molecular weight (M) theo) Of

the PCL macroinitiator was calculated according to the following formula:
M,iheo= ([M]o/[1]6) X Conv. X 114.15 + MWinitiator (542.511 g/mol) (8)

where MWipitiator 1S the molecular weight of the initiator (9) and [M], and [I], are the
initial concentrations of the monomer and initiator, respectively. In addition, M, xmr
which was determined from the ratio of the peak areas of the initiator peaks around
1.83 ppm and the CH,OCO group of PCL around 4 ppm, was consistent with the

theoretical M, value.

6cBr(cH,),

+MW.

M n,NMR — MW initiator (9)

monomer

2len,0c0

where MW honomer @and Mipitiator are the molecular weight of e-CL and initiator (9),

respectively. The '"H NMR spectrum of the PCL homopolymer (T7) is shown in
Figure 4.17.

O)l\‘ée d

PPl\II o I4.|OI | 3.5 o I3.|OI o 35 o I.’.lOI i 1.5 1.0
Figure 4.17: "H NMR spectrum of PCL homopolymer (T7) in CDCls.
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1. ROP (g-caprolactone)
2. NMP (St)
3. ATRP (rBA)
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(0)

e
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4.2.3 Synthesis of PCL-b-PS by NMP

In the preparation of PCL-H-PS as precursor for further use in the synthesis of
miktoarm star polymers, we applied different [M],/[I], ratios to obtain block
copolymers having different chain lengths and compositions. The other results and
conditions are given in Table 4.2. For all block copolymers, the molar compositions
were calculated using '"H NMR measurements according to the integration of
characteristic peaks of corresponding segments. PCL macroinitiator, containing both
TEMPO and activated bromide groups, was used as a macroinitiator for NMP of St
at 125 °C (Table 4.2). The signals of the aromatic group were assigned by means of
'H NMR (Figure 4.18) and confirmed the incorporation of the St block into the block
copolymer (T8 and T9). The M, e value of PCL-b-PS was calculated with the

following equation:

92



M heo = ((M]o/[1]5) X Conv. X 104.15 + M, nmr of PCL precursor (4000 g/mol) (10)

where [M], and [I], are the initial concentrations of the monomer and PCL

macroinitiator, respectively.

cbcl,

PCL PCL

y

I e L DL
PPM 7 6 5 4 3 ,

Figure 4.18: 'H NMR spectrum of PCL-b-PS (T8) in CDCl;.

| B9
—_

Myxvr of the PCL-b-PS block copolymer, determined from a ratio of integrated
signals at 6.5-7.0 to 4 ppm, was consistent with M, e, (Table 4.2).

o)

M vk = MWinonomer X 57 0~ Ar-H + M, nvr of PCL precursor (1)
CH,0CO

where MW onomer 1S the molecular weight of St. On the other hand, the M, gpc values

of PCL-PS block copolymer are not in good agreement with the theoretical and NMR

molecular weights due to the different hydrodynamic volume of PCL segment when

compared to linear PS standards used in calibration.

The GPC traces of PCL precursor, PCL-b-PS are shown in Figure 4.19. The average
molecular weight increased with styrene conversion in NMP, confirming the
introduction of the PS block to the PCL precursor (Figure 4.19). Moreover, the
disappearance of the PCL precursor peak revealed that the majority of the precursor

chains having TEMPO moiety efficiently initiated the NMP of St.
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However, a small shoulder detected in the low molecular weight region can be
attributed to the unreacted PCL precursor, and disappeared upon increasing the

styrene conversion.

T8
M=18000
M. /M, =138

T7
M= 4000
MM, =111

TI9
M =10800
M./M, =135

o e - .
Al a3 44U =3
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Figure 4.19. GPC traces of PCL (T7), PCL-PS (T8, T9).
4.2.4 Synthesis of PCL-PS-P/BA miktoarm star polymer by ATRP

As a third step, PCL-b-PS consisting of activated tertiary bromide functionality was
utilized as a macroinitiator for ATRP of /BA in the presence of CuBr/PMDETA
complex system as a catalyst in bulk at 100 °C (Table 4.2). The signals centered at
1.4 ppm revealed the incorporation of the fert-butyl ester arm affording ABC type
miktoarm star polymer (T11-T13) (Figure 4.20). Mymeo of PCL-PS-PrBA was

calculated according to the following formula:

M theo = ([M]o/[1]o) X conversion X 128.17 + My, nvr of PCL-PS precursor (12)

, where [M], and [I], are the initial concentrations of the monomer and PCL-b-PS

macroinitiator, respectively.
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Table 4.2: Characteristics of the PCL-PS—PtBA Miktoarm Star Polymers.

[M]o . Time | Conv® q d N .
Run | Monomer | op1-! [M]o/[T]o | Initiator ) %) Mytheo | Munnmr | Mugrpe M,./M,, Composition (%)
17 | ecL | 943 40 9 41 | 65 | 3500 | 4000 | 3900 | 111 100 % PCL
T8 | st 872 | 420 vl 18 | 30 | 17120 | 18000 | 37800 | 138 | 82%PS, 18 % PCL
T | st 872 | 420 T7 | 285 | 45 | 23700 | 20800 | 45450 | 135 | 84%PS, 16 % PCL
TI0° | st 872 | 200 T7 | 185 | 75 | 19620 | 17000 | 41600 | 136 | 81 % PS,20% PCL
TI° | BA 682 | 590 T8 2 20 | 33120 | 36870 | 61350 | 1.5 ;‘fB(:ﬁ’,l;S%“gé/ﬁ
T12°|  BA 682 | 590 T8 3 35 | 44460 | 44200 | 70880 | 137 ; tgﬁ%s%sgco/ﬁ
T13° |  BA 682 | 400 TO | 25 | 37 | 39770 | 37650 | 64900 | 1.4 39 % PS, 35.5 %

PBA, 5.5 % PCL

*Polymerization was carried out at 110 °C in bulk; [Initiator],/ [Sn(Oct),], = 300.

®Polymerization was carried out at 125 °C in bulk.
‘[M]o: [PMDETA],: [CuBr], = 1:1:1; Polymerization was carried out at 100 °C.
dCalculated from GPC calibrated with linear polystyrene standards.
‘Conversions were calculated gravimetrically.

'Compositions were calculated by 'H NMR analysis.
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The molecular weight of the resulting ABC type miktoarm star polymer (Mnxwmr)
was determined accordingly from the integration of the signals at 4.0 ppm (PCL

protons) and 6.5-7.0 ppm (PS protons) to 1.41 ppm (P/BA protons),

Sar—u +2lcy oco
M, xmr =MW X 2 + M, ywr Of PCL-PS precusor  (13)

monomer 9IC(CH3 )3

The theoretical and NMR molecular weights are in good agreement. However,
M, e values of miktoarm star polymers calculated by using linear PS standards are
not consistent with those M, meo and M, nmr. It was attributed to the differences in

hydrodynamic volume between linear and star polymers in solution.
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Figure 4.20: '"H NMR spectrum of PCL-PS-P/BA miktoarm star polymer (T11) in
CDCls.

h |
.
7%

Figure 4.21 shows the GPC traces of the polymers obtained from subsequent ROP-
NMP-ATRP routes. A peak of the PCL-b-PS shifted to the higher molecular weight
region with increasing monomer conversion in the ATRP of rtBA. Moreover, any
peak in higher molecular weight region of the GPC traces was not observed

indicating the absence of the star-star coupling reaction.
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Figure 4.21: GPC traces of PCL (T7), PCL-PS (T8) and PCL-PS-P/BA (T11, T12).

4.2.5 Synthesis of PCL-b-PS via one-pot process by combination of NMP and
ROP

Miktofunctional initiator 9 contains a single primary alcohol functionality, which is
the initiation center for the living ROP of cyclic lactones (e.g. e-caprolactone), as
well as a secondary benzyl group linked to an alkoxyamine; the benzyl group is an
efficient initiator for NMP of styrene. Polymerization of a mixture of St and e-
caprolactone (CL) initiated by 9 in the presence of Sn(Oct), as ROP catalyst
produces the block copolymer, PCL-b-PS (4.6). The characteristics of block
copolymer are shown in Table 4.3. The confirmation of the block copolymer
structure was accomplished by 'H NMR that showed resonances correlating to both
the polycaprolactone and polystyrene segments (Figure 4.22). The schematic
representation of the synthetic strategy followed for the preparation of PCL-5-PS by

one-pot process via combination of ROP-NMP routes was depicted in 4.6.
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Figure 4.22: "H NMR spectrum of PCL-PS block copolymer (T14) in CDCls.
4.2.6 Synthesis of PCL-PS-PMMA miktoarm star polymer by ATRP

Previously obtained PCL-b-PS (T14) having tertiary bromide functionality was used
as macroinitiator for ATRP of MMA in the presence of CuClI/PMDETA complex
system as a catalyst in DPE as solvent at 90 °C to prepare PCL-PS-PMMA miktoarm
star polymer (T15, T16).

Table 4.3: Characteristics of the PCL-H-PS and PCL-PS-PMMA Miktoarm Star
Polymers

Type of Time Conv.°

Run Monomer Polym. Initiator (h) %) Mhtheo Mngpc® My/M,
T14* St+CL NMP+ROP 9 20 68° - 9800  1.15
T15® MMA ATRP T14 1 7 13250 13620  1.10
T16® MMA ATRP T14 2 17.5 18540 17470  1.20

“Polymerization was carried out at 125 °C in bulk; [Initiator]/ [Sn(Oct),] = 300.
°IMMAJ: [I]o: [PMDETA],: [CuCl], = 500:1:1:1; Polymerization was carried out at
90 °C in DPE; (DPE/MMA=1 (v/v))

‘Conversions were calculated gravimetrically.

The value represents overall conversion.

‘Calculated from GPC calibrated with linear polystyrene standards.
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The structure of corresponding miktoarm star polymers was confirmed by 'H NMR
that showed resonances correlating to PCL, PS and PMMA segments (Figure 4.23).
The polymerization conditions and the results of GPC analysis are summarized in

Table 4.3.

PMMA

PS

PCL PCL

7 6 5 4 3 2 1 PPM

Figure 4.23: '"H NMR spectrum of PCL-PS-PMMA miktoarm star polymer (T15) in
CDCls.

T15 Ti4
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Figure 4.24: GPC traces of PCL-b-PS (T14) and PCL-PS-PMMA (T15).
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GPC analysis (Figure 4.24) showed a single peak shifting to a higher molecular
weight compared to that of the diblock copolymer macroinitiator (PCL-b-PS, T14),
and the polydispersity remained rather low. However, a small shoulder was detected
in the high molecular weight region of chromatogram that belongs to PCL-b-PS. This
was attributed to inadequate kinetic control and occurrence of side reactions,
particularly polyester transesterifications during ROP process [297].

Thermal behaviour of polymers

The thermal behaviour of starting macroinititors and derived miktoarm star polymers

was followed by DSC and TGA under nitrogen.
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Figure 4.25: DSC thermograms of (a) PCL-PS-PrBA miktoarm star polymer (T11),
(b) PCL-b-PS precursor (T9), and (¢) PCL macroinitiator (T7).
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The thermogravimetric behavior of a polymer depends on its structure and the type
of subtituents in the main chain. As it was well established, the thermogravimetric
analysis of TEMPO capped styrene shows three steps of decomposition [309]. The
first at 100 °C corresponds to the glass transition where residual monomer and
solvents can leave the polymer. This degradation step can also be seen for free
radical formed PS. The second step at 225 °C, which can only be observed for
nitroxide capped PS with a molecular weight lower than M, = 30000 g/mol, is
attributed to the presence of weak link at the end of the polymer due to the reversible
capping with TEMPO. Since the capping of PS with nitroxide is reversible, the
formation of this product can be explained by a homolytic scission resulting in a
radical chain end. The third step at 400°C is the total decomposition found equal for
all polystyrenes. The TGA curves of PCL-b-PS precursor (T8) as well as PCL-PS-
PtBA miktoarm star (T11,T12) polymers under nitrogen at 10 °C/min are shown in

Figure 4.26 and 4.27, respectively.

In the case of PCL-b-PS, the composition of polystyrene is produced a single sharp
stage with a Tmax at 416 °C. The absence of an additional step of mass loss at
temperatures below 300 °C can be attributed to the different ratio of TEMPO
terminated to dead end groups, which are formed by undesired side reactions during
the polymerization. That means, that the abundance of nitroxide terminated end

groups is reduced at lower concentrations of TEMPO.

The presence of PCL segment (<20 %) in the corresponding block copolymer has a
slight influence on thermal stability of PS when compared to the thermal stability of
pure PS [309]. This was easily detected as about 10 % residue in the TGA curve of
PCL-b-PS (Fig. 4.26). This result indicated that the thermal stability of block
copolymer is higher than pure PS. However, the presence of PCL segment in ABC
miktoarm star polymer seemed to be no influence on thermal stability of star polymer

(Fig. 4.27). This was attributed to the low composition of PCL in PCL-PS-PrBA

miktoarm star polymer (<10 %).
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Figure 4.26: TGA curve of PCL-b-PS T8.
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As it is well established, the decomposition of P/BA is produced in two stages [310];
the first one consists of the initial elimination of tert-butyl group given nearly
quantitative yields of alkene per acrylate unit. The produced carboxylic acid groups

dehydrate to give six-member cyclic anhydride structure and some water, as shown
in the 4.7.

CH,
1 A [ |
4[—CH2—(|:H—CH2—(|:H 1 [-CHCH—CH;—CH—- + 2 CH=C¢
|
CcC=0 (lj:O (lj:O ?:O CH3
(L 0 OH OH
H.c—F-cH, me——c,
CH, CH,
4.7)

A

4[’CH2—(|?H—CH2—(|?H4]7H + H0
c=0

C=0

o

In the TGA curve of PCL-PS-P/BA miktoarm star (T11) polymer, two clear stages of
thermal degradation appear, the first one is associated with the first stage of the
degradation reaction in the backbone of the miktoarm star polymer by stimilitude
with P/BA degradation. And second stage can be attributed to the thermal
degradation of PS and PCL.
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Figure 4.27: TGA curve of PCL-PS-PrBA miktoarm star polymer T11.

When TGA curve of P/BA block synthesized by ATRP was compared with that
obtained by conventional free radical polymerization [311], similar thermal stability
was observed. It can be concluded that the terminal halogen group has no remarkable
effect on the thermal stability of PrfBA in our analysis conditions. Thus, the
remarkable thermal stability of PfBA is an indirect confirmation of the controlled/

‘living’ character of the ATRP of P/BA catalyzed by CuBr/PMDETA.

4.3 Photoresponsive A;B, Type Miktoarm Star Copolymer Containing an

Azobenzene Moiety at the Core

4.3.1 Synthesis of azobenzene containing miktofunctional initiator

To introduce azobenzene functionality to previously obtained miktofunctional
initiator (9), first trans-4,4'-dicarboxyazobenzene dichloride, 11 was obtained
according to a literature procedure [312]. Trans-4,4'-dicarboxyazobenzene (10) was
prepared in 99% yield by glucose reduction of 4-nitrobenzoic acid followed by air
oxidation (4.8). Then the obtained 10, reacted with thionyl chloride to obtain trans-
4,4’-bis(chlorocarbonyl)azobenzene (11).
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The miktofunctional initiator (12) containing azobenzene at core and both two
tertiary bromide and TEMPO end functional groups was successfully synthesized by
reacting 9 with 4,4’-bis(chlorocarbonyl)azobenzene, 11 (4.9). Esterification reaction
was monitored by "H NMR (Figure 4.28). A broad peak of -CH,OH at 3.55 ppm is
disappeared and a corresponding ester (CH>OC=O0) signal is detected at 4.09 ppm.

T IIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
PPM 8 7 6 5 4

il

ts —|

Figure 4.28: 'H NMR spectrum of 12 in CDCl;.
Moreover, aromatic protons of azobenzene, CH,CH-protons adjacent to TEMPO,

and CHj3 protons of tert-bromide groups can be determined at 8.08—7.94, 4.93—4.36,
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and 1.81 ppm, respectively. Mass spectroscopy measurement was also carried out to
elucidate the structure and to determine the exact molar mass of miktofunctional

initiator, 12. The mass spectrum of 12 was depicted in Figure 4.29.

qg% avanve

DMAP, CH,CL,, Et;N
24 h, RT 4.9)

aﬁb

4.3.2 Preparation of (PMMA), precursor and (PMMA),-(PS); miktoarm star

12

Br

copolymer

The synthetic strategy to prepare azobenzene core containing A,;B, type miktoarm
star copolymer using the miktofunctional initiator 12 by combining ATRP-NMP
routes was depicted in 4.10. For this purpose, first ATRP of MMA was accomplished
using 12 as an initiator in the presence of CuClI/PMDETA complex system as a
catalyst in anisole at 60 °C (Table 4.4). The characteristics of (PMMA),

macroinitiators (T17-T19) were given in Table 4.4

106



1319.3

|
S|
E| 11321.2

55 1341.0
1317.2

Relative Abundance
[
T

304 1999.4

671.3
6822

J 670.3 || 6831 \

5 | 1357 1
5423 % 683.7 1275.3 ¢ 1979.7
j 301.3 L CES l ‘ 1203.2 | ‘ 1779.4
2o NS S | R SENBE SIPPSE. 1 T 1 L b PP ,A*.__L-L_‘LLLJ_‘ P | - e

200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 4.29: Mass spectrum of azobenzene containing miktofunctional initator (12).
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M iheo for T17-T19 macroinitiators is calculated according to the following formula

My heo = ([M]o/[1]o) X conversion X 100.12 + MWigitiator (1319.25 g/mol) (14)

where MWipitiator 1S the molecular weight of the initiator and [M], and [I], are the
initial concentrations of the monomer and initiator, respectively. My meo values were
almost consistent with those of the experimental number-average molecular weights

Mn,GPC and Mn,NMR-

(PMMA), macroinitiator containing two TEMPO moieties was then used for NMP of
St at 125 °C to give (PMMA),-(PS), miktoarm star copolymer (T20, T21). The
signals of the aromatic group were assigned by means of '"H NMR confirming the
incorporation of the St block into the miktoarm star copolymer (Figure 4.31). The
Myheo of (PMMA),-(PS), miktoarm star copolymer was calculated by using

following equation:

M theo = ([M]o/[1]o) X conversion X 104.15 + M, nvr of (PMMA); precursor  (15)

It was found that M, e, values were close to those of M, gpc and M, nmr. The GPC

traces of (PMMA), precursor and (PMMA),-(PS), miktoarm star copolymer are

shown in Figure 4.30.
Flow Marlker
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Figure 4.30: GPC traces of (PMMA); precursor, T17 and (PMMA ),-(PS), miktoarm
star copolymer, T20.
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1. ATRP of MMA —— (PMMA),

2.NMP of St ——= (PMMA),-(PS),
(4.10)

The average molecular weight increased with MMA conversion in ATRP,
confirming the introduction of the PMMA blocks to the initiator 12. In the case of
miktoarm star copolymer, the disappearance of the PMMA precursor trace revealed
that the all of the precursor chains having TEMPO moiety efficiently initiated the
NMP of St. Moreover, any peak in higher molecular weight region of the GPC traces

was not observed, indicating the absence of the star—star coupling reaction.
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Table 4.4: The characteristics of photoresponsive (PMMA ),-(PS), miktoarm star copolymer

Run Monomer | Initiator | [M], (mol.L'l) [M]o/[1]o| Time | Conversion | M eo Macpc® | Manvr | My/M,
(h) (%)

T17° MMA 12 4.68 200 0.25 13 3920 4500 3550¢ 1.09

T18* MMA 12 4.68 200 0.5 30 7330 8230 7150¢ 1.13

T19* MMA 12 4.68 200 1 38 8950 10700 10490¢ 1.12

T20° St T17 8.73 300 19.5 11 7000 8380 7150° 1.15

T21° St T19 8.73 300 16 8 13000 14300 15000° 1.14

"[M]o/[CuCl]o/[PMDETA], = 1/ 2/ 2. The polymerization was carried out at 60 °C. MMA / Anisole = 1 (v/v)

®The polymerization was carried out at 125 °C in bulk.
‘Calculated from GPC calibrated with linear polystyrene standards.
dMn,NMRZMW (MMA) X (8ar-n/ 3locuz) - MW (miktofunctional initiator, 12)

e]\4“,NMR= MW (St) X (SIAr_H/ 3IOCH3) + Mn,NMR of (PMMA)2 precursor.
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Figure 4.31: 'H NMR spectra of (PMMA); precursor (T17) and (PMMA),-(PS),
miktoarm star copolymer (T20) in CDCl;.

Photoresponsive study

Trans to cis photoisomerization of 12 was determined by using UV
spectrophotometer (4.11). The miktofunctional initiator 12 dissolved in CHCl; and
was irradiated with UV light (A <350 nm) by 10 s intervals (0-120 s) (Figure 4.32).
During the irradiation, the absorption maximum at 330 nm corresponding to the m-m*
transition of trans-azobenzene was decreased and concurrently a weak band at 450
nm corresponding to n-n* transition of azo moiety increased with time. Thus upon
irradiation of these solutions with A <350 nm UV light, energetically preferred trans-

form turned to the cis- (photochemical isomerization process).
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When this solution was kept in the dark, the back isomerization (cis-to-trans) was
occurred. This process was also monitored by UV spectrophotometer and evidenced
by an increase in the absorbance at 330 nm and concurrently a decrease in

absorbance at 450 nm with respect to time (Figure 4.33).
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|
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Figure 4.32: UV visible absorption changes of 12 in CHCl; (2.5 X 10” M) (trans-cis
isomerization) under irradiation conditions (A< 350 nm; 10 s interval; 0 to 120 s).

A similar behavior was observed upon UV irradiation (A < 350 nm) of (PMMA),-
(PS), miktoarm star copolymer (T20) for 7 h. Trans to cis isomerization was

recorded using UV spectrophotometer (Figure 4.34).
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Figure 4.33: UV visible absorption changes of miktofunctional initiator, 12 in
CHCI; (2.5 X 10™ M); trans-cis isomerization occurred after 120 s irradiation at A <
350 nm, followed by cis-trans back isomerization after 2 days in the dark.
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Figure 4.34: UV visible absorption changes of (PMMA),-(PS), miktoarm star
copolymer, T20 in CHCl; (2.5 X 10™ M); trans-cis isomerization occurred after 7 h
irradiation at A < 350 nm, followed by cis-trans back isomerization after 5 days in the
dark.

However, it was obvious that trans—cis isomerization of T20 was quite slow when
compared with that of initiator 12. The back isomerization of T20 (cis to trans)

occurred when keeping it in the dark for 5 days (Figure 4.34). Overall, these results
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were consistent with the data obtained in the literature [313] and clearly
demonstrated that (PMMA),-(PS), miktoarm star copolymer containing an
azobenzene unit at the core displayed reversible isomerization by photochemical

procedures.

Trans to cis isomerization of miktoarm star copolymer (T20) was also observed in
GPC traces. As can be seen from Figure 4.35, a peak of (PMMA),-(PS), miktoarm
star (T20) in trans-form shifted slightly to lower molecular weight region (cis-form)
when exposed to UV light (A < 350 nm) for 7 h. However, it was noticed that all
molecular weights obtained by GPC were calculated by using linear PS standards,
which were obviously different in chemistry and structure than the prepared

miktoarm star polymers.

This is for the reason that photoinduced trans to cis isomerization leads to a small
change (contraction) in hydrodynamic volume of the miktoarm star polymer. A
similar behavior was encountered remarkably for the aromatic polymers with
azobenzene units in the main chain [157]. In this respect, the viscosity of the polymer
solutions decreased on UV irradiation and returned slowly to the initial value in the
dark, indicating that the contraction of the hydrodynamic volume was certainly
induced by the isomerization of the azobenzene units and that back isomerization

expanded the chain conformation [157].

Flow Marker

1@ A <350 mm

_}./

trans cis
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Figure 4.35: GPC traces of T20 (trans) and T20 (cis) after 7 h irradiation at A < 350
nm.
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5. CONCLUSIONS

In this PhD thesis, novel miktofuntional initiators having proper functionalities for
controlled polymerization processes such as ATRP, NMP or ROP were successfully
synthesized and used for the preparation of ABC-, AB;- and A;B,-type miktoarm
star polymers. For the synthesis of corresponding star polymers sequential
polymerization steps were performed. As a result, well-controlled macromolecular
architectures with controlled molecular weights and rather narrow molecular weight

distributions were achieved.

For the synthesis of AB; type miktoarm star polymers, effective trifunctional initiator
having one ROP functionality and two ATRP functionalities was designed and
synthesized. This initiator was used in the polymerization of e-CL in the presence of
Sn(Oct);, catalyst while the compound with bromine moities initiated ATRP of tBA
or MMA by using CuBr/PMDETA or CuCl/PMDETA. By these polymerization
methods, AB, type miktoarm star polymers that posses designed molecular weights
with narrow molecular weight distributions were prepared. Furthermore, an
amphiphilic miktoarm star polymer containing PCL and poly(acrylic acid) (PAA)
arms [PCL—(PAA),] was prepared by the hydrolysis of tert-butyl groups of PCL—
(PtBA);.

Moreover, the synthesis of novel miktofunctional intiator having three different
functionalities was described as a route to ABC-type miktoarm star polymers
consisting of PCL, PS, and PrBA or PMMA arms via the combination of ROP, NMP,
and ATRP techniques.

On the other hand, in order to get another novel architecture, a novel miktofunctional
initiator with tertiary bromide (for ATRP) and TEMPO (for NMP) functionalities
and an azobenzene moiety at core was obtained and then employed in consecutive
CRP routes such as ATRP of MMA and NMP of St, respectively, to give A,B, type
miktoarm star copolymer, (PMMA),-(PS), with an azobenzene unit at core.

Furthermore, the photoresponsive properties of correponding initiator and
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(PMMA),-(PS), miktoarm star copolymer were investigated. Trans to cis and the
back isomerization (cis to trans) of the initiator and (PMMA),-(PS), miktoarm star
copolymer were monitored by UV measurements. Trans to cis isomerization process
of (PMMA),-(PS), was also observed in GPC traces due to a change in

hydrodynamic volume of polymers through isomerization process.

The structures of the synthesized initiators and star polymers were proved by spectral
methods (‘H (**C)-NMR, MS) and by GPC measurements. The thermal behavior of
star polymers was studied by DSC and TGA measurements.

The study described herein clearly demonstrates that well-defined miktoarm star
polymers whose arm segments differ in molecular weight and chemical composition
can readily be synthesized by using the synthetic strategy followed above. Such star
branched polymers are expected to exhibit interesting and unique properties
originating from possible heterophase structures, in addition to branching
architectures. For example, heterophase dissimilar structures are usually phase-
separated at molecular level to promote self-assembly, thereby facilitating the
fabrication of many new nanoscopic ordered suprastructures and characteristic
nanomaterials, opening the possibility for the development of sophisticated nano-
devices. Therefore, the synthetic development of star polymers is now associated
with the rapid growth of nanotechnology. As a conclusion, the present research
presents a versatile synthetic approach for obtaining well-defined miktoarm star

polymers.

116



REFERENCES

[1]

[9]

[10]

[11]

[12]

Fetters, L. J. and Thomas, E.L., 1993. Model Polymers for Materials
Science, in Material Science and Technology, p. 1, Vol 12, VCH
Verlagsgesellschaft, Weinheim, Germany.

Grest, G. S., Fetters, L. J., Huang J. S., and Richter, D., 1996. Star
Polymers: Experiment, Theory and Simulation, p. 67, Eds. Prigino, I.
& A. Stuart, John Wiley&Sons, Inc., Germany.

Matyjaszewski, K. and Xia, J., 2001. Atom Transfer Radical
Polymerization, Chem. Rev., 101(9), 2921-2990.

Kamigaito, M., Ando, T., and Sawamoto, M., 2001. Metal-Catalyzed
Living Radical Polymerization, Chem. Rev., 101(12), 3689-3745.

Hawker, C. J., Bosman, A.W., and Harth, E., 2001. New Polymer
Synthesis by Nitroxide Mediated Living Radical Polymerizations,
Chem. Rev., 101(12), 3661-3688.

Hadjichristidis, N., Pitsikalis, M., Pispas, S. and Iatrou, H., 2001.
Polymers with Complex Architecture by Living Anionic
Polymerization, Chem. Rev., 101(12), 3747-3792.

Hadjichristidis, N., 1999. Synthesis of Miktoarm Star (u-Star) Polymers, J.
Polym. Sci., Part A. Polym Chem., 37(7), 857-871.

Pispas, S., Poulos, Y., and Hadjichristidis, N., 1998. Micellization
Behavior of (PS)s(PI)s Miktoarm (Vergina) Star Copolymers,
Macromolecules, 31(13), 4177-4181.

Sioula, S., Hadjichristidis, N., and Thomas, E. L., 1998. Novel 2-
Dimensionally Periodic Non-Constant Mean Curvature Morphologies
of 3-Miktoarm Star Terpolymers of styrene, isoprene, and methyl
methacrylate. Macromolecules, 31(16), 5272-5277.

Sioula, S., Hadjichristidis, N., and Thomas, E. L., 1998. Direct Evidence
for Confinement of Junctions to Lines in a 3 Miktoarm Star

Terpolymer Microdomain Structure, Macromolecules, 31(23), 8429—
8432.

Pispas, S., Hadjichristidis, N., Potemkin, I., and Khokhlov, A., 2000.
Effect of Architecture on the Micellization Properties of Block

Copolymers: A,B Miktoarm Stars vs AB Diblocks, Macromolecules,
33(5), 1741-1746.

Hiickstadt, H., Gopfert, A., and Abetz, V., 2000. Synthesis and
Morphology of ABC Heteroarm Star Terpolymers of Styrene,

Polybutadiene and Poly(2-vinylpyridine), Macromol. Chem. Phys.,
201(3), 296-307.

117



[14]

[16]

[19]

[21]

[22]

[23]

[24]

Yamauchi, K., Takahashi, K., Hasegawa, H., latrou, H., Hadjichristidis,
N., Kaneko, T., Nishikawa, Y., Jinnai, H., Matsui, T., Nishioka,
H., Shimizu, M., and Furukawa, H. 2003. Microdomain
Morphology in an ABC 3-Miktoarm Star Terpolymer: A Study by
Energy-Filtering TEM and 3D  Electron = Tomography,
Macromolecules, 36(19), 6962—6966.

Hadjichristidis, N., Pispas, S., and Floudas, G., 2003. Block Copolymers:
Synthetic Strategies, Physical Properties and Applications, John
Wiley & Sons, New York.

Hawker, C. J., Bosman, A. W., and Harth, E., 2001. New Polymer
Synthesis by Nitroxide Mediated Living Radical Polymerizations,
Chem. Rev., 101(12), 3661-3688.

Long, V. C., Berry, G. C. and Hobbs, L. M., 1964. Solution and Bulk
Properties of Branched Polyvinyl acetates IV—Melt viscosity,
Polymer, 5,517-524.

Roovers, J. E. L., 1985. Branched Polymers, Encyclopedia of Polymer
Science and Engineering; Wiley, New York.

Eschwey, H., Hallensleben, M. L., and Burchard, W., 1973. Preparation
and Some Properties of Star-Shaped Polymers with more than
Hundred Side Chains, Makromol. Chem., 173 (1), 235-239.

Cloutet, E., Fillaut, J., Gnanou, Y., and Astruc, D., 1994. Hexaarm Star-
Shaped Polystyrenes by Core-First Method, J. Chem. Soc., Chem
Commun., 21, 2433-2434.

Shohi, H., Sawamoto, M., and Higashimura, T., 1991. Tri-Armed Star
Polymers by Living Cationic Polymerization. 1. Trifunctional
Initiators for Living Polymerization of isobutyl vinyl ether,
Macromolecules, 24(17), 4926-4931.

Angot, S., Taton, D., and Gnanou, Y., 2000. Amphiphilic Stars and
Dendrimer-Like Architectures Based on Poly(ethylene oxide) and
Polystyrene, Macromolecules, 33(15), 5418-5426.

Roovers, J., Zhou, L. L., Toporowski, P. M., Zwan, M., Iatrou, H., and
Hadjichristidis N., 1993. Regular Star Polymers with 64 and 128
Arms. Models For Polymeric Micelles, Macromolecules, 26(16),
4324-4331.

Sunder, A., Krimer, M., Hanselmann, R., Miilhaupt, R., and Frey, H.,
1999. Molecular Nanocapsules Based on Amphiphilic Hyperbranched
Polyglycerols, Angew. Chem. Int. Ed., 38(23), 3552-3555.

Claesson, H., Malstrom, E., Johansson, M., and Hult, A., 2002. Synthesis
and Characterisation of Star Branched Polyesters with Dendritic Cores
and The Effect of Structural Variations on Zero Shear Rate
Viscosity, Polymer 43(12), 3511-3518.

118



[25]

[30]

[31]

[32]

[34]

[35]

[36]

Gauthier, M., Tichagwa, L., Downey, J., and Gao, S., 1996. Arborescent
Graft Copolymers: Highly Branched Macromolecules with a Core-
Shell Morphology, Macromolecules, 29(2), 519-527.

Kanaoka, S., Omura. T., Sawamoto, M., and Higashimura, T., 1992. Star-
Shaped Polymers by Living Cationic Polymerization. 3. Synthesis of
Heteroarm Amphiphilic Star-Shaped Polymers of Vinyl Ethers with
Hydroxyl or Carboxyl Pendant Groups, Macromolecules, 25(24),
6407-6413.

Okay, O., and Funke, W., 1990. Anionic Dispersion Polymerization of 1,4-
divinylbenzene, Macromolecules, 23(10), 2623-2628.

Hadjichristidis, N., Pispas, S., Pitsikalis, M., Iatrou, H. and Vlahos, C.,
1999. Asymmetric Star Polymers: Synthesis and Properties, Adv.
Polym. Sci., 142, 71-127.

Schaefgen, J. R., Flory, P. J., 1948. Synthesis of Multichain Polymers and
Investigation of their Viscosities, J. Am. Chem. Soc., 70(8), 2709-
2718.

Hsieh, H. L. and Quirk, R. P. 1996. Star Polymers, in, Anionic
Polymerization, Principles and Practical Applications, pp. 333-368,
Marcel Dekker, New York.

Pitsikalis, M., Pispas, S., Mays, J. W., and Hadjichristidis, N., 1998.
Nonlinear Block Copolymer Architectures, Adv. Polym. Sci., 135, 1-
137.

Morton, M., Helminiak, T. E., Gadkary, S. D., and Bueche, F., 1962.
Preparation and Properties of Monodisperse Branched Polystyrene, J.
Polym. Sci., 57(165), 471-482.

Orofino, T., and Wenger, F., 1963. Dilute solution Properties of Branched
Polymers. Polystyrene Trifunctional Star Molecules, J. Phys.
Chem.,67 (3), 566-575.

Mayer, R., 1974. Organized Structures in Amorphous styrene/cis-1,4-
isoprene Block Copolymers: Low Angle X-Ray Scattering and
Electron Microscopy, Polymer, 15(3), 137-145.

Quirk, R. P., Zhuo, Q., Tsai, Y., Yoo, T., and Wang, Y., 1995, in Mishra,
M. K., Nuyken, O., Kobayashi, S., Yagci, Y. and Sar, B. eds.,

Macromolecular Engineering: Recent Advances, p. 197, Plenum, New
York.

Lutz, P., and Rempp, P., 1988. New Developments in Star Polymer

Synthesis. Star-Shaped Polystyrenes and Star-Block Copolymers,
Makromol. Chem., 189 (5), 1051-1060.

119



[37]

[39]

[40]

[41]

[47]

[48]

[49]

Tsitsilianis, C., Lutz, P., Graff, S., Lamps, J. P., and Rempp, P., 1991.
Core-First Synthesis of Star Polymers with Potentially Ionogenic
Branches, Macromolecules, 24(22), 5897-5902.

Bauer, B. J., and Fetters, L. J., 1978. Synthesis and Dilute-Solution
Behavior of Model Star-Branched Polymer, Rubber Chem. Technol.,
51(3), 406-436.

Worsfold, D. J., 1970. Anionic Copolymerization of Styrene with p-
divinylbenzene, Macromolecules 3(5), 514-517.

Nguyen, A. B., Hadjichristidis, N., and Fetters, L. J., 1986. Static Light
Scattering Study of High-Molecular Weight 18-Arm Star Block
Copolymers, Macromolecules, 19(3), 768-773.

Alward, D. B., Kinning, D. J., Thomas, E. L., and Fetters, L. J., 1986.
Effect of Arm Number and Arm Molecular Weight on the Solid-State

Morphology of Poly(styrene-isoprene) Star Block Copolymers,
Macromolecules, 19(1), 215-224.

Iatrou, H., and Hadjichristidis N., 1992. Synthesis of a Model 3-Miktoarm
Star Terpolymer, Macromolecules, 25(18), 4649—4651.

Mays, J. W., 1990. Synthesis of “Simple” Graft Poly(isoprene-g-styrene) by
Anionic Polymerization, Polym. Bull., 23 (3), 247-250.

Iatrou, H., Siakali-Kioulafa, E., Hadjichristidis, N., Roovers, J., Mays, J.
W., 1995. Hydrodynamic Properties of Model 3-Miktoarm Star
Copolymers, J. Polym. Sci. Part A. Polym. Phys., 33(11), 1925-1932.

Tselikas, Y., Hadjichristidis, N., Iatrou, H., Liang, K. S., Lohse, D. J.,
1996. Morphology of Miktoarm Star Block Copolymers of Styrene
and Isoprene, J. Chem. Phys., 105(6), 2456-2462.

Bellas, V., Iatrou, H., Hadjichristidis, N., 2000. Controlled Anionic
Polymerization of Hexamethylcyclotrisiloxane. Model Linear
Miktoarm Star Co- and Terpolymers of dimethylsiloxane with styrene
and isoprene, Macromolecules, 33(19), 6993-6997.

Sioula, S., Tselikas, Y., and Hadjichristidis, N., 1997. Synthesis of Model
3-Miktoarm Star Terpolymers of styrene, isoprene and methyl
methacrylate, Macromolecules, 30(5), 1518—-1520.

Iatrou, H., and Hadjichristidis, N., 1993. Synthesis and Characterization of
Model 4-Miktoarm Star Co- and Quaterpolymers, Macromolecules,
26(10), 2479-2484.

Mavroudis, A., and Hadjichristidis, N., 2006. Synthesis of Well-Defined 4-
Miktoarm Star Quarterpolymers (4 Mu-SIDV) with Four Incompatible
Arms: Polystyrene (S), Polyisoprene-1,4 (I), Poly(dimethylsiloxane)
(D), and Poly(2-vinylpyridine) (V), Macromolecules, 39(2), 535-540.

120



[51]

[54]

[57]

[58]

[59]

[60]

Vlahos, C., Tselikas, Y., Hadjichristidis, N., Roovers J., Rey, A. and
Freire, J., 1996. Conformation of A;B and A;B Miktoarm Star
Copolymers in Dilute Solutions, Macromolecules, 29 (17), 5599-
5604.

Okay, O., and Funke, W., 1990. Steric Stabilization of Reactive Microgels
From 1,4-divinylbenzene, Makromol. Chem. Rapid Commun., 11(11),
583-587.

Rempp, P., Franta, E., and Herz, J. E. 1988. Macromolecular Engineering
by Anionic Methods, Adv. Polym. Sci., 86, 145-173.

Fazeli, N., and Taromi, F. A., 2003. Using the New In-In Method for the
Synthesis of Polyisoprene/Polystyrene Heteroarm Star Polymers, J.
Polym. Sci. Part A. Polym. Chem., 41(1), 135-142.

Quirk, R. P., Yoo, T., Lee, Y., Kim, J., and Lee, B. 2000. Applications of
1,1-Diphenylethylene Chemistry in Anionic Synthesis of Polymers
with Controlled Structures, Adv. Polym. Sci., 153, 67-162.

Lambert, O., Reytenauer, S., Hurtrez, G., Riess, G., and Dumas, P., 1998.
Synthesis of Amphiphilic Triarm Star Block Copolymers, Polym.
Bull, 40(2-3), 143-149.

Nasser-Eddine, M., Reutenauer, S., Delaite, C., Hutrez, G., and Dumas,
P., 2004. Synthesis of polystyrene-poly(fert-butyl methacrylate)-
poly(ethylene oxide) Triarm Star Block Copolymers, J. Polym. Sci.,
Part A. Polym. Chem. 42(7), 1745-1751.

Hirao, A., Hayashi, M., and Haraguchi, N., 2000. Synthesis of Well-
Defined Functionalized Polymers and Star Branched Polymers by
means of Living Anionic Polymerization Using Specially Designed

1,1-diphenylethylene Derivatives, Macromol. Rapid Commun.,
21(17), 1171-1184.

Hirao, A., Tokuda, Y., Morifuji, K., and Hayashi, M., 2001. Synthesis of
Branched Polymers by Means of Living Anionic Polymerization, 5.
Synthesis of Star Polymers by Reactions of End-Functionalized
Polystyrenes with Chloromethylphenyl Groups with Polymer Anions
Consisting of Two Polymer Chains, Macromol. Chem. Phys., 202(9),
1606-1613.

Kanaoka, S., Sawamoto, M., and Higashimura, T., 1991. Star-Shaped
Polymers by Living Cationic Polymerization. 1. Synthesis of Star-
Shaped Polymers of Alkyl and Vinyl Ethers, Macromolecules, 24(9),
2309-2313.

Chiefari, J., Chong, Y. K., Ercole, F., Krstina, J., Jeffery, J., Le, T. P. T.,

Mayadunne, R. T. A., Meijs, G. F., Moad, C. L., Moad, G.,
Rizzardo, E., and Thang, S. H. 1998. Living Free-Radical

121



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Polymerization by Reversible Addition-Fragmentation Chain
Transfer: The RAFT Process, Macromolecules, 31(16), 5559-5562.

Chong, Y.K,, Le, T.P.T., Moad, G., Rizzardo, E., and Thang, S.H., 1999.
A More Versatile Route to Block Copolymers and Other Polymers of
Complex Architecture by Living Radical Polymerization: The RAFT
Process, Macromolecules, 32(8), 2071-2074.

Guo, Y. M., Pan, C. Y., 2001. Block and Star Block Copolymers by
Mechanism Transformation. Part V. Syntheses of
Polystyrene/Polytetrahydrofuran A,B, Miktoarm Star Copolymers by
Transformation of CROP into ATRP, Polymer, 42(7), 2863-2869.

Guo, Y. M, Xu, J., and Pan, C.Y., 2001. Block and Star Block Copolymers
by Mechanism Transformation. IV. Synthesis of S-(PSt),(PDOP),
Miktoarm Star Copolymers by Combination of ATRP and CROP, J.
Polym. Sci., Part A. Polym. Chem., 39(3), 437-445.

Tsoukatos, T., Pispas, S., and Hadjichristidis, N., 2001. Star-Branched
Polystyrenes by Nitroxide Living Free-Radical Polymerization, J.
Polym. Sci. Part A. Polym. Chem., 39(2), 320-325.

Heise, A., Trollsias, M., Magbitang, T., Hedrick, J. L., Frank, C.W., and
Miller, R.D., 2001. Star Polymers with Alternating Arms from
Miktofunctional p-Initiators Using Consecutive Atom Transfer
Radical  Polymerization and Ring-Opening Polymerization,
Macromolecules, 34(9), 2798-2804.

Feng, X. S., and Pan, C.Y., 2002. Block and Star Block Copolymers by
Mechanism Transformation. 7. Synthesis of
Polytetrahydrofuran/Poly(1,3-dioxepane)/Polystyrene ABC Miktoarm
Star Copolymers by Combination of CROP and ATRP,
Macromolecules, 35(6), 2084-2089.

Feng, X. S., and Pan, C. Y., 2002. Synthesis of Amphiphilic Miktoarm ABC
Star Copolymers by RAFT Mechanism Using Maleic Anhydride as
Linking Agent, Macromolecules, 35(13), 4888-4893.

Glauser, T., Stancik, C. M., Moller, M., Voytek, S., Gast, A. P., and
Hedrick, J.L., 2002. Dendritic-Linear Miktoarm Star Polymers from
Orthogonal Protected Initiators, Macromolecules, 35(15), 5774-5781.

Francis, R., Lepoittevin, B., Taton, D., and Gnanou, Y., 2002. Toward an
Easy Access to Asymmetric Stars and Miktoarm Stars by Atom
Transfer Radical Polymerization, Macromolecules, 35(24), 9001-
9008.

Li, Y. G., Wang, Y. M., and Pan, C. Y., 2003. Block and Star Block
Copolymers by Mechanism Transformation 9: Preparation and
Characterization of Poly(Methyl Methacrylate)/Poly(1,3-
Dioxepane)/Polystyrene ABC Miktoarm Star Copolymers by

122



[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Combination of Reversible Addition-Fragmentation Chain-Transfer
Polymerization and Cationic Ring-Opening Polymerization, J. Polym.
Sci., Part A. Polym. Chem., 41(9), 1243-1250.

Celik, C., Hizal, G., and Tunca, U., 2003. Synthesis of Miktoarm Star
Block Copolymers via a Combination of Atom Transfer Radical

polymerization and Stable Free-Radical Polymerization, J. Polym.
Sci., Part A. Polym. Chem., 41(16), 2542-2548.

Erdogan, T., Ozyurek, Z., Hizal, G., and Tunca, U. 2004. Facile Synthesis
of AB,-Type Miktoarm Star Polymers through the Combination of
Atom Transfer Radical Polymerization and Ring-Opening
Polymerization, J. Polym. Sci., Part A. Polym. Chem., 42(10), 2313-
2320.

Tunca, U., Ozyurek, Z., Erdogan, T., and Hizal, G., 2004. Novel
Miktofunctional Initiator for the Preparation of an ABC-Type
Miktoarm Star Polymer via a Combination of Controlled
Polymerization Techniques, J. Polym. Sci., Part A. Polym. Chem.,
42(17), 4228-4236.

He, T., Li, D., Sheng, X., and Zhao, B., 2004. Synthesis of ABC 3-
Miktoarm Star Terpolymers from a Trifunctional Initiator by
Combining Ring-Opening Polymerization, Atom Transfer Radical
Polymerization, and Nitroxide-Mediated Radical Polymerization,
Macromolecules, 37(9), 3128-3135.

Cai, Y., Burguiere, C., and Armes, S.P., 2004. Direct Synthesis and
Aqueous Solution Properties of Y-Shaped, Stimulus-Responsive
Block Copolymer Surfactants, Chem. Commun., (7), 802-803.

Du, J., and Chen, Y., 2004. PCL Star Polymer, PCL-PS Heteroarm Star
Polymer by ATRP, and Core-Carboxylated PS Star Polymer Thereof,
Macromolecules, 37(10), 3588-3594.

Du J, and Chen Y., 2004. Preparation of Poly(ethylene oxide) Star Polymers
and Poly(ethylene oxide)-Polystyrene Heteroarm Star Polymers by
Atom Transfer Radical Polymerization, J. Polym. Sci., Part A. Polym.
Chem., 42(9), 2263-2271.

Wu, Y., Shi, Y., and Fu, Z., 2005. Synthesis of Heteroarm Star-Shaped
(Polystyrene),—[Poly(ethyl acrylate)],, via Atom Transfer Radical
Polymerization, Polymer, 46(26), 12722-12728.

Cai, Y., and Tang, Y., Armes S. P., 2004. Direct Synthesis and Stimulus-
Responsive  Micellization of Y-Shaped Hydrophilic Block
Copolymers, Macromolecules, 37(26), 9728-9737.

Shi, P.J., Li, Y. G., and Pan, C. Y., 2004. Block and Star Block Copolymers

by Mechanism Transformation X. Synthesis of Poly(ethylene oxide)
methyl ether/Polystyrene/Poly(L-lactide) ABC Miktoarm Star

123



[81]

[82]

[83]

[84]

[85]

[89]

[90]

[91]

Copolymers by Combination of RAFT and ROP, Eur. Polym. J.,
40(7), 1283-1290.

Birshtein, T. M., Polotsky, A. A., and Abetz, V., 2004. Theory of the
Lamellar Superstructure of an ABC 3-Miktoarm Star-Terpolymer,
Macromol. Theory. Simul., 13(6), 512-519.

Li, Z., Kesselman, E., Talmon, Y., Hillmyer, M. A., and Lodge, T. P.
2004. Multicompartment Micelles from ABC Miktoarm Stars in
Water, Science, 306(5693), 98.

Lutz, J. F., and Laschewsky, A. 2005. Multicompartment Micelles: Has the
Long-Standing Dream Become a Reality ?, Macromol. Chem. Phys.,
206(8), 813-817.

Jiang, G., Wang, L., Chen, T., and Yu, H., 2005. Synthesis and Self-
Assembly of Poly(benzyl ether)-B-Poly(methyl methacrylate)
Dendritic-Linear Polymers, Polymer, 46(1), 81-87.

Chen, J., Zhang, H., and Wang, X., 2005. Synthesis of a Novel Miktoarm
Star Azobenzene Side-Chain Liquid Crystalline Copolymers by Atom
Transfer Radical Polymerization, Polym. Bull., 53(4), 223-230.

Cai, Y., and Armes, S. P. 2005. Synthesis of Well-Defined Y-Shaped
Zwitterionic  Block  Copolymers via Atom-Transfer Radical
Polymerization, Macromolecules, 38(2), 271-279.

Babin, J., Leroy, C.L., Lecommandoux, S., Borsali, R., Gnanou, Y., and
Taton, D., 2005. Towards an Easy Access to Amphiphilic Rod-Coil
Miktoarm Star Copolymers, Chem. Commun., (15), 1993-1995.

Miura, Y., Sakai, Y., and Yamaoka, K., 2005. Synthesis of AB, 3- and
AB4 5-Miktoarm Star Copolymers Initiated from Dendritic Tri- and
Penta-Functional Initiators by Combination of Ring-Opening
Polymerization of e-Caprolactone and Nitroxide-Mediated Radical
Polymerization of Styrene, Macromol. Chem. Phys., 206(4), 504-512.

Miura, Y., Yamaoka, K., and Mannan, A., 2006. Syntheses of AB, 3- and
ABj4 5-miktoarm star copolymers by combination of the anionic ring-
opening polymerization of hexamethylcyclotrisiloxane and nitroxide-
mediated radical polymerization of styrene, Polymer, 47(2), 510-519.

Durmaz, H., Aras, S., Tunca, U., and Hizal, G., 2005. Synthesis of A3;B;-
Type Polystyrene—Poly(methyl methacrylate) Miktoarm  Star
Polymers via Combination of Stable Free Radical and Atom Transfer
Radical Polymerization Routes, Des. Mon. Polym., 8(3), 203-210.

Rieger, J., Coulembier, O., Dubois, P., Bernaerts, K. V., Du Prez, F. E.,
Jérome, R. and Jérome, C., 2005. Controlled Synthesis of an ABC
Miktoarm Star-Shaped Copolymer by Sequential Ring-Opening
Polymerization of ethylene oxide, benzyl f-malolactonate, and e-
caprolactone, Macromolecules, 38(26), 10650-10657.

124



[92]

[93]

[94]

[95]

[96]

[99]

[100]

[101]

Durmaz, H., Karatas, F., Hizal, G., and Tunca, U., 2006. Preparation of
ABC Miktoarm Star Terpolymer Containing Poly(ethylene glycol),
Polystyrene, and Poly(zert-butylacrylate) Arms by Combining Diels—
Alder Reaction, Atom Transfer Radical, and Stable Free Radical
Polymerization Routes, J. Polym. Sci., Part A. Polym. Chem., 44(1),
499-5009.

Erdogan, T., Gungor, E. Durmaz, H. Hizal, G. and Tunca, U., 2006.
Photoresponsive Poly(methyl methacrylate),—(Polystyrene),

Miktoarm Star Copolymer Containing an Azobenzene Moiety at the
Core, J. Polym. Sci., Part A. Polym. Chem., 44(4), 1396—-1403.

Glaied, O., Delaite, C. and Dumas, P., 2006. Synthesis of A,B Star Block
Copolymers from a Heterotrifunctional Initiator, J. Polym. Sci., Part
A. Polym. Chem., 44(6), 1796-1806.

Bosman, A.W., Vestberg, R., Heumann, A., Fréchet J. M. J., and
Hawker, C.J., 2003. A Modular Approach toward Functionalized
three-Dimensional macromolecules: From Synthetic Concepts to
Practical Applications, J. Am. Chem. Soc., 125(3), 715-728.

Bosman, A. W., Heumann, A., Klaerner, G., Benoit, D., Fréchet, J. M. J.,
and Hawker, C. J., 2001. High-Throughput Synthesis of Nanoscale
Materials: Structural Optimization of Functionalized One-Step Star
Polymers, J. Am. Chem. Soc., 123(26), 6461-6462.

Baek, K.Y., Kamigaito, M., and Sawamoto, M., 2001. Star-Shaped
Polymers by Metal-Catalyzed Living Radical Polymerization. 1.
Design of Ru(Il)-Based Systems and Divinyl Linking Agents,
Macromolecules 34(2), 215-221.

Baek, K. Y., Kamigaito, M., and Sawamoto, M., 2001. Core-
Functionalized Star Polymers by Transition Metal-Catalyzed Living
Radical Polymerization. 1. Synthesis and Characterization of Star
Polymers with PMMA Arms and Amide Cores, Macromolecules
34(22), 7629-7635.

Baek, K. Y., Kamigaito, M., Sawamoto, M., 2002. Core-Functionalized
Star Polymers by Transition Metal-Catalyzed Living Radical
Polymerization. 2. Selective Interaction with Protic Guests via Core
Functionalities, Macromolecules 35(5), 1493-498.

Baek, K.Y., Kamigaito, M., and Sawamoto, M., 2002. Synthesis of star-
shaped copolymers with methyl methacrylate and n-butyl
methacrylate by metal-catalyzed living radical polymerization: Block
and random copolymer arms and microgel cores, J. Polym. Sci., Part
A. Polym. Chem., 40(5), 633-641.

Baek, K.Y., Kamigaito, M., and Sawamoto, M., 2002. Star Poly(methyl
methacrylate) with End-Functionalized Arm Chains by Ruthenium-

125



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Catalyzed Living Radical Polymerization, J. Polym. Sci., Part A.
Polym. Chem., 40(12), 1972-1982.

Baek, K.Y., Kamigaito, M., and Sawamoto, M., 2002. Star-Shaped
Polymers by Ru(Il)-Catalyzed Living Radical Polymerization. II.
Effective Reaction Conditions and Characterization by Multi-Angle
Laser Light Scattering/Size Exclusion Chromatography and Small-
Angle X-Ray Scattering, J. Polym. Sci., Part A. Polym. Chem., 40(14),
2245-2255.

Xia, J., Zhang, X., and Matyjaszewski, K., 1999. Synthesis of Star-Shaped
Polystyrene by Atom Transfer Radical Polymerization Using an “Arm
First” Approach, Macromolecules, 32(13), 4482-4484.

Zhang, X., Xia, J., and Matyjaszewski, K., 2000. End-Functional Poly(zert-
butyl acrylate) Star Polymers by Controlled Radical Polymerization,
Macromolecules, 33(7), 2340-2345.

Zheng, G., and Pan, C., 2005. Preparation of Star Polymers Based on
Polystyrene  or  Poly(styrene-b-N-isopropyl  acrylamide) and
Divinylbenzene via Reversible Addition-Fragmentation Chain
Transfer Polymerization, Polymer, 46(8), 2802-2810.

Matyjaszewski, K., 2003. The Synthesis of Functional Star Copolymers as
an Illustration of the Importance of Controlling Polymer Structures in
the Design of New Materials, Polym. Int. 52(10), 1559-1565.

Daoud, M., and Cotton, J.P., 1982. Star-shaped Polymers: A Model for the
Conformation and its concentration dependence, J. Phys., 43(5), 531-
538.

Masuda, T., Ohta, Y., Yamauchi, T., and Onogi, Sh., 1984.
Characterization and Rheological Properties of Multi-branched Star
Polystyrenes, Polymer J., 16(3), 273-291.

Huang, Y., Szleifer, 1., and Peppas, N. A., 2002. A Molecular Theory of
Polymer Gels, Macromolecules, 35(4), 1373-1380.

Bywater, S., 1979. Preparation and Properties of Star-Branched Polymer,
Adv. Polym. Sci., 30, 89—-116.

Remp, P., and Herz, J. E., 1989. Model Polymers, in J. I. Kroschwitz, ed.,
Encyclopedia of Polymer Science and FEngineering, 2nd ed.
Supplement vol. New york, Wiley, 493-510.

Fetters, L. J, and Tomas, E.L., 1993. Model Polymers for Materials
Science, in, Material Science and Technology. Vol.12, Weinheim,
Germany, VCH Verlangesellschaft, 1-31.

Plentz-Meneghetti, S., Rein, D., and Lutz P.J., 1999. Star Polymers via
Anionic Polymerization, in, M. K. Mishra, S. Kobayashi, eds., Star

126



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

and Hyperbranched Polymer, New York, Basel, Hong Kong, Marcel
Dekker, 27-57.

Simms, J. and Spinelli, M., 1987. Recent Advances in Group Transfer
Polymerization and Their Applications in Coatings, Coating Technol.,
59(752), 125-134.

Rokudai, M., 1979. Influence of Shearing History on the Rheological
Properties and Processability of Branched Polymers. 1, J. Appl. Polym.
Sci. 23(2), 463-471.

Fujiki, T., 1971. Concept of Secondary Heterogeneous Structure of Long-
Chain Branched Polyethylene, J. Appl. Polym. Sci. 15(1), 47-66.

Rokudai, M., Mihara, S., and Fujiki, T., Influence of Shearing History on
the Rheological Properties and Processability of Branched Polymers.
II. Optical Properties of Low-Density Polyethylene Blown Films, J.
Appl. Polym. Sci. 23(11), 3289-3294.

Ver Strate, G. W., Kresge, E. N., and Graessly, W. W., 1980. Ger. Patent
3013 318.

Agarwal, S. H., Jenkins, R. F., and Porter, R. S., 1982. Molecular
Characterization and Effect of Shear on the Distribution of Long
Branching in Poly(vinyl acetate), J. Appl. Polym. Sci. 27 (1), 113-120.

Kiovsky, T. E., 1978. U.S. Patent 1 077 893.

Hiickstidt, H., Abetz, V., and Stadler, R., 1996. Synthesis of a
Polystyrene-arm-Polybutadiene-arm-Poly(methyl methacrylate)
Triarm Star Copolymer, Macromol. Rapid Commun., 17(8), 599-606.

Hiickstidt, H., Abetz, V., and Stadler, R., 1999. Morphologies of
Asymmetric ABC Miktoarm Star Terpolymers, Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.), 40(2), 1086—1087.

Tselikas, Y., Hadjichristidis, N., Lescanec, R. L, Honeker, C. C.,
Wohlgemuth, M., and Thomas E. L., 1996. Architecturally-Induced
Tricontinuous Cubic Morphology in Compositionally Symmetric
Miktoarm Starblock Copolymers, Macromolecules, 29(10), 3390—
3396.

Beyer, F. L., Gido, S. P., Poulos, Y., Avgeropoulos, A., and
Hadjichristidis, N., 1997. Morphology of Vergina Star 16-Arm
Block Copolymers and Scaling Behavior of Interfacial Area with
Graft Point Functionality, Macromolecules, 30(8), 2373-2376.

Lee, C., Gido, S. P., Pitsikalis, M., Mays, J. W., Tan, N. B., Trevino, S.F.,
et al,, 1997. Asymmetric Single Graft Block Copolymers: Effect of
Molecular Architecture on Morphology, Macromolecules, 30(13),
3732-3738.

127



[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Ramzi, A., Prager, M., Richter, D., Efstratiadis, V., Hadjichristidis, N.,
Young, R. N, et al., 1997. Influence of Polymer Architecture on The
Formation of Micelles of Miktoarm Star Copolymers Polyethylene/
Poly(ethylenepropylene) in the Selective Solvent Decane,
Macromolecules, 30(23), 7171-7182.

Sioula, S., Tselikas, Y., and Hadjichristidis, N., 1997. Microphase
Separation in Block Co- and Terpolymers of Novel Macromolecular
Architectures, Macromol. Symp., 117, 167—174.

Gell, C. B., Graessley, W.W.,, Efstratiadis, V., Pitsikalis, M., and
Hadjichristidis, N., 1997. Viscoelasticity and Self-Diffusion in Melts
of Entangled Asymmetric Star Polymers, J. Polym. Sci. Part B.
Polym. Phys., 35(12), 1943-1954.

Pispas, S., Avgeropoulos, A., Hadjichristidis, N., and Roovers, J., 1999.
Hydrodynamic Properties of AsBg Type Miktoarm (Vergina) Stars, J.
Polym. Sci. Part A. Polym. Chem., 37(9), 1329—-1335.

Chrissopoulou, K., Harville, S., Anastasiadis, S. H., Fytas, G., Mays, J.
W., and Hadjichristidis, N., 1999. Macromolecular Architecture
Effects on Block Copolymer Dynamics. II. A,B Simple Grafts, J.
Polym. Sci. Part A. Polym. Chem., 37(16), 3385-3391.

Chrissopoulou, K., Tselikas, Y., Anastasiadis, S. H., Fytas, G., Semenov,
A. N., Fleischer, G., et al., 1999. Macromolecular Architecture
Effects on Block Copolymer Dynamics: Linear Tetrablocks And
Inverse Star Blocks, Macromolecules, 32(15), 5115-5126.

Beyer, F. L., Gido, S. P., Velis, G., Hadjichristidis, N., and Tan, N. B.,
1999. Morphological Behavior of AsB Miktoarm Star Block
Copolymers, Macromolecules, 32(20), 6604—6607.

Yang, L., Gido, S.P., Mays, J. M., Pispas, S., and Hadjichristidis, N.,
2001. Phase Behavior Of LS Single Graft Block

Copolymer/Homopolymer Blends, Macromolecules, 34(12), 4235—
4243,

Yang, L., Hong, S., Gido, S. P., Velis, G., and Hadjichristidis, N., 2001.
IsS Miktoarm Star Block Copolymers: Packing Constraint on

Morphology and Discontinuous Chevron Tilt Grain Boundaries,
Macromolecules, 34(26), 9069-9073.

Avgeropoulos, A., Dair, B. J., Thomas, E. L., and Hadjichristidis, N.,
2002. Swelling Behavior of Ordered Miktoarm Star Block Copolymer
—Homopolymer Blends, Polymer, 43(11), 3257-3266.

Zhu, Y., Gido, S. P., Moshakou, M., Iatrou, H., Hadjichristidis, N., Park,
S., et al., 2003. Effect of Junction Point Functionality on the Lamellar
Spacing of Symmetric (PS),(PI), Miktoarm Star Block Copolymers.
Macromolecules, 36(15), 5719-5724.

128



[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Beyer, F. L., Gido, S. P., Uhrig, D., Mays, J. W., Tan, N. B., and Trevino,
S. F., 1999. Morphological Behavior of A;B, Star Block Copolymers.
J. Polym. Sci. Part B. Polym. Phys., 37(24), 3392-3400.

Sotiriou, K., Nannou, A., Velis, G., and Pispas, S., 2002. Micellization
Behavior of PS(PI); Miktoarm Star Copolymers, Macromolecules,
35(10), 4106-4112.

Buzza, D. M. A., Hamley, 1. W., Fzea, A. H., Moniruzzaman, M.,
Allgaier, J. B., Young, R. N., et al., 1999. Anomalous Difference in
the Order—Disorder Transition Temperature Comparing a Symmetric
Diblock Copolymer AB with its Hetero-Four-Arm Star Analog A;B.,
Macromolecules, 32(22), 7483—7495.

Buzza, D. M. A., Fzea, A. H., Allgaier, J. B., Young, R. N., Hawkins, R.
J., Hamley, I. W., et al., 2000. Linear Melt Rheology and Small-
Angle Xray Scattering of AB Diblocks vs A;B; Four Arm Star Block
Copolymers. Macromolecules, 33(22), 8399-8414.

Frischknecht, A. L., Milner, S. T,, Pryke, A., Young, R. N., Hawkins, R.,
and McLeish, T. C. B., 2002. Rheology of Three-Arm Asymmetric
Star Polymer Melts, Macromolecules, 35(12), 4801-4820.

Benoit, H., Grubisic, Z., Rempp, P., Decker, D., and Zilliox, J. G., 1966.
Etude par Chromatographie en Phase Liquide de Polystyrenes

Lineaires et Ramifies de Structures Connues, J. Chem. Phys., 63(5),
1507-1514.

Afshar Taromi, F., Gallot, X., Rempp, P., 1989. Characterization of Star-
Shaped PS Samples by SEC, Eur. Polym. J., 25(11), 1183-1187.

Zilliox, J. G., 1972. Etude Morphologique en Solution Diluée de Polyméres
en Etoile, Makromol. Chem., 156(1), 121-141.

Grubisic, Z., Rempp, P., and Benoit, H., 1967. A Universal Calibration for
Gel Permeation Chromatography, J. Polym. Sci., Polym. Lett. Ed.,
5(9), 753-759.

Roovers, J. E. L., Bywater, S., 1972. Preparation and Characterization of
Four-Branched Star Polystyrene, Macromolecules, 5(4), 384-388.

Tung, L. H., 1979. Block Copolymer Molecular Weight by GPC, J. Appl.
Polym. Sci., 24(4), 953-963.

Ho-Duc, N., and Prud’homme, J., 1973. Characterization of Styrene-
Isoprene Block Copolymers by Gel Permeation Chromatography,
Macromolecules, 6(3), 472-474.

Tsitsilianis, C., and Ktoridis, A., 1994. Determination of Branching of Star-

Shaped Macromolecules by Gel-Permeation Chromatography,
Macromol. Rapid Comm., 15(11), 845-850.

129



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Pannel, J., 1972. Polymer, Gel Permeation Chromatography: The Behaviour
of Polystyrenes with Long-Chain Branching, 13(6), 277-282.

Kato, T., Itsuba, A., Yamamoto, Y., Fujimoto, T., and Nagasaua, M.,
1975. Gel Permeation Chromatography of Comb-Shaped Branched
Polymers, Polym. J., 7(1), 123-129.

Ambler, M., and MclIntyre, D. J., 1975. The Universality of M[n] in Gel
Permeation Chromatography, J. Polym. Sci., Polym. Lett. Ed., 13(10),
589-594.

Huang, Y., Bu, L., Zhang, D., Su, C., Xu, Z., Bu, L., and Mays, J., 2000.
Characterization of Star-Block Copolymers Having PS-b-PI Arms via
SEC/RI/RALLS/DV, Polym. Bull., 44(3), 301-307.

Timpa, J., 1991. Application of Universal Calibration in Gel Permeation
Chromatography for Molecular Weight Determinations of Plant Cell
Wall Polymers: Cotton Fiber, J. Agric. Food Chem., 39(2), 270-275.

Stogiou, M., Kapetanaki, C., and Iatrou, H., 2002. Examination of the
Universality of the Calibration Curve of Size Exclusion
Chromatography by  Using  Polymers Having Complex
Macromolecular Architectures, International Journal of Polymer
Analysis and Characterization, 7(4), 273-283.

Wyatt, P. J., 1993. Light Scattering and the Absolute Characterization of
Macromolecules, Anal. Chim. Acta., 272(1), 1-40.

Kumar, G. S., and Neckers, D. C., 1989. Photochemistry of Azobenzene-
Containing Polymers, Chem. Rev., 89(8), 1915-1925.

Natansohn, A., and Rochon, P., 2002. Photoinduced Motions in Azo-
Containing Polymers, Chem. Rev., 102(11), 4139-4176.

Ikeda, T., and Tsutsumi, O., 1995. Optical Switching and Image Storage by
Means of Azobenzene Liquid-Crystal Films, Science, 268(5219),
1873-1875.

Han, M., and Ichimura, K., 2001. In-Plane and Tilt Reorientation of p-
Methoxyazobenzene Side Chains Tethered to Liquid Crystalline
Polymethacrylates by Irradiation with 365 nm Light, Macromolecules,
34(1), 90-98.

Viswanathan, N. K., Kim, D. Y., Bian, S.,Williams, J., Liu, W., Li, L.,
Samuelson, L., Kumar, J., and Tripathy, S. K., 1999. Surface
Relief Structures on Azo Polymer Films, J. Mater. Chem., 9(9), 1941-
1955.

Rasmussen, P. H., Ramanujam, P. S., Hvilsted, S., and Berg, R. H., 1999.
A Remarkably Efficient Azobenzene Peptide for Holographic
Information Storage, J. Am. Chem. Soc., 121(20), 4738-4743.

130



[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Bai, S., and Zhao, Y., 2002. Azobenzene Elastomers for Mechanically
Tunable Diffraction Gratings, Macromolecules, 35(26), 9657-9664.

Hagen, R., and Bieringer, T., 2001. Photoaddressable Polymers for Optical
Data Storage, Adv. Mater., 13(23), 1805-1810.

Kumar, G. S., 1992. Azo functional Polymers, Technomic Publishing
Company, Lanchester, PA.

Kossmehl, G., and Wallis, R., 1982. Polymeric Azomethines with
Azobenzene Units, Macromol. Chem., 183(2), 347-358.

Angolini, F., and Gay, F. P., 1970. Synthesis and Properties of Azoaromatic
Polymers, Macromolecules, 3(3), 349-351.

Anderle, K., Birenheide, R., Eich, M., and Wendroff, J. H., 1989. Laser-
Induced Reorientation of the Optical-Axis in Liquid-Crystalline Side-
Chain Polymers, Macromol. Rapid Commun., 10(9), 477-483.

Furukawa, J., Takaromi, S., and Yamashita, S., 1967. Preparation of
Block Copolymers with Macro-Azonitrile as an Initiator, Angew.
Makromol. Chem., 1(1), 92-104.

Bignozzi, M. C., Angeloni, S. A., Laus, M., Incicco, L., Francescangeli,
0., Wolff, D., Galli, G., and Chiellini, E., 1999. Liquid Crystal
Poly(Glycidyl Ether)S by Anionic Polymerization and Polymer-
Analogous Reaction, Polym. J., 31(11), 913-919.

Altomare, A., Ciardelli, F., Gallot, B., Mader, M., Solara, R., and Tirelli,
N., 2001. Synthesis And Polymerization of Amphiphilic
Methacrylates ~ Containing ~ Permanent  Dipole = Azobenzene
Chromophores, J. Polym. Sci., Part A. Polym. Chem., 39(17), 2957-
29717.

Morino, S., Kaiho, A., and Ichimura, K., 1998. Photogeneration and
Modification of Birefringence in Crosslinked Films of Liquid
Crystal/Polymer Composites, Appl. Phys. Lett., 73(10), 1317-1319.

Tsutsumi, N., Yoshizaki, S., Sakai, W., and Kiyotsukuri, T., 1996.
Thermally Stable Nonlinear Optical Polymers, Mol. Cryst. Lig. Cryst.
Sci. Technol., Sect. B, 15(1-4), 387-390.

Nuyken, O., Scherer, C., Baindl, A., Brenner, R. A., Dahn, U., Gartner,
R., Kaiser-Rhorich, S., Kollefrath, R., Matusche, P., and Voit, B.,
1997. Azo-Group-Containing Polymers for Use in Communications
Technologies, Progr. Polym. Sci., 22(1), 93—183.

Wang, G., Tong, X., and Zhao, Y., 2004. Preparation of Azobenzene-

Containing Amphiphilic Diblock Copolymers for Light-Responsive
Micellar Aggregates, Macromolecules, 37(24), 8911-8917.

131



[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

Walther, M., Faulhammer, H., and Finkelmann, H., 1998. On the Thread-
Like Morphology of LC/I Block Copolymers in Nematic Solvents,
Macromol. Chem. Phys., 199(2), 223-237.

Altomare, S., Ciardelli, F., Tirelli, N., and Seolarto, R., 1997. 4-
Vinylazobenzene: Polymerizability and Photochromic Properties of Its
Polymers, Macromolecules, 30(5), 1298—1303.

Chiellini, E., Galli, G., Bignozzi, M. C., Angeloni, S. A., Fagnani, M., and
Laus, M., 1995. Synthesis and Liquid Crystalline Properties of
Azobenzene-Containing Poly(Vinyl Ether)s with Narrow Molar Mass
Distribution, Macromol. Chem. Phys., 196(10), 3187-3196.

Percec, V., Kim, H. J., and Barboiu, B., 1997. Scope and Limitations of
Functional Sulfonyl Chlorides as Initiators for Metal-Catalyzed
"Living" Radical Polymerization of Styrene and Methacrylates,
Macromolecules, 30(26), 8526-8528.

Cui, L., Zhao, Y., Yavrian, A., and Galstian, T., 2003. Synthesis of
Azobenzene-Containing Diblock Copolymers Using Atom Transfer

Radical Polymerization and the Photoalignment Behavior,
Macromolecules, 2003, 36(22), 8246-8252.

Tian, Y., Watanabe, K., Kong, X., Abe, J., and Iyoda, T., 2002. Synthesis,
Nanostructures, and Functionality of Amphiphilic Liquid Crystalline

Block Copolymers with Azobenzene Moieties, Macromolecules,
35(9), 3739-3747.

Jing, M., Lu, R., Bao, C., Xu, T., and Zhao, Y., 2004. Synthesis and
Characterization of Hyperbranched Azobenzene-Containing Polymers
via Self-Condensing Atom Transfer Radical Polymerization and
Copolymerization, Polymer, 45(4), 1125-1131.

Wang, G., Zhu, X., Zhenping, C., and Zhu, J., 2005. Azobenzene-Based
Initiator for Atom Transfer Radical Polymerization of Methyl
Methacrylate, J. Polym. Sci., Part A. Polym. Chem., 43(11), 2358-
2367.

Satai, S., The chemistry of the Hydrozo, Azo, and Azoxy groups, 1975. Part 1,
Wiley & Sons, Toronto.

Rau, H. 1990. Photoisomerization of Azobenzenes, in Photochemistry and
Photophysics, F. J. Rabeck, ed., Vol.2, Chap. 4, CRC, Boca Raton,
Fla., 119.

Ross, D. L., and Blanc, J., 1971. Photochromism, G. H. Brown, ed.,
Interscience Publishers, New York.

Gegiou, D., Muszkat, K. A., and Fisher, E., 1968. Temperature
Dependence of Photoisomerization. VI. Viscosity Effect, J. Am.
Chem. Soc., 90(1), 12-18.

132



[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

Fujino, T., Arzhantsev, S. Y., and Tahara, T., 2001. Femtosecond Time-
Resolved Fluorescence Study of Photoisomerization of trans-
Azobenzene, J. Phys. Chem. A, 105(35), 8123-8129.

Torodov, T., Nikolova, L., and Tomova, N., 1984. Polarization
Holography. 1: A New High-Efficiency Organic Material with
Reversible Photoinduced Birefringence, Appl. Opt., 23(23), 4309-
4312.

Matyjaszewski, K. and Gaynor, S.G., 2000. In Applied Polymer Science, p.
929, Craver, C.D. and Carraher, C.E., eds., Pergamon Press, Oxford.

Solomon J.C., 1996. Polymeric Materials Encylopedia, V4, CRN Press,
Massachusetts.

Szwarce, M., 1956, Living Polymers, Nature, 176, 1168-1169.

Szwarc, M., Levy, M., and Milkowich, R., 1956. Polymerization Initiated
By Electron Transfer To Monomer. A New Method Of Formation Of
Block Polymers, J. Am. Chem. Soc., 78(11), 2656-2657.

Flory, P. J., 1940. Molecular Size Distribution in Ethylene Oxide Polymers,
J. Am. Chem. Soc., 62(6), 1561-1565.

Webster, O.W., 1991. Living Polymerization Methods, Science, 251(4996),
887-893.

Quirk, R. P., Kinning, D. J., and Fetters, L. J., 1989. Comprehensive
Polymer Science, Aggarwal, S. L., Vol 7, p.1, Ed. Pergamon Press,
London.

Matyjaszewski, K., 1995. Introduction to Living Polymerization, Living
and/or Controlled Polymerization, J. Phys. Org. Chem., 8(4), 197-207.

Percec, V., and Tirrel, D. A., 2000. Living or Controlled ?, J. Polym. Sci.,
Part A: Polym Chem., 38(10), 1705-1752.

Matyjaszewski, K., 1998. Controlled Radical Polymerization, Vol. 685, Acs
Symposium Series, American Chemical Society, Washington DC.

Matyjaszewski, K., 2000. Controlled / Living Radical Polymerization:
Progress In ATRP, NMP, and RAFT, Vol. 768, Ed. American
Chemical Society, Washington DC.

Sawamoto M., and Kamigaito, M., 1999. Transition-Metal-Catalyzed
Living-Radical Polymerization, Chemtech, 29(6), 30-38.

Malmstrom, E. E., and Hawker, C. J., 1998. Macromolecular Engineering

via 'Living' Free Radical Polymerizations, Macromol. Chem. Phys.,
199(6), 923-935.

133



[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

Colombani, D., 1997. Chain-Growth Control in Free Radical Polymerization,
Prog. Polym. Sci., 22(8), 1649-1720.

Georges, M. K., Veregin, R. P. N., Kazmaier, P. M., and Hamer, G. K. ,
1993. Narrow Molecular Weight Resins by a Free-Radical
Polymerization Process, Macromolecules, 26(11), 2987-2988.

Hawker, C. J., Barclay, G. G., Orellana, A., Dao, J., and Devonport, W.,
1996. Initiating Systems for Nitroxide-Mediated "Living" Free
Radical Polymerizations: Synthesis and Evaluation, Macromolecules,
29(16), 5245-5254.

Yamago, S., lida, K., and Yoshida, J., 2002. Organotellurium Compounds
as Novel Initiators for Controlled/“Living” Radical Polymerizations.
Synthesis of Functionalized Polystyrenes and End-Group
Modifications, J. Am. Chem. Soc., 124(12), 2874-2875.

Griller, D., and Ingold, K. U., 1976. Persistent Carbon-Centered Radicals,
Acc. Chem. Res., 9(13), 13-19.

Fischer, H., 2001. The Persistent Radical Effect: A Principle for Selective
Radical Reactions and Living Radical Polymerizations, Chem. Rev.,
101(12), 3581-3610.

Mayadunne, R.T.A., Rizzardo, E., Chiefari, J., Chong, Y.K., Moad, G.
and Thang, S.H., 1999. Living Radical Polymerization with
Reversible  Addition-fragmentation = Chain  Transfer  (Raft
Polymerization) Using Dithiocarbamates as Chain Transfer Agents,
Macromolecules, 32 (21), 6977-6980.

Kato, M., Kamigaito, M., Sawamoto, M., and Higashimura, T., 1995.
Polymerization of Methyl Methacrylate with the Carbon
Tetrachloride/Dichlorotris(triphenylphosphine)ruthenium(Il)/Methylal
uminum Bis(2,6-di-tert-butylphenoxide) Initiating System: Possibility
of Living Radical Polymerization, Macromolecules, 28(5), 1721-1723.

Wang, J.S. and Matyjaszewski, K., 1995. Controlled Living Radical
Polymerization: Atom Transfer Radical Polymerization in the
Presence of Transition-Metal Complexes, J. Am. Chem. Soc., 117(20),
5614-5615.

Wang, J. S., and Matyjaszewski, K., 1995. Controlled/‘living” Radical
Polymerization. Halogen Atom Transfer Radical Polymerization
Promoted by a Cu(I)/Cu(Il) Redox Process, Macromolecules, 28(23),
7901-7910.

Percec, V., and Barboiu, B., 1995. ‘Living’ Radical Polymerization of

Styrene Initiated by Arenesulfonyl Chlorides and Cul(Bpy)nCl,
Macromolecules, 28(23), 7970-7972.

134



[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

Giese, B., 1986. Radicals in Organic Synthesis: Formation of Carbon-Carbon
Bonds, in Organic Chemistry Series, J. E. Baldwin ed., Vol. 5,
Pergamon Press, Oxford.

Curran, D. P., 1991. in Comprehensive Organic Synthesis, B. M. Trost and
I. Fleming, eds., Vol. 4, Pergamon Press, Oxford, p. 715.

Igbal, J., Bhatia, B. and Nayyar, N. K., 1994. Transition Metal-Promoted
Free-Radical Reactions in Organic Synthesis: The Formation of
Carbon-Carbon Bonds, Chem. Rev., 94(2), 519-564.

Block, E., Aslam, M., Eswarakrishnan, V., Gebreyes, K., Hutchinson, J.,
Iyer, R., Laffitte, J. A., and Wall, A., 1986. Alpha-
Haloalkanesulfonyl Bromides in Organic Synthesis. 5. Versatile
Reagents for the Synthesis of Conjugated Polyenes, Enones, and 1,3-
Oxathiole 1,1-Dioxides, J. Am. Chem. Soc., 108(15), 4568-4580.

Shipp, D. A., and Matyjaszewski, K., 1999. Kinetic Analysis of
Controlled/‘Living’ Radical Polymerizations by Simulations. 1. The

Importance of Diffiusion-Controlled Reactions, Macromolecules,
32(9), 2948-2955.

Patten, T. E., and Matyjaszewski, K., 1998. Atom Transfer Radical
Polymerization and the Synthesis of Polymeric Materials, Adv. Mater.,
10(12), 901-915.

Matyjaszewski, K., 1999. Transition Metal Catalysis in Controlled Radical
Polymerization: Atom Transfer Radical Polymerization, Chem. Eur.
J., 5(11), 3095-3102.

Zhang, X., Xia, J., and Matyjaszewski, K., 1998. Controlled/‘living’
Radical Polymerization of 2-(dimethylamino)ethyl Methacrylate,
Macromolecules, 31(15), 5167-5169.

Patten, T. E. Xia, J., Abernathy, T., and Matyjaszewski, K., 1996.
Polymers with Very Low Polydispersities from Atom Transfer
Radical Polymerization, Science, 272(5263), 866-.

Matyjaszewski, K., Patten, T. E., and Xia, J., 1997. Controlled/"Living"
Radical Polymerization. Kinetics of the Homogeneous Atom Transfer
Radical Polymerization of Styrene, J. Am. Chem. Soc., 119(4), 674-
680.

Davis, K., O'Malley, J., Paik, H. J., and Matyjaszewski, K., 1997. Effect
of the Counteranion in Atom Transfer Radical Polymerization Using
Alkyl (Pseudo) Halide Initiators, Polym. Prepr. (Am. Chem. Soc., Div.
Polym. Chem.), 213(320-Poly Part 2), 687.

Teodorescu, M., Gaynor, S.G. and Matyjaszewski, K., 2000. Halide anions

as ligands in iron-mediated atom transfer radical polymerization,
Macromolecules, 33(7), 2335-2339.

135



[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

Wakioka, M., Baek, K.Y., Ando, T., Kamigaito, M. and Sawamoto, M.,
2002. Possibility of Living Radical Polymerization of Vinyl Acetate
Catalyzed by Iron(I) Complex, Macromolecules, 35(2), 330-333.

Moineau, G., Minet, M., Teyssie, P. and Jerome, R., 2000. Synthesis of
Fully Acrylic Thermoplastic Elastomers by Atom Transfer Radical
Polymerization (ATRP), 2 -Effect of the Catalyst on the Molecular
Control and the Rheological Properties of the Triblock Copolymers,
Macromol. Chem. Phys., 201(11), 1108—1114.

Kato, M., Kamigaito, M., Sawamoto, M. and Higashimura, T., 1995.
Polymerization of Methyl-Methacrylate with the Carbon-
Tetrachloride Dichlorotris (Triphenylphosphine) Ruthenium(li)
Methylaluminum Bis(2,6-Di-Tert-Butylphenoxide) Initiating System -
Possibility of Living Radical Polymerization, Macromolecules, 28(5),
1721-1723.

Haddleton, D.M., Jasieczek, C.B., Hannon, M.J. and Schooter, A.J.,
1997. Atom Transfer Radical Polymerization of Methyl Methacrylate
Initiated by Alkyl Bromide and 2-Pyridinecarbaldehyde Imine Copper
(I) Complexes, Macromolecules, 30(7), 2190-2193.

Matyjaszewski, K., et al.,, 1997. Improved Processes Based on Atom (or
Group) Transfer Radical Polymerization and Novel (Co)Polymers
Having Useful Structures and Properties., in PCT Int. Appl., WO
9718247, Carnegie Mellon University, USA, WO., 182.

Gaynor, S. G., Qiu, J., and Matyjaszewski, K., 1998. Controlled/Living”
Radical Polymerization Applied to Water-Borne Systems,
Macromolecules, 31(17), 5951-5954.

Matyjaszewski, K., Jian Qiu, Nicolay V. Tsarevsky, Bernadette Charleux
2000. Atom Transfer Radical Polymerization of n-Butyl Methacrylate
in an Aqueous Dispersed System: A Miniemulsion Approach. J.
Polym. Sci., Part A. Polym. Chem., 38(Suppl.), 4724-4734.

Granel, C., et al., Ph. Dubois, R. Jérome, and Ph. Teyssié¢ 1996. Controlled
Radical Polymerization of Methacrylic Monomers in The Presence of
A Bis(ortho-chelated) Arylnickel(I) Complex and Different Activated
Alkyl Halides, Macromolecules, 29(27), 8576—-8582.

Qiu, J., Charleux, B., and Matyjaszewski, K., 2001. Progress in
Controlled/““Living” Polymerizations (CLP) in Aqueous Media. Part
II. Conventional Polymerization in Aqueous Media., Polimery
(Warsaw, Pol), 46(9), 575-581.

Xia, J., Johnson, T., Gaynor, S. G., Matyjaszewski, K. and DeSimone, J.,

1999. Atom Transfer Radical Polymerization in Supercritical Carbon
Dioxide, Macromolecules, 32(15), 4802—4805.

136



[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

Carmichael, A. J., Haddleton, D. M., Bon, S. A. F., and Seddon, K. R.,
2000. Copper(I) Mediated Living Radical Polymerisation in an Ionic
Liquid., Chem. Commun., (14), 1237-1238.

Sarbu, T., and Matyjaszewski, K., 2001. ATRP of Methyl Methacrylate in
the Presence of Ionic Liquids with Ferrous and Cuprous Anions,
Macromolecular Chemistry and Physics, 202(17), 3379-3391.

Matyjaszewski, K., Patten, T.E. and Xia, J., 1997. Controlled/"Living"
Radical Polymerization. Kinetics of the Homogeneous Atom Transfer
Radical Polymerization of Styrene, J. Am. Chem. Soc., 119(4), 674-
680.

Matyjaszewski, K., Davis, K., Patten, T. and Wei, M., 1997. Observation
and Analysis of a Slow Termination Process in the Atom Transfer
Radical Polymerization of Styrene, Tetrahedron, 53(45), 15321-
15329.

Matyjaszewski, K., Coca, S., Gaynor, S. G., Wei, M. and Woodworth, B.
E., 1998. Controlled Radical Polymerization in the Presence of
Oxygen, Macromolecules, 31(17), 5967-5969.

Keana, J. F. W,, 1978. Newer Aspects of the Synthesis and Chemistry of
Nitroxide Spin Labels, Chem. Rev., 78(1), 37—64.

Kocherginsky, N., and Swartz, H. M., 1995. Nitroxide Spin Labels:
Reactions in Biology and Chemistry; CRC Press, Boca Raton, Fla.

Mason, R. P., 2004. Using Anti-5,5-Dimethyl-1-Pyrroline N-Oxide (Anti-
DMPO) To Detect Protein Radicals in Time and Space with Immuno-
Spin Trapping, Free Radical Biol. Med., 36(10), 1214—1223.

Nakatsuji, S. L., and Anzai, H., 1997. Recent Progress in the Development
of Organomagnetic Materials Based on Neutral Nitroxide Radicals
and Charge Transfer Complexes Derived From Nitroxide Radicals, J.
Mater. Chem., 7(11), 2161-2174.

Hass, H. B., and Riley, E. F., 1943. The Nitroparaffins, Chem. Rev., 32(3),
373-430.

Breuer, E., Aurich, H. G., and Nielsen, A., 1989. Nitrones, Nitronates, and
Nitroxides, Chischester, Greater Manchester, Wiley, New York.

Paleos, C. M., and Dais, P., 1977. Ready Reduction of Some Nitroxide Free-
Radicals with Ascorbic-Acid, J. Chem. Soc. Chem. Commun., 345—
346.

Kornblum, N., and Pinnick, H. W., 1972. Reduction of Nitroxides to
Amines by Sodium Sulfide, J. Org. Chem, 37(12), 2050-2051.

Solomon, D. H., Rizzardo, E., and Cacioli, P. 1985. U.S. Patent 4,581,429,
March 27.

137



[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

Johnson, C. H. L., Moad, G., Solomon, D. H., Spurling, T., and Vearing,
D. J., 1990. The Application of Supercomputers in Modeling
Chemical Reaction Kinetics: Kinetic Simulation of 'Quasi-Living'
Radical Polymerization, Aust. J. Chem., 43(7), 1215-1230.

Solomon, D. H., 2005. Genesis of the C SIRO Polymer Group and the
Discovery and Significance of Nitroxide-Mediated Living Radical
Polymerization, J. Polym. Sci. Part A. Polym. Chem., 43(23), 5748—
5764.

Hammouch, S. O., and Catala, J. M., 1996. Living Diradical
Polymerization, Macromol. Rapid. Commun., 17(2), 149—154.

Fukuda, T., Terauchi, T., Goto, A., Ohno, K., Tsujii, Y., Miyamoto, T.,
Kobatake, S., and Yamada, B., 1996. Mechanisms and Kinetics of
Nitroxide-Controlled Free Radical Polymerization, Macromolecules,
29(20), 6393-6398.

Benoit, D., Grimaldi, S., Finet, J. P., Tordo, P., Fontanille, M., and
Gnanou, Y., 1997. Controlled Free-Radical Polymerization in the
Presence of a Novel Asymmetric Nitroxyl Radical, Polym. Prepr.
(Am. Chem. Soc. Div. Polym. Chem.), 213(465-POLY Part 2), 729—
730.

Benoit, D.; Chaplinski, V.; Braslau, R.; Hawker, C. J., 1999. Development
of a Universal Alkoxyamine for "Living" Free Radical
Polymerizations, J. Am. Chem. Soc., 121(16), 3904—-3920.

Grimaldi, S., Finet, J.P., Le Moigne, F.,Zeghdaoui, A., Tordo, P., Benoit,
D., Fontanille, M., and Gnanou, Y., 2000. Acyclic pB-
Phosphonylated Nitroxides: A New Series of Counter-Radicals for
"Living"/Controlled Free Radical Polymerization. Macromolecules,
33(4), 1141-1147.

Benoit, D., Grimaldi, S., Robin, S., Finet, J. P., Tordo, P., and Gnanou,
Y., 2000. Kinetics and Mechanism of Controlled Free-Radical
Polymerization of Styrene and n-Butyl Acrylate in the Presence of an
Acyclic Beta-Phosphonylated Nitroxide, J. Am. Chem. Soc., 122(25),
5929-5939.

Robin, S., Guerret, O., Couturier, J. L., and Gnanou, Y., 2002. Synthesis
of Stars and Starlike Block Copolymers from a Trialkoxyamine Used
as Initiator, Macromolecules, 35(7), 2481-2486.

Hawker, C.J. Barclay, G. G., and Dao, J. L., 1996. Radical Crossover in
Nitroxide Mediated "Living" Free Radical Polymerizations, J. Am.
Chem. Soc., 118(46), 11467-11471.

Veregin, R. P. N., Georges, M. K., Kazmaier, P. M., and Hamer G. K.,
1993. Free Radical Polymerizations for Narrow Polydispersity Resins:

138



[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

Electron Spin Resonance Studies of the Kinetics and Mechanism,
Macromolecules, 26(20), 5316-5320.

Skene, W. G., Scaiano, J. C., Listigovers, N. A., Kazmaier, P. M. and
Georges, M. K., 2000. Rate Constants for the Trapping of Various
Carbon-Centered Radicals by Nitroxides: Unimolecular Initiators for
Living Free Radical Polymerization, Macromolecules, 33(14), 5065-
5072.

Veregin, R. P. N., Georges, M. K., Hamer, G. K., and Kazmaier, P. M.,
1995. Mechanism of Living Free Radical Polymerizations with

Narrow Polydispersity: Electron Spin Resonance and Kinetic Studies,
Macromolecules, 28(13), 4391-4398.

Ivin, K, J., and Saegusa, T, eds. 1984. Ring-opening Polymerization, Vols.
1-3, Elsevier, London.

Saegusa, T., 1977. Ed. Ring-opening Polymerization, ACS Symposium
Series Vol. 59, American Chemical Society, Washington D. C.

McGrath, J. E., 1985. Ed. Ring-opening Polymerization: Kinetics,
Mechanism, and Synthesis, American Chemical Society, Washington
D. C.

Brunelle, D. J., Ed. 1993. Ring-opening Polymerization: Mechanisms,
Catalysis, Structure, Utility, Carl Hanser Verlag, NY.

Ivin, K, J., 1991. Tutorial-Thermodynamics of Ring-Opening
Polymerization, Makromol. Chem. Macromol. Symp., 42-43, 1-14.

Kleine, J., and Kleine, H.-H., 1959. Uber Hochmolekulare, Insbesondere
Optisch  Aktive Polyester der Milchsdure, ein Beitrag zur

Stereochemie Makromolekularer Verbindungen, Makromol. Chem.,
30(1), 23-38.

Lofgren, A., Albertsson, A.C., Dubois, P. and Jerome, R., 1995. Recent
Advances in Ring-Opening Polymerization of Lactones and Related-

Compounds, J.  Macromol. Sci. Rev. Macromol. Chem. Phys.,
C35(3), 379-418.

Kuran, W., 1998. Coordination Polymerization of Heterocyclic And
Heterounsaturated Monomers, Prog. Polym. Sci., 23(6), 919-992.

Duda, A., and Penczek, S., 2000. In Polymers from Renewable Resources:
Biopolyesters and Biocatalysis, ACS Symposium Series 764,
American Chemical Society, Washington, D.C., p 160.

O’Keefe, B., Hillmyer, M. A., and Tolman, W. B., 2001. Polymerization of
Lactide and Related Cyclic Esters by Discrete Metal Complexes, J.
Chem. Soc., Dalton Trans, 2215-2220.

139



[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

Penczek, S., 2000. Cationic Ring-Opening Polymerization (Crop) Major
Mechanistic Phenomena, J. Polym. Sci. Polym. Chem., 38(11), 1919-
1933.

Penczek, S. and Slomkowski, S., 1987. Progress In Anionic Ring-Opening
Polymerization, in “Recent Advances in Anionic Polymerization, Chap
19, 275, Eds. Hogen, E.T. and Smid, J., Elsevier, New York.

Du, Y. J., Lemstra, P. J., Nijenhuis, A. J., van Aert, H. A. M., and
Bastiaansen, C., 1995. ABA Type Copolymers of Lactide with
Poly(ethylene glycol). Kinetic, Mechanistic, and Model Studies,
Macromolecules, 28(7), 2124-2132.

Schwach, G., Coudane, J., Engle, R., and Vert, M., 1997. More About the
Polymerization of Lactides in the Presence of Stannous Octoate, J.
Polym. Chem., Part A: Polym. Chem., 35(16), 3431-3440.

Kricheldorf, H. R., Kreiser-Saunders, I., and Boettcher, C., 1995.
Polylactones: 31. Sn(II)Octoate-Initiated Polymerization of L-Lactide:
A Mechanistic Study, Polymer, 36(6), 1253-1259.

In’t Veld, P. J. A., and Velner, E. M., van de Witte, P., Hamhuis, J.,
Dijkstra, P. J., and Feijen, J., 1997. Melt Block Copolymerization of
e-Caprolactone and L-Lactide J. Polym. Sci., Part A. Polym. Chem.,
35(2), 219-226.

Storey, R. F., and Taylor, A. E., 1998. Effect of Stannous Octoate on the
Composition, Molecular Weight, and Molecular Weight Distribution
of Ethylene Glycol-Initiated Poly(epsilon-caprolaccone), J.
Macromol. Sci., Pure Appl. Chem., A35(5), 723-750.

Kowalski, A., Duda, A. and Penczek, S., 1998. Kinetics and Mechanism of
Cyclic Esters Polymerization Initiated with Tin(II) Octoate, 1.

Polymerization of Epsilon-Caprolactone, Macromol. Rapid. Commun.
19 (11), 567-572

Kowalski, A., Duda, A., and Penczek, S., 2000. Mechanism of Cyclic Ester
Polymerization Initiated with Tin(I[) Octoate. 2. Macromolecules
Fitted with Tin(II) Alkoxide Species Observed Directly in MALDI-
TOF Spectra Macromolecules, 33(3), 689-695.

Duda, A., Penczek, S., Kowalski, A., and Libiszowski, J., 2000.
Polymerizations of g-Caprolactone and L,L-Dilactide Initiated with
Stannous Octoate and Stannous Butoxide- a Comparison, Macromol.
Symp., 153(1), 41-53.

Kowalski, A., Libiszowski, J., Duda, A., and Penczek, S., 2000.
Polymerization of L,L-Dilactide Initiated by Tin(I[) Butoxide,
Macromolecules, 33(6), 1964-1971.

140



[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

Kricheldorf, H. R., Kreiser-Saunders, I., and Stricker, A., 2000.
Polylactones 48. SnOct,-Initiated Polymerizations of Lactide: A
Mechanistic Study, Macromolecules, 33(3), 702-709.

Kowalski, A., Duda, A. and Penczek, S., 2000. Kinetics and Mechanism of
Cyclic Esters Polymerization Initiated with Tin(II) Octoate. 3.
Polymerization of L,L-Dilactide, Macromolecules, 33 (20), 7359-
7370.

Storey, R. F., and Sherman J. W., 2002. Kinetics and Mechanism of the
Stannous Octoate-Catalyzed Bulk Polymerization of e-Caprolactone,
Macromolecules, 35(5), 1504-1512

Lofgren, A., Albertsson, A.C., Dubois, P. and Jerome, R., 1995. Recent
Advances in Ring-Opening Polymerization of Lactones and Related-

Compounds, J.  Macromol. Sci. Rev. Macromol. Chem. Phys.,
C35(3), 379-418.

Mecerreyes, D., Jerome, R. and Dubois, P., 1999. Novel Macromolecular
Architectures Based on Aliphatic Polyesters: Relevance of the
"Coordination-Insertion" Ring-Opening Polymerization, Adv. Polym.
Sci., 147, 1-59.

Lundberg, R.D. and Cox, E.F., 1969. Lactones, in Ring-Opening
Polymerization, Frish, K., Reegen, S., Eds, 2:247 Marcel Dekker,
New York.

Kricheldorf, H. R., Berl, M., and Scharnagl, N., 1988. Poly(Lactones). 9.
Polymerization = Mechanism of Metal Alkoxide Initiated

Polymerizations of Lactide and Various Lactones, Macromolecules,
21(2), 286-293.

Kowalski, A., Duda, A., and Penczek, S., 1998. Polymerization of L,L-
Lactide Initiated by Aluminum Isopropoxide Trimer or Tetramer,
Macromolecules, 31(7), 2114-2122.

Chabet, F., Vert, M., Chapelle, S., and Granger, P., 1983. Configurational
Structures of Lactic Acid Stereocopolymers as Determined by '*C---
{'"H} N.M.R., Polymer, 24(1), 53-59.

Schwach, G., Coudane, J., Engel, R., and Vert, M., 1998. Ring Opening
Polymerization of D,L-Lactide in the Presence of Zinc Metal and Zinc
Lactate, Polym. Int. 46(3), 177-182.

Kricheldorf, H. R., and Damrau, D. O., 1997. Polylactones, 37.
Polymerizations of L-Lactide Initiated With Zn(Il) L-Lactate and
Other Resorbable Zn Salts, Macromol. Chem. Phys., 198(6), 1753-
1766.

Kreiser-Saunders, I., and Kricheldorf, H. R. 1998. Polylactones, 39. Zn

Lactate-Catalyzed Copolymerization of L-Lactide with Glycolide or &-
Caprolactone, Macromol. Chem. Phys., 199(6), 1081-1087.

141



[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

Kricheldorf, H.R. and Kreiser, S.I., 1996. Polylactides - Synthesis,
Characterization and Medical Application, Macromol. Symp., 103, 85-
102.

Dubois, P., Ropson, N., Jérome, R. and Teyssie, P., 1996. Macromolecular
Engineering of Polylactones and Polylactides. 19. Kinetics of Ring-
Opening Polymerization of Epsilon-Caprolactone Initiated With
Functional Aluminum Alkoxides, Macromolecules, 29(7), 1965-1975.

Schindler, A., Jeffcoat, A. R., Kimmel, G. L., Pitt, C. G., Wall, M. E., and
Zweidinger R. A., 1977. Biodegradable Polymers for Sustained Drug
Delivery, in Contemporary Topics in Polymer Science, Vol. 2, E. M.
Pearce and R. J. Schaefgen, Eds., Plenum, New York,

Pitt, C.G., Chasalow, Y.M., Hibionada, Y.M., Klimas, D.M. and
Schlinder, A., 1981. Aliphatic Polyesters 1. The Degredation of
Poly(e-caprolactone) in vivo, J. Appl. Polym. Sci., 68, 1534-1538.

Woodward, S.C., Brewer, P.S., Moatmed, F., Schlinder, A. and Pitt,
C.G., 1985. The Intracellular Degredation of Poly(e-caprolactone), J.
Bio. Mat. Res., 19, 437-444.

Moore, J. S., and Stupp, S. L., 1990. Room Temperature Polyesterification,
Macromolecules, 23(1), 65-70.

Tomlinson, M. L., 1946. The Reduction of p-Nitrobenzoic Acid to Hydrazo-
and Azo-Benzene-4:4'-Dicarboxylic Acids by Means of Glucose, J.
Chem. Soc., 753-756.

Jaycox, G. D., 1998. Azobenzene Modified Poly(Aryl Ether Ketone
Amide)s. 2. Photo- and Thermo-Responsive Behaviour in Dilute
Solution, Polymer, 39(12), 2598-2605.

Ameerunisha, S., and Zacharis, P. S. 1995, Characterization of Simple
Photoresponsive Systems and Their Applications to Metal Ion
Transport,

J. Chem. Soc. Perkin Trans 2, 1679-1682.

Carlblom, L.H. and Pappas, S.P., 1977. Photoinitiated Polymerization of
Methyl Methacrylate and Methyl Acrylate With '*C-labeled Benzoin
Methyl Ethers, J. Polym. Sci. P. Chem. Ed., 15(6), 1381-1391.

Matyjaszewski, K. J., Shipp, D. A., Wang, J. L., Grimaud, T., and
Patten, T. E., 1998. Utilizing Halide Exchange to Improve Control of

Atom Transfer Radical Polymerization, Macromolecules, 31(20),
6836—6840.

Hawker, C. J., Barclay, G. G., Orellana, A., Dao, J., and Davenport, W.,
1996. Initiating Systems for Nitroxide-Mediated “Living” Free

Radical Polymerizations: Synthesis and Evaluation, Macromolecules,
29(16), 5244-5245.

142



[308]

[309]

[310]

[311]

[312]

[313]

Hawker, C. J. and Frechet, J. M. J., 1992. Unusual Macromolecular
Architectures: The Convergent Growth Approach to Dendritic
Polyesters and Novel Block Copolymers, J. Am. Chem. Soc., 114(22),
8405-8413.

Roland, A. 1., Stenzel, M., and Schmidt-Naake, G., 1998. Investigation of
the Thermal Stability of Nitroxide Capped Polystyrene by TGA and
Py-GC/MS, Angew. Makromol. Chem., 259(4553), 69-72.

Ahmad, N. M., Heatley, F., Lovell, P. A., 1998. Chain Transfer to Polymer
in Free-Radical Solution Polymerization of n-Butyl Acrylate Studied
by NMR Spectroscopy, Macromolecules, 31(9), 2822-2827.

Fernandez-Garcia, M., Fuente, J. L., Cerrada, M. L., Madruga, E. L.,
2002. Prepration of Poly(tert-butyl acrylate-g-styrene) as Precursors
of Amphiphilic Graft Copolymers. 1. Kinetic Study and Thermal
Properties, Polymer, 43(11), 3173-3179.

Altomare, A., Ciardelli, F., Marchini, M., Solaro, R. 2005. Polymeric
Dispersions of Model Azobenzene Dyes, Polymer, 46(7), 2086-2096.

Ghosh, S., Banthia, A. K., and Chen, Z., 2005. Synthesis and

Photoresponsive Study of Azobenzene Centered Polyamidoamine
Dendrimers, Tetrahedron, 61(11), 2889-2896.

143



AUTOBIOGRAPHY

Tuba Erdogan Bedri was born in Istanbul in 1978. She graduated from Bahcelievler
High School in 1994. In 1995, she was admitted to Istanbul University, Department
of Chemistry of Engineering Faculty.

After her graduation in 1999, she was accepted as a M.Sc. Student to Istanbul
Technical University, Institute of Science, Polymer Science and Technology
Programme where she obtained M.Sc. degree in 2002.

She was registered as a Ph.D. student to Istanbul Technical University, Polymer
Science and Technology Programme in 2002. During her Ph.D. study she was
supported by TUBITAK-BDP Programme through a doctoral fellowship. As part of
this doctoral fellowship programme, she worked as a visiting Ph.D. student at the
Polymer Chemistry Research Group, Department of Organic Chemistry in Ghent
University (Belgium) for 5 months.

She is co-author of the following 8 scientific papers published in international
journals.

1. T. Erdogan, E. Gungor, H. Durmaz, G Hizal, U. Tunca, Photoresponsive
Poly(methyl methacrylate),—(Polystyrene), Miktoarm Star Copolymer
Containing an Azobenzene Moiety at the Core, Journal of Polymer Science:

Part A: Polymer Chemistry, 44, 1396—-1403 (2006).

2. T. Erdogan, G. Hizal, U. Tunca, A New Strategy For The Preparation of
Multiarm Star-Shaped Polystyrene via a Combination of Atom Transfer
Radical Polymerization and Cationic Ring-Opening Polymerization,

Designed Monomers and Polymers, 9, 393-401 (2006).

3. O. B. Ilhanli, T. Erdogan, U. Tunca, G. Hizal, Acrylonitrile Containing
Polymers via Combination of Metal Catalyzed Living Radical And Nitroxide
Mediated Free Radical Polymerization Routes, Journal of Polymer Science:

Part A: Polym Chem, 44, 3374-3381 (2006).

4. D. Sakar, T. Erdogan, O. Cankurtaran, G. Hizal, F. Karaman, U. Tunca,
Physicochemical characterization of poly(tert-butyl acrylate-b-methyl

methacrylate) prepared with atom transfer radical polymerization by inverse

gas chromatography, Polymer, 47, 132—139 (2006).

144



5. T. Erdogan, K.V. Bernaerts, L. M. V. Renterghem, F. E. Du Prez and E. J.
Goethals, Preparation of star block co-polymers by combination of cationic
ring opening polymerization and atom transfer radical polymerization,

Designed Monomers and Polymers, 8, 705-714 (2005).

6. U. Tunca, Z. Ozyurek, T. Erdogan, G. Hizal, Novel Miktofunctional Initiator
for the Preparation of an ABC-Type Miktoarm Star Polymer via a
Combination of Controlled Polymerization Techniques, Journal of Polymer

Science Part A: Polym Chem, 42, 42284236 (2004).

7. T. Erdogan, Z. Ozyurek, G. Hizal, U. Tunca, Facile Synthesis of AB,-Type
Miktoarm Star Polymers through the Combination of Atom Transfer Radical
Polymerization and Ring-Opening Polymerization, Journal of Polymer

Science: Part A: Polym Chem, 42, 2313-2320 (2004).

8. U. Tunca, T. Erdogan, G. Hizal, Synthesis and Characterization of Well-
Defined ABC-Type Triblock Copolymers via Atom Transfer Radical
Polymerization and Stable Free-Radical Polymerization, Journal of Polymer

Science: Part A: Polym Chem, 40, 2025-2032 (2002).

She has attended National and International Conferences with the following
Proceedings.

- T. Erdogan, G. Hizal, U. Tunca “Synthesis of Miktoarm Star Polymers via Atom
Transfer Radical Polymerization and Ring Opening Polymerization” (Poster)

The 5" International APME’5-2003 Conference,

Montreal, Canada, June 21-26, 2003

- T. Erdogan, G. Hizal, U. Tunca “Atom Transfer Radikal ve Yasayan Halka A¢ilma
Polimerizasyonu ile Yildiz Polimerlerin Sentezi” (Oral)

XVII. National Congress of Chemistry

Istanbul, Tiirkiye, Sept. 8-11", 2003

- T. Erdogan, G. Hizal, U. Tunca “A Novel Miktofunctional Initiator for the
Preparation of ABC type Miktoarm Star Polymer via Controlled Polymerization
Techniques” (Poster)

The 40" International Symposium on Macromolecules, Macro 2004, World

Polymer Congress

Paris, France, July 4-9, 2004

145



- T. Erdogan, G. Hizal, U. Tunca “A New Strategy for the Preparation of Multiarm
Star-Shaped Polystyrene through Polystyrene-block-poly(glycidyl methacrylate) via
Combination of ATRP and CROP” (Poster)

The 6" International APME 6-2005 Conference,

Istanbul, Tiirkiye, August 14-19, 2005

- T. Erdogan, K. V. Bernaerts, L. M. Van Renterghem, F. E. Du Prez
“Use of Dual Initiator for the Preparation of Star Block Copolymers by Combination
of CROP and ATRP ” (Poster)

The 6™ International APME '6-2005 Conference,

Istanbul, Tiirkiye, August 14-19, 2005

-T. Erdogan, G. Hizal, U. Tunca ‘“Atom Transfer Radikal ve Katyonik Halka
Acilmas1 Polimerizasyonu ile Cok Kollu Yildiz Polistiren Sentezi” (Oral)
XIX. National Congress of Chemistry
Kusadasi, Tiirkiye, 30 Sept.- 4 Oct., 2005

146





