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ATOM TRANSFER GRAFT COPOLYMERIZATION BY USING
POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE)

SUMMARY

The control of macromolecular structure has recently become an important facet of
polymer science from an academic and industrial viewpoint. This interest is
governed by the realization that control of macromolecular architecture can lead to
the development of new polymeric materials with improved and/ or new mechanical
and physical properties. With the exception of linear polymers, architectural
diffirences lie in branched structures with regard to the number of branches and their
relative placement in the macromolecule.

The field of radical polymerization has exploded with the advent of controlled
radical polymerization processes. Radical polymerization is a very important
commercial process used to prepare high molecular weight polymers. The only
disadvantage of conventional radical polymerization is the poor control of
macromolecular structures including end functionalities and polydispersities due to
the chain transfer and termination process. Controlled architecture possesses some
characteristics, which are molecular weight control, end group control, ability to
form block copolymers and a living nature. Recently, the controlled/ 'living' radical
polymerizations have been utilized for the synthesis of well-defined narrow
polydispersity polymers. Of these methods, atom transfer radical polymerization
(ATRP) appears to be a versatile method for the controlled radical polymerization of
various monomers. Well-defined polymers with predictable molecular weights and
with low polydispersities can be syntesized by ATRP. The control over molecular
weight and functionality in ATRP has also allowed for the synthesis of numerous
materials with many novel functionalities, compositions, and architectures. However,
since ATRP is a complex multicomponent system, it is important to understand and
consider all of its components to make full use of this methodology and find
optimum polymerization conditions for the preparation of specific materials for
particular applications.

In this study, a macroinitiator, brominated poly(2,6-dimethyl-1,4-phenylene oxide)s
was synthesized according to a known procedure and was used for the preparation of
styrene and methyl methacrylate grafted poly(2,6-dimethyl-1,4-phenylene oxide)s
via ATRP. High radical stability of the macroinitiator lead to crosslinking
and gelation in copper-catalyzed ATRP of monomers. GPC (Gel Permeation
Chromatography) studies of the obtained polymers show that graft polymers were
formed with uncontrolled molecular weights. Some additives and various grafting
methods were also studied in this work in order to prevent the gelation of the
macroinitiator and uncontrolled molecular weight of the resulting polymers.

ix



POLI(2,6-DIMETIL-1,4-FENILEN OKSIT) KULLANIMI iLE ATOM
TRANSFER GRAFT KOPOLIMERIZASYONU

OZET

Makromolekiil yapilarmin kontrolii son zamanlarda polimer biliminin akademik ve
endiistriyel yonden onemli bir hedefi haline gelmistir. Bu ilgiye makromolekiil
mimarisi kontroliiniin iyilestirilmis ve/ veya yeni mekanik ve fiziksel 6zelliklere
sahip yeni polimerik maddelerin gelistirilmesine varabilecegi gercegi hakimdir.
Mimari farkhliklar, lineer polimerler bir yana, dal sayisina ve dallarin makromolekiil
tizerindeki bagil yerlesimlerine bagl olarak dallanmig yapilarda yatmaktadir.

Radikal polimerizasyonu alani kontrollii radikal polimerizasyon ydntemlerinin
kesfiyle biiylik bir patlama yapmustir. Radikal polimerizasyonu yiiksek molekiil
agirhkh polimerlerin eldesinde kullanilan ¢ok 6nemli bir ticari yontemdir. Klasik
radikal polimerizasyonunun tek dezavantaji zincir transfer ve sonlanma
reaksiyonlarindan dolayr makromolekiiliin yapisiyla birlikte fonksiyonalitesi ve
polidispersitesi {izerinde diisiik bir kontrole sahip olmasidir. Kontrollii mimari
denilince molekiil agirlik kontrolii, ug¢ grup kontrolii, blok kopolimer olusturabilme
ve yagayan Karakter akla gelmektedir. Son yillarda, iyi tammmlanmus diisiik
polidispersiteye sahip polimerlerin sentezinde kontrollii/ 'yasayan' polimerizasyon
yontemleri kullanilmaktadir. Bu metodlardan atom trasfer radikal polimerizasyonu
(ATRP) c¢esitli monomerlerin kontrollii radikal polimerizasyonu icin etkili bir
yontemdir. ATRP ile ayarlanabilir molekiil agirliklarina ve diisiik polidispersitelere
sahip 1yl tamimlanmis polimerler sentezlenebilir. ATRP yontemindeki molekiiler
agirlik ve islevsellik kontrolii, yeni islevlere, diizenlemelere ve mimarilere sahip ¢ok
sayida maddenin sentezine olanak saglar. Ancak, ATRP yonteminin ¢ok bilesenli
karmasik bir sistem olmasi dalayisiyla, bu metodun tam olarak kullaniimasi ve 6zel
maddelerin  hazirlanmasinda en iyi kosullarin bulunmasi igin yéntemin tiim
bilesenlerinin anlasilmasi ve g6z 6niinde tutulmas: énemlidir.

Bu ¢alismada, makrobaslatici olan bromlanmis poli(2,6-dimetil-1,4-fenil oksit)ler
bilinen bir ydntemle sentezlenmis ve ATRP ile graft poli(2,6-dimetil-1,4-fenil oksit)
hazirlanmasinda kullamilmustir. Makrobasglaticinin yiiksek radikal kararhligi, bakir
katalizli ATRP yonteminde ¢apraz baglanma ve jel olusumu sonucunu yaratmistir.
Olusan polimerlerin GPC (Jel Gegirgenlik Kromatografisi) caligmalari graft
polimerlerin ~ kontrolsiiz  molekiil — agirliklarinda  olustugunu  gdstermistir.
Makrobaglaticinin  jellesmesinin engellenmesi ve sonu¢ polimerlerin  molekiil
agirliklarinin - kontroliiniin  saglanmas: igin ¢esitli ilave maddeler ve graft
polimerizasyon metodlari iizerine de ¢alisilmistir.



1. INTRODUCTION

The synthesis of polymers with well-defined compositions, architectures, and

functionalities, has long been great interest in polymer chemistry.

Controlled/living' polymerizations developed in the past forty years, including
cationic, anionic, and group transfer polymerizations, provide the opportunity to
prepare controlled molecular weight and well-defined architecture. Living
polymerization techniques are employed where the polymerizations proceed in the
absence of irreversible chain transfer and chain termination. Free radical
ymerization is an important industrial process to prepare high molecular weight
polymers. One of the prime advantages of 'living' free radical procedures over
traditional free radical systems is that the concentration of propagating radicals is
reduced. This leads to a dramatic lowering in the occurence of unwanted termination
reactions, such as radical-radical chain coupling, since the rate of these bimolecular
processes is proportional to [R-]% This feature opens up a wide range of possibilities
in the synthesis of complex macromolecular architectures by 'living' free radical

procedures.

The past few years have witnessed the rapid growth in the development and
understanding or new controlled/ 'living' radical polymerization (CRP) methods
including nitroxide-mediated polymerization, atom transfer radical polymerization
(ATRP), and radical addition-fragmentation chain-transfer. ATRP was developed by
designing an appropriate catalyst (transition metal compound and ligands), using an
initiator with the suitable structure, and adjusting the polymerization conditions such
that the molecular weights increased linearly with conversion and polydispersities
were typical of a living process. This allowed for an unprecedented control over the
chain topology (stars, combs, branched), the composition (block, gradient,
alternating, statistical), and the end functionality for a large range of radically
polymerizable monomers. However, since ATRP is a complex multicomponent

system, it is important to understand and consider all of its components to make full



use of this methodology and find optimum polymerization conditions for the

preparation of specific materials for particular applications.

Polymers with suitable pendant functional groups are of great interest as
macroinitiators for the synthesis of graft copolymers with controlled architectures
and properties. The use of polyfunctional initiators under normal free radical
conditions would lead to chain-chain coupling and eventually to a crosslinked
network. However, the application of the same concept to 'living' free radical system
may be excepted to result in the desired architecture, with few unwanted coupling
products. Any compounds, including macromolecular species, can be potentially be

used to initiate ATRP as long as they contain activated halogen atom.

In this study, the atom transfer radical polymerization technique has been
applied to the preparation of styrene-g-poly(2,6-dimethyl-1,4-phenylene)oxide and

methyl methacrylate-g-poly(2,6-dimethyl-1,4-phenylene) oxide copolymers.



2. THEORETICAL PART

2.1. Poly(phenylene oxide)

Poly(phenylene oxide)s are useful materials for engineering thermoplastic
applications because of their thermal, oxidative and chemical stability. However,
raw PPO 1is expensive and difficult to process but ready blending with
polymers such as polystyrene gave an acceptable balance of properties.
Poly(2,6-dimethyl-1,4-phenylene oxide), PPO® resin, is the most commercial
poly(phenylene oxide) and is sold as a blend with polystyrene and other additives as
Noryl® resin by the General Electric Co.

2.1.1. Syntheses

Poly(phenylene oxide)s are synthesized from phenols in good yields by a variety of
oxidative coupling procedures and other types of step-growth polymerization

reactions [1].

R
O+,
R R
1) olyphenyleneoxide 2.1
. ol 2. polypheny (2.1)
Cu/amine
Rl

diphenoquinone

The copper-catalyzed oxidation of 2,6-dimethylphenol in the presence of oxygen in
order to obtain PPO was first reported by Hay in 1959 (2.1) [2]. Many phenols can
be used mn oxidative coupling polymerization reactions [3, 4]. These phenols usually
have substituents in the two ortho positions (Table 2.1.). Phenols with only one ortho

substituent and an open para position can be oxidatively coupled but the polymer is



usually highly branched and colored. Oxidative coupling polymerization of
2,6-diphenylphenol gives poly(phenylene oxide) in high yield [5, 6]. However, when
the substituents are large and bulky the polymer cannot form because of steric
hindrance and the diphenoquinone forms in high yield [4]. No oxidation occurred
when both substituents were chloro and nitro because of the high oxidation potential
of these phenols. When one substituent was chloro and the other methyl, a branched

polymer was formed because of a chloro displacement reaction [4].

Table 2.1. Product yields of the oxidative coupling of 2,6-disubstitued phenols

R R _R
0w o X )

R R' R

R R’ Polymer (%) Diphenoquinone (%)

Methyl Methyl 85 3

Methyl Ethyl 82 -

Ethyl Ethyl 81 -

Methyl i-propyl 62 -

i-propyl 1-propyl - 53

Methyl Phenyl 93 5

Phenyl Phenyl 96 3

Methyl t-butyl - 45

t-butyl t-butyl - 97

Methyl Methoxy 60 -

Methoxy  Methoxy - 74

Methyl Chloro 83 -

Chloro Chloro - -

Methyl Bromo 18 -

Nitro Nitro - -

Catalysts for oxidative coupling polymerizations are usually composed of a transition
metal salt and a base and molecular oxygen is normally the oxidizing agent.
Copper-catalyzed systems often contain a copper halide and either an aliphatic or
heterocyclic amine used as ligand for copper. A wide variety of amines has

been used and they show a wide variation in activity [7, 8, 9]. Table 2.2.



illustrates this wvariation in catalyst activity [10]. When diamines such as
N,N,N’,N’- tetramethylethylene diamine (TMEDA) are used they often combined
with an aliphatic monoamine [7]. N,N'-di--buthylethylenediamine forms a very
active catalyst that is not easily hydrolyzed during polymerization [9].
Di-n-butylamine also forms a catalyst with copper that is not sufficiently affected by
water to require addition of a drying agent [11]. The types of heterocyclic amines
that are used include pyridine [1], morpholine, 4-N,N-(dimethylamino)pyridine [12],
and diazobicyclononene [13]. Many polymeric amines are also reported to function
as ligands, including poly(vinylpyridine) [14, 15], imidazole polymers [16],
poly(N,N-dialkylaminostyrene)s [17], poly(iminotrimethylene)s [18] and oligomeric
amines [15]. It was also demonstrated that with monodentate amines the catalytic
activity varied with the ligand to copper ratio. With pyridine, the C-O coupling
reaction was optimum at a ligand/Cu ratio of about 100/1 [19]. With bidentate amine,
such as N,N,N’,N’-tetramethylethylene diamine (TMEDA), the C-O coupling
reaction maximized at one diamine per copper. It was found that when the
polymerization reaction was carried out in a nonpolar solvent like toluene with an
active catalyst like CW/TMEDA, in the presence of anhydrous MgSOy to remove the
water formed, that only low molecular weight polymer was formed. If more polar
solvents, chlorobenzene or o-dichlorobenzene, were used somewhat higher
molecular weight polymer was formed (Table 2.3.). When larger amount of TMEDA
were added the molecular weight obtained was further increased. Instead of
using excess of the diamine, tertiary amines such as trimethylamine,
N,N-dimethylalkylamines or N-methylpyrrolidine could be used. In all cases the rate
of polymerization, as measured by the rate of oxygen absorption, remained
essentially constant indicating that the reaction was terminated in the very last stages.
The assumption was made that initially the catalyst was soluble in the reaction
mixture because of the presence of the polar phenol and in the latter stages of the
reaction, when the phenol was no longer present, the catalyst became insoluable. The
additional amine added presumably solubilized the catalyst by coordination of the
copper complex in the trans positions. More bulky amines such as triethylamine were
not effective and molecular models also confirm that this trans coordination cannot

readily take place.



Table 2.2. Activity of various amine as ligands

Ligand [2,6-dimethylphenol]/[Cu]
Pyridine 40
Diethylamine 200
Di-n-butylamine 200
N,N,N',N'-tetramethylethylene diamine 750
N,N'-di-z-buthylethylene diamine 900

Table 2.3. Oxidative polymerization of 2,6-dimethylphenol with TMEDA

Solvent [CuCl] [TMEDA] [7]
(M/1000) (M/1000) dec./g.

Toluene 15 15 0.30
Chlorobenzene 15 15 0.37
o-Dichlorobenzene 15 15 0.48
Chlorobenzene 7.7 7.7 0.28
Chlorobenzene 7.7 15.4 0.33
Chlorobenzene 7.7 23.1 0.92

In addition to copper-catalyst systems, a variety of manganese-catalyst systems are
described in the literature. Many are similar to the copper systems since they require
a ligand and a base. Some of catalysts are effective at very low manganese
concentrations. A combination of manganese chloride, benzoin oxime and sodium
hydroxide in toluene and methanol is described by Olander [20]. High molecular
weight polymer is formed with a manganese to monomer ratio of 1:2000. Other
systems use ligands such as triethanolamine {21] and o-hydroxyazo compounds [22].

Thiols have also been used in manganese-catalyzed systems [23].

Cobalt amine complexes have also been used as catalysts in oxidative polymerization
[24]. A large number of patents were issued describing various complexes of
manganese and cobalt salts as catalysts. However, oxidation of 2,6-dimethylphenol
with reagents such as K3Fe(CN)g gave principally the diphenoquinone (50% plus a
low molecular weight yellow resin) (2.2) [25]. These reactions presumably
proceed through a phenoxy radical intermediate. Small amounts of the

diphenoquinone are always produced in the reaction. When the oxidative



polymerization of 2,6-dimethylphenol is carried out at 100°C, the major product is
diphenoquinone [7]. The diphenoquinone at this temperature, in the presence of the
amine, was shown to undergo an oxidation-reduction reaction with two moles of
phenol to give biphenol [26]. The bisphenol would then be preferentially oxidized to
the diphenoquinone and cycle would continue. When the ligands are aliphatic amines
the diphenoquinone also reacts with the amine [27]. When the nitriles are used as
ligands [28] instead of amines the oxidation of 2,6-dimethylphenol gives a high yield
of the diphenoquinone at room temperature [26]. Nitriles coordinate preferentially
with copper(I) in the tetrahedral configuration and an intermediate complex with the

phenoxide ion and copper(Il) is not formed.

Poly(phenylene oxide)s are also prepared with non-catalytic systems by using metal
oxides and other inorganic compounds as the oxidizing agent instead of molecular
oxygen (2.2). Manganese dioxide [29], lead dioxide [30], silver oxide [31] and
sodium bismuthate [32] produce high molecular weight polymer from many
2,6-disubstituted phenols including 2,6-diphenylphenol, 2-benzyl-6-methylphenol
and 2-benzyl-6-methylphenol [33].

CH3 H3C CH3
Q O . O O
CH3 H3C C

H3

potassium ferricyanide
Fenton's agent

CH; quinones
C-C coupling
2.2)
~ CHj3
Agr0,Mn0;,,NiO,
0,+Cu,Co,Mn complexes O— M—
C-O coupling

The mechanism of oxidative polymerization reaction was studied and discussed in
several reviews [34-36]. Endres and Kwiatek first showed that the reaction behaved
like a step-growth polymerization [37]. They also showed that oxidation of dimer,
4-(2,6-dimethyloxyl)-2,6-dimethylphenol gave high molecular weight polymer (2.3).
Copper demonstrated that in the initial stages of the oxidation of the dimer an
equilibration occurred and monomer, dimer, trimer, and tetramer could be detected
by gas phase chromatography [38]. Mijs demonstrated that in the initial stages of the

oxidation of a series of dimers, only one product was formed, which was not the



product that would have been formed by a head to tail coupling reaction of the dimer
(2.4) [39]. With this and other information it was postulated that the polymerization
reaction proceeded through a quinone ketol intermediate (2.5) followed by a
benzidine-like rearrangement to give the linear structure [40]. It is also accepted that
redistribution of phenoxy macroradicals makes an important contribution during the
polymerization process. Especially in tha absence of 2,6-dimethylphenol in the
reaction mixture (at the end of the polymerization), the redistribution reaction is

responsible for the molecular weight and polydispersity of the obtained polymer

[41, 42].
CH; CH; CH;
0
q o Q—po@-otﬂ (2.3)

CHj CH,

OH

(2.4)

Cu catal st
Y HiC

{
© HyC
>

O OoOOOOO

HxC CH3
H;C ~CH3
CH;
_— @/ 0" o (2.5)



Several methods are avaible for the preparation of poly(phenylene oxide) with a
well-defined molecular weight by utilizing the redustribution reaction. Low
molecular weight PPO with a very narrow molecular weight distribution can be made
by redistributing low molecular weight oligomers in methylene chloride at 0°C (2.6)
[43]. Either the dimer, the trimer or a mixture of these and other low oligomers
redistribute in the presence of a small amount of an initiator such as the
diphenoquinone to produce 2,6-dimethylphenol and higher molecular weight
oligomers. The higher molecular weight oligomers form a complex with methylene
chloride and precipitate from the solution. The isolated polymer has a molecular

weight of approximately 1800 and a dispersity (Mw/M,) of 1.08.

CH3 CH3 CH3
CH,»Cl1
0+ o°2c 2 0+ + OH (2.6)
CHz CH3 CHa

Precipitation polymerization in the oxidative coupling polymerization of
2,6-dimethylphenol also gives well-defined monofunctional polymers in high yields
[44, 45]. A poor solvent or a solvent-nonsolvent mixture is used as the
polymerization medium. PPO with a certain molecular weight percipitates out of the
reaction mixture, giving rise to polymers with a well-defined molecular weight. Van
Aert adjust the polarity of the reaction mixture with a solvent mixture of toluene
(solvent for PPO) and 2-propanol (nonsolvent for PPO) [45]. Molecular weights can
casily be adjusted by using particular solvent composition and independent of the
ligand system used. The results of precipitation polymerization of DMP using two
different Cu(I)Cl-amine catalyst systems are presented in the Table 2.4. Cu(I)Cl with
a combination N,N’-di-z-butylethylene amine (DBEDA) and di-n-butylamine (DBA),
Being secondary amines, and N,N,N’,N’-tetracthylene diamine (TEED) as an

example of tertiary amine.



Table 2.4. The results of precipitation polymerization of DMP

Toluene/2-propanol Amine H-NMR GPC My/M,,
% v/v

0 DBA/DBEDA 2750 2800 1.66
TEED 2700 3300 1.95

5 DBA/DBEDA 3300 3000 1.75
TEED 3400 3400 2.05

10 DBA/DBEDA 4500 4500 1.71
TEED 4550 4500 1.96

15 DBA/DBEDA 5500 6000 2.04
TEED 5750 5100 2.09

20 DBA/DBEDA 7500 6900 2.22
TEED 7400 6500 222

There are also several methods for oxidative coupling applied to the synthesis of
bifunctional PPO. The first one is based on the reaction between a perfectly
stoichiometric ratio of narrow molecular weight distribution PPO-OH and
3,3’,5,5 -tetramethyl-4,4’-diphenoquinone  [46]. Since PPO-OH with narrow
molecular weight distribution can be prepared only for a certain range of molecular
weights [46, 43] the molecular weight of the PPO-20H prepared by this procedure is
limited. Second one is based on the condensation of two PPO-OH via their phenyl
end groups using formaldehyde and a Lewis acid [47-48]. The third one is
based on the oxidative copolymerization of 2,6-dimethylphenol (DMP) with
2,2’-di(4-hydroxy-3,5-dimethylphenyl) propane (TMBPA) and gives perfectly
bifunctional  o,m-bis(2,6-dimethylphenol)-poly(2,6-dimethyl-1,4-phenylene oxide)
[47-48]. The oxidation potential of the TMBPA is lower than that of DMP, and
therefore, for a low ratio between the DMP and TMBPA and certain reaction
conditions and time, perfectly bifunctional PPO-20H with number-average
molecular weights in the range of 500-600 can be obtained. Since the reaction is
performed in solution, and molecular weight of the polymer is controlled by the ratio
between the TMBPA and DMP, it is essential to stop the polymerization after a
certain reaction time. Before this reaction time, the PPO-20H oligomer has poor

functionality. At longer reaction times the redistribution of the PPO-20H can
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provide polymers with an uncontrollable molecular weight. The modification of this
method achieved by Percec consisting of the oxidative copolymerization of a low
ratio of DMP and TMBPA in a mixture of solvents which precipitates a certain
molecular weight of PPO-20H [49].

2.1.2. Reactions

PPO was also found to be easily functionalized (2.7). Halogenation [50, 51]
alkylation [52], carboxylation [53], sulfonation [54, 55] and nitration [56] produce
the corresponding derivated polymers (2.7). Halogenation can take place on the
nucleus or the methyl group depending on the conditions and many derivates of these
bromo-substituted polymers have been synthesized [57, 58]. Metallation with butyl
lithium yields first the ring metallated product which at longer times converts to the

side chain metallated product [52, 53, 59]. Graft copolymers have been synthesized

from the metallated polymers [60].

CH3 CH;3 CH3
@ o BiLiBiNcic @ — @ or
n n n
CH3 : CHj3 CH,

COy -~

Bry RC=0OR Li
RC=0OH
vinyl monomers

CHj3 cyclic siloxanes
ethylene oxide, etc.
Oi—r—l and/or \} (27)
Functional Derivates of PPO
CH» Br
7
Br MX

R3N CHj

RoNH

etc. O-—]—
n

X7 T CHy

Functional Derivates of PPO

Hay brominated PPO with molecular bromine under diffirent temperatures by using
chlorinated solvents with different boiling temperatures (2.8) [50]. The degrees of the
bromination on the nucleus or the methyl group depend on the conditions and
Table 2.5. summarizes the structures of the brominated as analyzed by NMR
spectroscopy. These results suggested that to get over 90% methyl bromination
(vs. ring bromination), the bromination must be carried out at temperatures no less
than 135°C in either chlorobenzene or 1,1,2,2,-tetrachloroetan. Thus, brominations

were then carried out at high temperature to different degrees (from 0,5 to 100% per
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PPO unit). White achieved the electrophilic aromatic bromination of the aromatic

ring of PPO at room temperature [51] .

CHj CH3 CHj3
Bro
o+ —> Ot + Q O vy (2.8)
CHj; CH,Br CH3

Table 2.5. Bromination of PPO in chlorinated solvent

Solvent Reaction Temperature Brominated PPO
(°C) % —CH,Br % Br
CHCL 65 none 100
CICH,CH,C1 85 immeasurable 100
CL,CHCH,Cl 110 29 71
CeH;sCl 135 89 11
ClL,CHCHCI, 148 93 7

The sulfonation reaction was achieved in a two-step process (2.9). The first step
involved the reaction of PPO with chlorosulfonic acid [61]. The sulfonated PPO was
hygroscopic and unstable. Sulfonated groups were converted into stable sulfone

groups by reacting with aromatic compounds at elevated temperatures (120°C) [62].

H CH3s
O+ + CISO3H s 4—@}—
H CH3 C1S0,
/ 2.9)

Ar

Friedel-Crafts substitution reactions can be carried out through two hydrogen atoms

on the aromatic ring of PPO [63]. The first avaible position from the aromatic ring
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occurs easily by the treatment of the PPO with the sulfonyl chloride or acid chlorides
in the presence of a Friedel-Crafts catalyst. The presence of one carbonyl or sulfonyl
group attached to a PPO phenyl ring, drastically decreases the nucleophilicity of the
remaining unsubstituted position and, therefore, no disubstittution of phenylenic
units was realized. This is due to the strong electron withdrawing character of the
carbonyl and sulfonyl groups. When bulky substituents are attached to the PPO
backbone, steric hinderance also decreases the accessability of nearby unsubstituted
positions [64]. Consequently, electronic factors retard the second electrophilic
substitution on the same PPO phenyl ring while steric factors also contribute to limit

the degree of monosubstitution to about 80%.

2.2. Controlled/Living Radical Polymerization

The development of controlled/living radical polymerization (CRP) methods has
been a long-standing goal in polymer chemistry, as a radical process is more tolerant
of functional groups and impurities and is leading industrial method to produce
polymers [65]. Despite its tremendous industrial utility, CRP has not been realized
until recently, largely due to the inevitable, near diffusion-controlled bimolecular
radical coupling and disproportionation reactions. However, the rapid growth in the
development and understanding of new CRP methods have witnessed the past few
years [66, 67]. All of these methods are based on establishing a rapid dynamic
equilibration between a minute amount of the dormant species. The dormant chains
may be alkyl halides, as in atom transfer radical polymerization (ATRP) or
degenerative transfer (DT), thioesters, as in reversible addition fragmentation chain
transfer process (RAFT), alkoxyamines, as in nitroxide mediated polymerization
(NMP) or stable free radical polymerization (SFRP), and potentially even
organometallic species. Free radicals may be generated by the spontaneous thermal
process (NMP, SFRP) via a catalyzed reaction (ATRP) or reversibly via degenerative
exchange process with dormant species (DT, RAFT).

13
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All of the CRP methods, shown in Scheme 2.10, include activation and deactivation
steps (with rate constants Kuer and Kgeacr), although in RAFT and DT the scheme may
be formally simplified to just the exchange process with the apparent rate constant
kexch. Generated free radicals propagate and terminate (with rate constants k, and k),
as in a conventional free-radical polymerization. Thus, although termination occurs,
under appropriate conditions its contribution will be small (less than a few percent of

total number of chains) and these radical polymerizations behave as nearly living or

controlled systems.

2.2.1. Atom transfer radical polymerization

Atom transfer radical polymerization (ATRP) is one of the most widely used living
free radical polymerization and seems to be the most versatile one. This technique
has been successfully applied to prepare poly(methyl methacrylate) [68-71], as well
as acrylates [72] and styrene(s) [73-75] with well-controlled molecular weights and
well-defined structures. A typical ATRP system consists of a alkyl halide as initiator,
a transition metal complex as halogen atom transfer agent between the active and

dormant chains, and monomer.
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The schematic representation of the mechanism of ATRP is given in 2.11. ATRP
establishes an equilibrium between active and dormant radicals by using a reversible
redox reaction between a low oxidation state metal and an organic halide. The
halogen atom is homolytically transferred from the alkyl halide (R—X), with the rate
constant k,., yielding a carbon-centered radical (R-) and a metal whose oxidation

state has increased by one (XwMtn+1

). This radical can than initiate the
polymerization of monomers (M). The propagating radical reacts reversibly, with the
rate constant kg, with the metal halide to re-form the lower oxidation state transition
metal and an oligomer with a halogen end group. This process can then repeat itself,
resulting in the formation of well-defined polymer. 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 polymerization. This process
generates oxidized metal complexes, X-M""!/ Ligand, as persistent radicals to
reduce the stationary concentration of the growing radicals and thereby minimize the
contribution of termination [76]. A successful ATRP will have not only a small
contribution of terminated chains, but also a uniform growth of all the chains, which

is accomplished through fast initiation and rapid reversible deactivation.

The rate of polymerization is defined by (2.12), where R, is the rate of
polymerization, k, is the rate constant of polymerization, Keg= Kact/Kgeact 18 the
equilibrium constant, [M] is the concentration of monomer, [R-X], is the initial
concentration of initiator, [M"] is the concentration of the lower state metal, and

[X—M"""] is the concentration of the higher state metal.

M ]

Rp = kp Keq [M] [R-X]y —————
[X-M: ]

(2.12)
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2.2.1.1. Monomers

A variety of monomers have been successfully polymerized using ATRP. Typical
monomers include styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile,
which contain substituents that can stabilize the propagating radicals [77,78]. Ring-
opening polymerization has been also successful [79,80]. However, even using the
same catalyst under the same conditions, each monomer has its own unique atom
transfer equilibrium constant for its active and dormant species. In the absence of any
side reactions other than radical termination by coupling and disproportionation,
the magnitude of the equilibrium constant (Keq= Kac/Kdcac) determines the
polymerization rate. ATRP will not occur or occur very slowly if the equilibrium
constant is too small. In contrast, too large equilibrium constant will lead to a large
amount of termination because of a high radical concentration. This will be
accompanied by a large amount of deactivating higher oxidation state metal
complex; which will shift the equilibrium toward dormant species and may result in
the apparently slower polymerization [81]. Each monomer possesses its own intrinsic
radical propagation rate. Thus, for a specific monomer, the concentration of
propagating radicals and the rate of deactivation need to be adjusted to maintain
polymerization control. However, since ATRP is a catalytic process, the overall
position of the equilibrium not only depends on the radical (monomer) and the
dormant species, but also can be adjusted by the amount and reactivity of the

transition-metal catalyst added.

Styrene

ATRP of styrene and its derivates has been reported for copper [82-84, 73], iron [85],
ruthenium [86] and rhenium [87]. A variety of compounds such as allylic halides and
functional o-haloesters [88], polyhalogenated alkanes [83, 89], and arenesulfonyl
chlorides [90] have been used successfully as the initiators for the copper-mediated
styrene  ATRP. Higher reaction temperatures and nonpolar solvents [91] are
recommended for styrene ATRP. Polystyrenes with molecular weights ranging from

1000 to 100000 with low polydispersities have been prepared.

Methyl methacrylate

ATRP of methyl methacrylate has been reported for ruthenium [92, 93], copper [68,
941, nickel [95-97], iron [85, 98, 99], palladium [100] and rhodium [101] catalytic
systems. Initiation plays an important role in ATRP of MMA. The best initiators
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include sulfonyl chlorides [68] and halopropionitrile [85] because these initiators
have sufficiently large apparent rate constants of initiation. Most polymerizations of
MMA were carried out in solution at temperatures ranging from 70 to 90°C. Well-
defined PMMA can be prepared within the molecular weight range from 1000 to
180000.

2.2.1.2. Initiators

Alkyl halides (R-X) are typically used as ATRP initiator such as halogenated
alkanes, benzylic halides, a-haloesters, a-haloketones and o-halonitrils (Table 2.6.).
When the initiating moiety is attached to macromolecular species, macroninitiators

are formed and can be used to synthesize block/graft copolymers [102].

Table 2.6. Types of initiators used in ATRP systems

Halogenated Alkanes RCCls
R= H, Cl, Br, Ph, CF3, C02CH3, CnHZrH-l
R X
Benzylic Halides
R= H, CH3
X=Br, Cl
O
a- Haloesters HO~ _~_ 0 /H/ Br
O

a- Haloketones W cl
Cl
Br
o- Halonitrils \(

CN
Cl (ljl
Sulfonyl Halides ﬁ —Cl
/ O
Cl OH
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The main role of initiator in ATRP is to determine the number of growing polymer
chains. If the initiation is fast and transfer and termination negligible, then the
number of growing chains is constant and equal to the initial initiator concentration.
The theoretical molecular weight or degree of polymerization (DP) increases

reciprocally with the initial concentration of initiator at full monomer conversion

(2.13).
DP = [M]y/ [Initiator]y x conversion (2.13)

There are also several considerations for the initiator choice;

(1) Molecular Structure

Halogenated initiators and macro initiators can be activated by various types of aryl,
sulfonyl, and carbony! groups are also used in ATRP systems. The stabilizing group
order in the initiator is roughly CN > C(O)R > C(O)OR > Ph > CI > Me. Tertirary
alkyl halides are better initiators than secondary ones, which are better than primary
alkyl halides. These have been partially confirmed by recent measurements of

activation rate constants [103-105]. Sulfonyl chlorides also provide faster initiation

than propagation.

(2) Bond strenght in the alkyl halides

To obtain well-defined polymers with narrow molecular weight distributions, the
halide group, X, must rapidly and selectively migrate between the growing chain and
the transition-metal complex. The general order of bond strenght in the alkyl halides
is R—C1 > R-Br > R-1. Thus, alkyl chlorides should be the least efficient initiators.
Fluorine is not used because the C—F bond is too strong to undergo homolytic
cleavage. The use of alkyl iodides requires special precautions due to their light
sensitivity, the low affinity of iodine toward most metals, and the possibility of

heterolytic cleavage of the R—I bond.

(3) Catalyst

Successful initiation in ATRP can depend strongly on the choice of catalyst. For
example, 2-bromoisobutyrophenone initiates the controlled polymerization of MMA
catalyzed by ruthenium or nickel complexes but has not been successfully used in
copper-mediated ATRP. This is ascribed to the reduction the resulting electrophilic

radical by copper(I) species as the copper catalysts have lower redox potentials.
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(4) Addition

The method or the order of reagent addition can be crucial. For example, slow
addition of the benzhydryl chloride initiator to the CuCl(dNbpy),-catalyzed ATRP of
MMA generates a lower concentration of benzhydryl radicals thus reduces the rate of

termination between the radicals.

2.2.1.3. Transition metal complexes

Transition metal complexes are perhaps the most important components of ATRP. It
is the key of ATRP since it determines the position of the atom transfer equilibrium
and dynamics of exchange between the dormant and active species. There are several
prerequisites for an efficient ATRP catalyst. First, fast and quantitative initiation
ensures that all the polymer chains start to grow simultaneously. Second, the
equilibrium between the alkyl halide and the transition metal is strongly shifted
toward the dormant species side. This equilibrium position will render most of the
growing polymer chains dormant and produce a low radical concentration. As a
result, the contribution of radical termination reactions to the overall polymerization
is minimized. Third, fast deactivation of the active radicals by halogen transfer
ensures that all polymer chains are growing approximately the same rate, leading to a
narrow molecular weight distribution. Fourth, relatively fast activation of the
dormant polymer chains provides a reasonable polymerization rate. Fifth, there
should be no side reactions such as f—H abstraction or reduction/oxidation of the

radicals.

(a) Transition metal

The catalyst should be high selective for atom transfer process and should have high
lability of the resulting X-M,""! species (higher oxidation state of metal). It should
participate in a one-electron process, which should result in oxidative
addition/reductive elimination but not in atom transfers process. Additionally, the
metal should have a high affinity for halogen atom (X), but a low affinity for
hydrogens and alkyl radicals. Otherwise, transfer reactions (f—hydrogen elimination)
and the formation of organometallic derivatives may be observed reducing selectivity
of propagation and control of the process. Ligand should complex the metal
relatively strongly. Eventually, the position and dynamics of the ATRP equilibrium

should be appropiate for the particular system. It must also be remembered that
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ATRP is an atom transfer process. Thus, the coordination sphere around the metal

should be expandable upon oxidation to selectively accommodate a halogen.

Fe(IDBr,, Cu()Cl, Cu()Br, Ru(Il)Cl, are the most important catalysts used in
ATRP.

Iron

Several iron-based ATRP catalytic systems are used for the controlled
polymerization of styrene and MMA [85]. Ferrous halide complexed by N(nBu)s,
P(nBu);, and dNbpy ligands promote controlled polymerizations with high initiator
efficiencies and leading to polymers with low polydispersities. The choice of initiator
was also important in the polymerization and fast initiation was essential to
obtain well-defined PMMA. Ethyl-2-bromoisobutyrate, 2-bromopropionitrile, and
p-toluenesulfonyl chloride yielded polymers with predictable molecular weights and

low polydispersities.

Copper

Copper catalysts are superior in ATRP in terms of versatility and cost. Styrenes,
(meth)acrylate esters and amides, and acrylonitrile have been successfully
polymerized using copper mediated ATRP [77, 78, 106]. Various polydentate ligands
such as phenanthroline and its derivates [107-109], substituted 2,2’:6,2”-terpyridine
[110], and pyridineimines [94, 111] have been used to complex cuprous halides.

Counterions other than halides have also been used [112-115].

(b) Ligand

The main role of the ligand in ATRP is to solubilize the transition-metal salt in the
organic media and to adjust the redox potential of the metal center for appropriate
reactivity and dynamics for the atom transfer [116]. Ligands may be even more
important than metal centers, since they can fine-tune selectivities and force the
complex to participate in a one electron transfer process needed for ATRP in
comprasion with the preferred two-electron-transfer process, such as oxidative
addition and reductive elemination for Ni and Pd complexes. In addition to primary
roles of tuning atom transfer equilibrium constants and dynamics as well as
selectivities, they control solubilities in the reaction mixture and ensure stability of

the complexes in different monomers, solvents, and temperatures.
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Nitrogen based ligands have been attracting interest in ATRP. Since the coordination
complexes between copper and simple amines tend to have lower redox potentials
than the copper bipyridine complexes, the employment of the simple amines in
ATRP may lead to faster polymerization rates [85, 116]. Activity of N-based ligands
in ATRP decreases with the number of coordinating sites N4 > N3 > N2 >> N1
and with the number of linking C-atoms C2 > C3 >> C4. It also decreases in
the order R;N— ~ PyrEnDash— > R-N= > Ph-N= > Ph-NR-. The most widely
used amine ligands for ATRP systems are tris[2-(dimethylamino)ethyl]amine
(Me-TREN), N,N,N’,N”,N”-pentamethyldiethylenetriamine = (PMDETA), and
tetramethylethylenediamine (TMEDA).

2.2.1.4. Additives

In some cases, additives can accelarate ATRP. When a small amount of copper(0)
was added to the styrene and (meth)acrylates ATRP systems, a significant rate
increase was observed [117, 118]. For example, the ATRP of methyl acrylate with a
1:0.2:0.4 ratio of methyl-2-bromopropionate, CuBr and dNbpy in the presence of
Cu(0) was 10 times faster than without Cu(0), with comparable control over the
molecular weights and polydispersities in both cases. A plausible explanation for the
significant rate increase by adding copper metal is as follows. The copper(Il) that is
generated in the equilibrium reaction between copper(l) and the activated alkyl
halide 1s necessary for the controlled polymerization (2.14). Copper(I), the
deactivator, altough allowing for greater control of polymerization the system may
produce more deactivator than is necessary for the control of the polymerization,
resulting in slower polymerizations.The addition of the zerovalent metal, copper
powder, slowly removed excess deactivator by a simple electron transfer process and
simultaneously increased the concentration of copper(I) (2.14). Removal of small
amounts of copper(Il) enhanced the rate, yet there was still a sufficient concentration

of copper(Il) to maintain control of polymerization.
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(e.g., CuXp+ Cu == 2CuX)

2.3. Copolymers

Homopolymers are derived from one species of monomer whereas copolymers are

J1YLll

composed of two or more monomer units. Copolymers form two, three, four species
of monomers are called bipolymers, terpolymers, quarter polymers etc. Copolymers
are subdivided into block, gradient, random, periodic, segmented and graft

copolymers (2.15).

Block

00.00000000000000000

Gradient

Random

Periodic (2.15)

000 000000000000 00000

Segmented

(0000880.0.0000.00000000

Graft
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Block copolymers are polymers which consist of two or more monomers that are
segregated into separate regions of the polymer chain, but covalently bound to each
other. Gradient copolymers exhibit a compositional gradient along the chain : one
end of a bipolymer is enriched in first monomer unit and the other end in second
monomer unit. Random copolymershave no continuous change in instantaneous
composition. In periodic copolymers, monomeric units are arranged in periodic
sequences. Multiblock copolymers with short block lengths are known as segmented

copolymers. In graft copolymers, the blocks are connected to the main chain as

side-chains.

The synthesis of graft copolymers can be accomplished through one of three routes:
"orafting from" reactions (utilizing polymerization of grafts from a macroinitiator
with pendant functionality), "grafting through" processes (operating by homo- or
copolymerization of a macromonomer) and "grafting onto" (occuring when the
growing chain is attached to a polymer backbone). The first two methods have been
used in conjuction with ATRP in the design of graft copolymers and underscore the
versatility of this controlled radical polymerization technique to synthesize a variety

of (co)polymers (2.16).

X X X

VWYWWY\)V + Monomer grafting from
x X \

+ Catalyst (2.16)

Initiator + Monomer + E grafting through

2.3.1. Grafting from

The polymerization of a monomer initiated by a polymer chain that have initiating
sites attached to the backbone to yield grafts is referred as grafing from process
(2.16). There are several examples of grafting from method using ATRP in order to

prepare graft copolymers. Poly(vinyl) chloride [119], EXXPRO (poly(isobutylene-
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co-p-methylstyrene-co-p-bromomethylstyrene)  [120-122], polyethylene [123],

polyisobutylene [124] are used to initiate ATRP of various monomers.

ATRP of vinyl monomers from pendant-functionalized poly(vinyl) chloride
macroinitiators is given in (2.17). PVC containing 1% mol chloroacetate groups was
used to A styrenc, MA, nBA, and MMA. Table 2.7. demostrate that in eac

case the molecular weight of the copolymer increased above that of the
macroinitiator yet polydispersity remained essentially the same. The polydispersity
didn’t decrease because of the variable quantity of initiating sites per chain. The

large increase in molecular weight distribution for the MMA polymerization may

originate from slow ATRP initiation of MMA from the primary alkyl halide sites.

Ri
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Table 2.7. The results of ATRP of vinyl monomers from PVC macroinitiators

second mole % second
monomer M, (SEC) My/Mh monomer Tg (°C)
47400 2.66 0 83
Styrene 99500 3.72 80 80
MA 57700 2.40 50 21
MMA 83600 4.94 60 111
BA 81400 244 65 -19

24



2.3.2. Grafting through

The polymerization of a monomer that in the presence of a polymer carrying pendant
unsaturations results in grafting (2.16). The growing chain incorporates to the
pendant unsaturation belonging the polymer chain. Copolymerization of vinyl ester
terminal polystyrene macromonomers with N-vinyl pyrrolidinone using ATRP is

application of grafting through method [125]. Graft polymerization was performed
using an AIBN-initiated polymerization in DMF at 60°C. As the macromonomer
molecular weight increased, the graft density decreases. Polymerizations attempted
with a higher molecular weight macromonomer (M,= 15900) showed no

intercorporation of polystyrene grafts.

AIBN, DME
g LILE DML W/Y\(Y (2.18)
X

pSty X
VOAc- pSly

2.3.3. Grafting onto

Grafting may also result from the reaction between a polymer molecule carrying one
reactive site at a chain end, and another polymer with attached antagonist functions

distributed at random along chain (2.19).

X X X

vaJw\A}\NvYWWY\}v + Y —wwwww + catalyst M (2.19)

X X X
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3. EXPERIMENTAL PART

3.1. Chemicals Used

3.1.1. Monomers

Methyl methacrylate (MMA, 99% Acros) was dried and distilled over CaH,.
Styrene (St, 99% Acros) was dried over CaH, and distilled under vacuum.

2,6-dimethylphenol (DMP, 98% Fluka) was recrystallized two times from hexane.

3.1.2. Solvents

Toluen was distilled over sodium. Tetrahydrofuran (THF) was dried and distilled
over CaH,. Chloroform, diphenyl ether and 1,2-dichlorobenzen were used as

received.

3.1.3. Ligands

N.N,N’,N’,N”’- Pentamethyldiethylenetriamine (PMDETA, 99% Aldrich) was dried
and distilled over sodiumhydroxide. N,N’-Di-t-butylethylene diamine (DBEDA,
98% Aldrich) and di-n-butylamine (DBA, 99% Aldrich) were used as received.

3.1.4. Other chemicals

High molecular weight PPOs with were purchased from Aldrich. Bra (99% Merck),
CuCl, CuBr, CuBr,, Cu(0), ethyl-2-bromoisobutyrate (98% Aldrich), methanol,
1-phenyl-1-bromoetan, 2-propanol.

3.2. Synthesis of Initiator

3.2.1. Synthesis of poly(2,6-dimethyl-1,4-phenylene oxide)

Low molecular weight poly(2,6-dimethyl-1,4-phenylene oxide)s were synthesized
according to the procedure of Van Aert [45]. A 1-L jacketed flask was thermostated
at 40°C. O, was let through to the reactor flask. 0.5 grams of (0.004 mol) DMP,
0.35 g (0.002 mol) DBEDA, 2.61 g (0.02 mol) DBA were solved in 104 mL
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solvent/nonsolvent mixture of 2-propanol with 5% v/v toluene. When the reaction
mixture was heated to 35°C, the reaction was started by addition of 0.1 g (0.001 mol)
CuCl to the reaction mixture. 12 g (0.097 mol) DMP in 62.5 mL solvent/nonsolvent
mixture was added slowly in 1 hour. After a reaction time of 5 hours, precipitated
polymer was filtered, washed with methanol, and dried in vacuum at 60°C to yield
11.25 g (90%). The polymer was reprecipitated twice from 60 mL chloroform in
750 L methanol: M,= 6013, M,/My= 1.56. '"H-NMR (CDCl;) & 2.04 (6H, CHs),
2.08 (6 H, CH3), 2.17 (6H, CHs), 6.36 (2H, Ar-H), 6.46 (2H, Ar-H), 7.09 (3H, Ar-H).

3.2.2. Bromination of poly(2,6-dimethyl-1,4-phenylene oxide)

Brominated poly(2,6-dimethyl-1,4-phenylene oxide) (PPOBr) was synthesized
according to the procedure of Hay [58]. To a 2-L round- bottom flask equipped with
a reflux condenser, PPO (2 g, 0.016 mol) was solved in 1,2-dichlorobenzen (30 mL).
The system was brought to reflux at 150°C. 1,2-dichlorobenzen (18.5 mL, 0.18 mol)
with 10% w/w bromine (0.86 mL, 0.017 mol) depending on the 50% bromination
was added into the solution over a period 5-10 minutes. The system was kept reflux
for an additional hour. The resulting polymer was recovered by precipitating into
methanol. The precipitated polymer was filtered and dried in oven at 60°C for
overnight to yield 2.76 g, purified by reprecipitation into metanol from chloroform
solution: M= 7535, My/M,= 1.7. The degree of bromination on the methyl groups
determined by 'H-NMR spectrum was 36%. "H-NMR (CDCl3) & 2.1 (CHj groups,
6H), 2.3 (Br, CH; groups, 3 H), 4.33 (CH;Br,), 6.0-6.3 (Br, Ar-H), 6.47-6.9 (Ar-H).

Other polymers were prepared in the same way with varying amount of bromine

depending on the desired bromination degree.

3.3. Syntheses of MMA and Styrene Grafted Poly(2,6-dimethyl-1,4-phenylene
oxide) via ATRP

3.3.1. Grafting from

3.3.1.1. Typical atom transfer radical polymerization process

Styrene grafted PPO was prepared by ATRP of styrene using CuBr/PMDETA as
catalyst and PPOBr as initiator at 110°C. The general procedure was carried out in

bulk or in solvent as follows;
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To a Schlenk tube equipped with magnetic stirring bar, monomer, ligand and catalyst
were added in the order mentioned. In another Schlenk tube equipped with magnetic
stirring bar, initiator was solved in monomer or in solvent. The tubes were subjected
to freeze-pump-thaw cycles three times to remove the dissolved gas and purged with
nitrogen gas flow for a few minutes. The tubes were then placed in termostated oil
bath at given polymerization temperature. After some minutes, initiator solution was
dropped slowly into monomer, ligand and catalyst system under nitrogen gas. After
the polymerization, the reaction mixture was diluted with THF and was passed
through a column of neutral alumina to remove the metal salts. In the cases of that
gel formation was observed, gel was left in the column together with the metal salt.
The excess THF was evaporated under reduced pressure. The sample was
precipitated in methanol, added HCI (3-4 drops), filtered and dried in vacuum oven at

25°C for overnight. The conversions were determined gravimetrically.

3.3.1.2. Typical atom transfer radical polymerization process in the presence of
CllBl'z

The general ATRP procedure of styrene in bulk using CuBr/PMDETA as catalyst

and PPOBr as initiator at 110°C was carried out in the presence of CuBr; as follows;

To a Schlenk tube equipped with magnetic stirring bar, monomer, ligand, catalyst
and CuBr, were added in the order mentioned. The solution of initiator in monomer
was prepared in another Schlenk tube equipped with magnetic stirring bar. The tubes
were degassed by three freeze-pump-thaw cycles. Nitrogen gas was given to the
tubes for a few minutes. The tubes were placed in thermostated oil bath at given
polymerization temperature. After some minutes, initiator solution was added
dropwise to monomer, ligand, catalyst and CuBr, system under nitrogen. After the
polymerization, the reaction mixture was dissolved in THF and was passed through a
column of neutral alumina to remove the metal salt. In the cases of that gel formation
was observed, gel was left in the column. The solution was concentrated under
vacuum and precipitated in methanol containing 3-4 drops of HCI. The resulting
polymer was filtered and dried in vacuum oven at 25°C for overnight. The

conversions were determined gravimetrically.
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3.3.1.3. Atom transfer radical polymerization by dropping catalyst system on
initiator

PPOBr initiated ATRP of styrene was carried out by adding the catalyst system to
the initiator instead of general procedure. The polymerization was catalyzed by

CuBr/PMDETA in bulk or in solvent at 110°C. The procedure was as follows;

The initiator was dissolved in a Schlenk tube equipped with magnetic stirring bar in
toluene or in monomer. Another Schlenk tube was equipped with magnetic stirring
bar and charged with monomer, ligand and catalyst in the order mentioned. Two
tubes were then degassed by three freeze-pump-thaw cycles and purging with
nitrogen. The tubes were immersed in an oil bath with a preset temperature of 110°C.
After some minutes, the monomer, ligand and catalyst system was added dropwise to
the initiator solution under nitrogen over varying periods. After a given time, the
reaction mixture was diluted with THF and passed through a column of neutral
alumina. The gel phase of the reaction mixture was also removed while passing
through the column. The solution was concentrated by evaporating the excess THF
under reduced pressure, precipitated by addition of methanol with 3-4 drops of HCI.
The resulting polymer was filtered and dried in vacuum oven at 25°C for overnight.

The conversions were determined gravimetrically.

3.3.2. Grafting onto

Grafting of PMMA onto PPOBr by ATRP was accomplished with two different

experimental procedures.

The first procedure was based on grafting of PMMA onto PPOBr using ATRP in
bulk. PMMA was prepared by ATRP of MMA using CuC/PMDETA as
catalyst system and ethyl-2-bromoisobutyrate as initiator with Mo/lp= 100 and
I,/CuCI/PMDETA= 1/1/1 in bulk at 90°C. PPOBr with 58% bromination degree,
M,= 6680 and M/M,= 1.3 was used. The procedure was as follows;

In a Schlenk tube equipped with magnetic stirring bar, methylmethacrylate (1.12 mL,
0.0105 mol), PMDETA (0.0219 mL, 0.000105 mol), CuCl (0.0103 gr, 0.000105
mol) and ethyl-2-bromoisobutyrate (0.0154 mL, 0.000105 mol) were added in the
order mentioned. The tube was degassed by three freeze-pump-thaw cycles and
placed in termostated oil bath at given polymerization temperature. In another

Schlenk tube, PPOBr (0.05 gr, 0.000302 mol containing 0.000175 mol  CH,Br) was
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dissolved in monomer (2.62 mL, 0.024 mol). The tube was subjected to freeze-
pump-thaw cycles three times and purged with nitrogen. When MMA polymerization
reached high conversions, Cu(0) (0.0103 gr, 0.000021 mol) and ligand (0.0087 mL,
0.000042 mol) were added in order to get optimum conditions for graft onto. The
reaction mixture was purged with nitrogen flow over a 5 min. period to deplete
oxygen. The initiator solution was dropped into the PMMA system. Thus,
Mo/ CH,Br= 200 and CH,Br/[CuCl]o/[PMDETA], = 0.6/0.6/0.6 ratios were
obtained where M, refers total monomer concentration. Other polymers were

prepared changing Cu(0) values.

The second procedure was based on grafting of PMMA onto PPOBr via ATRP in
solvent. PMMA was prepared by ATRP of MMA using CuCI/PMDETA as catalyst
system and ethyl-2-bromoisobutyrate as initiator with My/lp= 100 and
I,/CuCl/PMDETA= 1/1/1 in solvent at 90°C. PPOBr with 36% bromination degree,
M,= 7535 and M/M,= 1.7 was used. The procedure was as follows;

In a Schlenk tube equipped with magnetic stirring bar, methyl methacrylate
(1.28 mL, 0.012 mol), toluene (1.28 mL), PMDETA (0.025 mL, 0.00012 mol), CuCl
(0.0118 gr, 0.00012 mol) and ethyl-2-bromoisobutyrate (0.0177 mL, 0.00012 mol)
were added in the order mentioned. The tube was degassed by three freeze-pump-
thaw cycles and placed in termostated oil bath at given polymerization temperature.
In another Schlenk tube, PPOBr (0.05 gr, 0.000337 mol containing 0.00012 mol
—CH,Br) was solved in toluene (2 mL). The tube was subjected to freeze-pump-thaw
cycles three times and purged with nitrogen. When MMA polymerization
reached high conversions, Cu(0) (0.00152 gr, 0.000024 mol) and ligand (0.01 mL,
0.000048 mol) were added in order to get optimum conditions for graft onto.
The reaction mixture was purged with nitrogen flow over a 5 min. period to
deplete oxygen. The initiator solution was dropped into the PMMA system. Thus,
Mo/~CH,Br= 100 and — CH,Br/[CuCl]¢/[PMDETA]p= 1/1/1 ratios were obtained
where M, refers total monomer concentration. Other polymers were prepared

changing Mo/ CH,Br, CH,Br/[CuCl]o/[PMDETA], = 1/1/1, and Cu(0) values.

After a given time, the reaction mixtures were diluted with THF. The solutions were
passed through a column of neutral alumina to remove the metal salts. The excess of

THF was evaporated under reduced pressure. The samples were precipitated in
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methanol, added HCI (3-4 drops), filtered and dried in vacuum oven at 25°C for

overnight. The conversions were determined gravimetrically.

3.4. Characterization

Molecular weights of the obtained polymers were measured by gel permeation
chromatography. GPC analyses were performed with an Agilent Model 1100
instrument consist of pump and RI detector and four Water Styragel columns. THF

was used as eluent at a rate of 0.3 mL/ min. at 30°C.

Molecular structures were determined by nuclear magnetic resonance. The "H-NMR

spectra were recorded on a Bruker spectrometer in CDCls.
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4. RESULTS AND DISCUSSIONS

4.1. Synthesis of Initiator

4.1.1. Synthesis of poly(2,6-dimethyl-1,4-phenylene oxide)

CH;
O—]?
CHj; CHj
02
H OH S 4.1)
u
DBEDA/DBA H3C - CH3
CHj3
oK)
H;C CHj3

High molecular weight PPOs were supplied from Aldrich. Low molecular weight
PPOs were synthesized according to a known procedure based on the precipitation
polymerization in the oxidative coupling polymerization of DMP under the action of
Cu/DBA-DBEDA catalyst and O, [45] (4.1). The polymers prepared possess a rather
well-defined molecular weight that are not attainable by conventional methods due to
the redistrubition reactions. Redistrubition of phenoxy macroradicals makes an
important contribution during the polymerization process. Especially, in the absence
of 2,6-dimethylphenol in the reaction mixture (i.e., at the end of the polymerization),
the redistribution reaction is responsible for the molecular weight and polydispersity
of the obtained polymer. In precipitation method, PPO with a certain molecular
weight precipitates out of the reaction mixture, giving rise to polymers with a well-
defined molecular weight. A typical 'H-NMR spectrum of low molecular weight

PPO is given in Figure 4.1.
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Figure 4.1 "H-NMR spectra of low molecular weight PPO
4.1.2. Bromination of poly(2,6-dimethyl-1,4-phenylene oxide)

Brominated poly(2,6-dimethyl-1,4-phenylene oxide) was synthesized as reported
carlier [58]. Bromination was carried out with molecular bromine under 150°C using

1,2-dichlorobenzene as solvent (4.2).

CH3 CH;3 CHz
Brz
o —~ Ot + O, (42
CHj CH,Br CH3

The bromination of methyl groups on poly(2,6-dimethyl-1,4-phenylene oxide)
backbone is a chain reaction occur by a radical mechanism. The reaction is initiated
with fragmentation of molecular bromine into two bromine radicals by heat.
Hydrogen atom is abstracted from methyl group by a bromine radical resulting with

hydrogen bromine and a methyl radical on the chain. The methyl radical reacts with a
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bromine molecule resulting a brominated methyl on the PPO segment and a bromine

atom (4.3).

Chain Initiation

STEP 1
Bry ——— 2 Br-

Chain Propagation
STEP 2

CHj; CH;
Br-+~(—@~0—}—————>¢—<@§—0ﬂ—+HBr (4.3)
CH3 CH ° )

The degrees of bromination on methyl groups and aromatic ring were determined
from NMR spectrums. Assignments of NMR peaks of brominated PPO are presented
in Table 4.1. and 'H-NMR spectrum of PPOBr with 36% bromination on methyl

groups is given in Figure 4.2.

Table 4.1. Assignments of NMR peaks of brominated PPO

8 1 10 3 7 4
H CH3 H CH3 H CH3
o Lo o
H CH3 H CH2Br Br CH3
9 2 11 6 5

H Peak (ppm)
1,2,3 2.1
4 2
5 23
6 4.35
7 6.0-6.3
8,9,10,11 6.3-6.8
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Figure 4.2 "H-NMR spectra of 36% brominated PPOBr

The results of bromination of different molecular weight PPOs are shown in

Table 4.2. M, and polydispersity were determined by GPC with polystyrene
standarts.

Molecular weights per a repeating unit were calculated as follows:
(M. W)= (M.W.)* (x/n) + (M.W.),* (y/n)
n: initial PPO molecules
x: final brominated PPO molecules
y: final PPO molecules
(x/n)= ratio of final brominated PPO molecules to initial PPO molecules

(y/m)= ratio of final PPO molecules to initial PPO molecules

Number of CH,Br groups on a PPOBr backbone was calculated as follows:

CH,Br (unit/ mol) =M, (Io)/ My (Io) * -CH,Br % / 100
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Table 4.2. Results of bromination of PPO

—CH>Brigeo.  —CHoBrywr —C_HzBr M M./M Molecular weight
(%) (%) (unit/ mol) n(GPC) w/¥in (gr/mol)
2 1.96 4.14 25700 1.80 121.55
10 8 23.56 37200 2.37 126.31
25 18.35 40.39 29600 1.88 134.48
50 39 72 27900 2.10 150.86
50 36 18.27 7535 1.70 148.40
90 58 23.37 6680 1.30 165.76

4.2. Synthesis of MMA and Styrene Grafted Poly(2,6-dimethyl-1,4-phenylene
oxide) via ATRP

4.2.1. Grafting from

CHj3

CH3 CH3
o CH Cu()X / Ligand
Oy + Cotls= Styrene ok ofy  (44)
CH2Br

CI/IZ CI’I}

CHy

Ce¢Hs—CH
PS Branches
PPO Chain ) '
PPO Chain
Q‘ Br Br Br Cu(I)Br/Ligand 4) (4.5)
N B Br styrene

4.2.1.1. Typical atom transfer radical polymerization process

Brominated PPOs with various molecular weight, polydispersity and bromination
degree were used to obtain styrene grafted PPO copolymers (4.4, 4.5). The styrene
polymerization was catalyzed by the CuBr/PMDETA system at 110°C with
My/Iy= 200. The other conditions and results are tabulated in Table 4.3. and 4.4.
Table 4.3. and Table 4.4. show the results of low and high degree brominated PPO,

respectively.

36



owr} sty 1o uoneuwof 28 ()

uoneziawAjod yo SurmSaq ot ur uorjeuwioy (98 (€)

uoneydiooid ssof Jo asnedsaq ‘pajenofes Jou (7)

JELL UT 9]qNOS J0U Sem 11 JO asnedaq ‘pamseaur jou (1)

- - - - 1/1/1 0L 881 0096  6£0¥ S8l 8
- 0S90€ S - $0/50/1 0zl 88T 00967  6£0F Se8l L
- - - auanjo, $0/S0/1 0T LET  00TLE  9S°€T 8 9
- - - - $0/50/1 o LET  00TLE  9S°€ET 8 S
W - " auanjoL, T0/T0/1 0T 08’1  00LST AR 96'1 ¥
(- 00ST€ 6'LT d4dda €0/€0/1 OIT1 08T  00LSCT vy 961 €
(%) (uru) (fowpmun) (%)
WA Oupy WU uoiseAu0)  JUSA[OS  VIAAWJAGNDOT dwil YW PPuN 1glH)  NNgiHD) uny

SOdd PA1BUIOIq 92139p MO [IIM PajenIuL 9uaIkls JO LY.LV € 29l

37



paalasqo sem uoneidioord ou ()
aIMXIII U010l Jo 11ed 9[qNyos oY} WO} paje[nofed a19m A/ pue Oddupy My vorszoauos ()

ot - - - - - 9°0/90/1 081 €1 0899 €T 8¢S 91
ot 96’1  0061TC  0S€6 08°CI - 7'0/t°0/1 081 €1 0899 e 8¢S S1
ot 96'T 000181 0998 56 - T0/T0/1 081 €1 0899 €T 8S vl

- L6'T  00SI81 0096 0041 - 10/1°0/1 081 €1 0899 €T 85 €1
ot - - - - - 90/90/1 081 I'T  006LT L 6€ 4!
o+ LL'T  000€€T  SPI6T 86°S - v0/t°0/1 081 I'T 006LT L 6€ 11
ot PET  SOPEOT  0960€ 0Lyl - T0/T0/1 081 I'C  006LT 7L 6€ 01

- 98T  00¥T61  LESIE o' LI - 80°0/800/1  0OVC 1T 006LT L 6¢ 6

UOTIBULIOY (%) (urur) (owprun) (%)

PO YAMN OO CWupy  UoISIAUC) JUSAIOS VIAANALND/Ol dwil UMW Odupy  Igi) WNNIgl)  uny

SOdd Pa1BUIIoIq 93139p YSTY YIIM Pajeniur aualkls Jo YLV vt 9IqeL

38



Conversions and theoretical molecular weights were calculated as follows:

% Conversion = [(Wp)e- (Wp)i/ M] * 100
Where (W,)r represents the weight of final polymer, (W,); represents the weight of
initiator and M represents the mass of the monomer initially taken.

M (theoy= Man (To) + ( [Mol/ [Io] * conversion (%) * My, (St))

As high molecular weight PPOBr with 1.96% bromination ratio is not dissolved in
monomer, DPE or toluene was used as solvent in the reactions. When low
catalyst/ligand ratios were used, no gel formation was observed. However, final
products were not soluble in THF or chloroform. The molecular structure of these
products could not be determined both by GPC and NMR .

However high molecuar weight PPOBr with 8% bromination ratio had a better
solubility in monomer, the solution was rather viscous. The experiments both in bulk
and solvent were resulted in gel formation of the reaction mixture. Gel formation in
bulk polymerization was observed while dropping the initiator on the
monomet/catalyst/ligand system. With the use of toluen, gel formation was delayed
and occured after a short polymerization time. The gels were insoluble in THF or

chloroform.

High molecular weight PPOBr with 18.35% bromination has no solubility problem
in monomer. The polymerizations were carried out in bulk with varying catalyst/
ligand ratios. With low catalyst/ligand ratios, gel particules were formed while
dropping initiator. After the polymerization time, some polymer precipated from the
solved part with very low yield. However, the precipate was not soluble in THF or
chloroform. When the catalyst/ligand ratio was increased the reaction mixture got gel

after a short polymerization time.

High molecular weight PPOBr with 39% and low molecular weight PPOBr with
58% bromination can easily be solved in monomer. The reactions were carried out
with increasing catalyst/ligand ratios. With very low catalyst/ligand ratios, no gel
formation was observed. Increasing catalyst/ligand ratio cause increase in gel
formation and decrease in the conversions. No precipitation was observed after a
certain catalyst/ligand ratio. M, results were determined from the resulting polymer
by GPC after the gel phases were removed. GPC results were highly different
comparing with theoretical values. Strong styrene peaks observed in NMR spectrum

overlapped the molecular structure of the resulting polymer (Figure 4.3).
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Figure 4.3 "H-NMR spectra of PS grafted PPOBr

ATRP of MMA initiated by low molecular weight PPOBr with 36% bromination
degree was carried out with Io/CuCI/PMDETA= 1/0.08/0.08 at 90°C to determine the
structure of resulting polymer (4.6). The results are as follows:

Conversion= 9.5%, Mutneo™ 9435, Mucro= 12997, Muamr= 36000. 'H-NMR
spectrum of the resulting polymer is given in Figure 4.4. "H-NMR spectrum of the
resulting polymer implies that MMA grafted PPO was prepared with long PMMA

branches and there are still -CH,Br units on the backbone.

CH3 CH3

CH
CH,Br CH 2
2 ’ (4.6)
Cu(DX / Ligand
CH, CH; CH3 CH3
CH, CH; CH,Br CHjs
A

CH,
CH, —CH— oo CH;

n

40



s SERG

F.BIE
&
S
e R4

a0 B0 7.0 8o ‘ﬁunz 40 30 &6 1.0 0.0
Figure 4.4 "H-NMR spectra of MMA grafted PPOBr

The bromomethyl groups on the polymer act as graft-initiating sites for the ATRP-
based polymerizations of styrene and MMA (4.4, 4.6). The use of polyfunctional
initiators with ATRP result in the desired graft polymers in general. Living free
radical character of ATRP reduces the concentration of propagating radicals which
inhibits the unwanted termination reactions. However, PPOBr initiated ATRP
resulted in intermolecular coupling of the macroinitiator due to the high radical
stability. Linear structure of PPO also facilitated the intermolecular coupling. It may
also be supported by the number of growing directions. Theoretically,
macroinitiators used in this work could grow in number of directions between 4.14

and 72 base on the following equation:
Growing direction = M, (Ip) / My, (In) * —CH,Br % / 100

Thus, it has been reported that for the linear polymer chains growing in five
directions will lead to 25% of chains linked together and in 20 directions may lead to

the complete cross linking and gelation [126].
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PPO Chain

(; Br Br Br Cu(DBr/Ligand . . .
- .
+ Cu(II)Br2 / Ligand
Br Br Br . . .

" L - ,‘ . .
(a) WWNAW 1 polymerization _ 4.7)

PR | intermolecular coupling

4.2.1.2. Typical atom transfer radical polymerization process in the presence of
CuBr,

The styrene polymerization catalyzed by the CuBr/PMDETA and initiated by
brominated PPO was carried out in the presence of CuBr, at 110°C with My/Iy= 200.
Brominated PPO with high degrees were used as they gave better results with
CuBr/PMDETA catalyst system. They also have higher solubility in styrene. The
reaction times were increased as CuBr; will slow the polymerization. The results of
this method are given in Table 4.5. The reactions that were carried out in the first
method were repeated in the presence of CuBr, with changing CuBr/PMDETA

ratios. Comprasion of the results of reactions with or without CuBr, are given in

Table 4.6.

ATRP of styrene initiated by PPOBr was carried out in the presence of Cu(Il)Br,
with the aim of preventing gelation. Thus, the addition of Cu(II)Br, reduces the
concentration of propagating radical [R- ] (4.8), which may lead to decrease in
radical-radical coupling since the rate of this bimolecular process is proportional to
[R- ]%. However, gel formation was obsevered in all cases. As CuBr, slowed the
reactions, the conversions decreased comparing with the same reaction conditions
without CuBr,. When the polymerization time was increased, the conversions
increased. However, the M, of the resulting polymer determined by GPC was again

highly different from theoretical M,, values.

R. + Cu(IDX, —=——=> R-X + Cu(DX (4.8)
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4.2.1.3. Atom transfer radical polymerization by dropping catalyst system on
initiator

PPOBr initiated ATRP of styrene was experienced by adding catalyst system to
initiator instead of general procedure. It was reported that the method or the order of
reagent addition can be crucial [126]. It may also be suprising, but the heterogeneous
catalytic systems may provide more efficient initiation than homogeneous ones when
very reactive alkyl halide initiators are used, most likely due to slow dissolution of

the catalyst and hence its lower instantaneous concentration.

PPOBr with 58% bromination degree on the methyl groups was used to initiate the
polymerization. M;, and M,/M, values of the macroinitiator were 6680 and 1.3,
respectively. The polymerization was catalyzed by CuBr/PMDETA in bulk or solvent
at 110°C with My/I;= 200. The other conditions and results of this procedure are
summarized in Table 4.7. The results are compared with the results of ATRP of

styrene initiated with the same PPOBr via general procedure in Table 4.8.

Gel formation was observed with the addition of the catalyst. The conversions were
low and M, values of the resulting polymers were again highly diffirent from the
theoretical values similiar with earlier methods. However, the conversions increased
comparing with the same experiments carried out via general ATRP procedure. This
may be the result of catalyst loss during the addition of catalyst system on initiator
solution. It must be remembered that conversions decreased with the increasing
I,/CuBr values. Thus, CuBr was solved in PMDETA and styrene at polymerization
temperature, then added on initiator solution. An undefinite amount of catalyst may
be left in the first tube due to its low solubility. So, the reactions were carried out
with lower Io/CuBr ratios comparing with theoretical values. The conversions were

also increased with addition time of catalyst.
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4.2.2. Grafting onto

Grafting of PMMA onto PPOBr by ATRP was accomplished to prevent the gel
formation, low conversion and high M, values observed in grafting from process.
Thus, ATRP of styrene initiated with high degree brominated PPO by grafting from
resulted in gel formation with high Iy/CuBr/PMDETA ratios. Gel formation
increased and conversions were decreased with increasing high Io/CuBr/PMDETA
ratios. M, values were also highly different from theoretical values. These

observations suggest that grafting onto process may be more successful.

The CuCl and PMDETA amounts of the desired PPOBr initiated ATRP of MMA
would be used to prepare ethyl-2-bromoisobutyrate initiated ATRP of MMA. A part
of the catalyst would spend during this reaction. Then, with the addition of PPOBr
the crosslinking would be prevented due to low catalyst amounts and PMMA would
graft onto PPOBr by ATRP. However, gel formation could not be prevented and

grafting onto prosess could not achieved.

Grafting of PMMA onto PPOBr was carried out under two different experimental
procedures. PMMA was prepared by ATRP of methylmethacrylate using
CuCl/PMDETA as catalyst system and ethyl-2-bromoisobutyrate as initiator with
My/lp= 100 and I,/CuCI/PMDETA= 1/1/1 at 90°C. PPOBr with 58% -CH,Br,
M;= 6680 and M,/M,=1.3

The first procedure was based on grafting of PMMA onto PPOBr using ATRP with
My/Ip= 200 in bulk. The CuCl and PMDETA amounts of the desired PPOBr initiated
ATRP of MMA were used to prepare ethyl-2-bromoisobutyrate initiated ATRP of
MMA. The amounts of initiator and monomer in ethyl-2-bromoisobutyrate initiated
ATRP of MMA was determined according to these amounts using Moy/Iy=100 and
Io/CuCl/PMDETA= 1/1/1 equations. The required amount of monomer that must be
added to the system to ensure My/Iy= 200 ratio of the PPOBr initiated ATRP was
determined and used to solve PPOBr. Thus, the conditions used for PPOBr initiated
ATRP with My/Ip= 200 in bulk were prepared by adding PPOBr solution in the

system. The results of this procedure are summarized in Table 4.9.

The second procedure was based on grafting of PMMA onto PPOBr via ATRP with
varying My/Iy ratios in solvent. The CuCl and PMDETA amounts of the desired
PPOBr initiated ATRP of MMA were used to prepare ethyl-2-bromoisobutyrate
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initiated ATRP of MMA in toluene. The amounts of initiator and monomer in
ethyl-2-bromoisobutyrate initiated ATRP of MMA was determined according to
these amounts using My/Ip= 100 and Io/CuCl/PMDETA= 1/1/1 equations. PPOBr
was solved in toluene instead of solving in required amount of monomer to ensure
My/To= 200 ratio. Thus, the conditions used for PPOBr initiated ATRP with varying
M/, ratios in bulk were prepared by adding PPOBr solution on the system. The
results of this procedure are summarized in Table 4.10. '"H-NMR spectrum of a
resulting polymer is shown in Figure 4.5. The spectrum implies the presence of

PPMA and also unachieved grafting reaction of PMMA onto PPOBT.

]
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Figure 4.5 "H-NMR spectra of the resulting polymer of the grafting onto reaction of
PMMA onto PPOBr
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5. CONCLUSIONS AND RECOMMENDATIONS

In conclusion, a multifunctional macroinitiator, brominated poly(2,6-dimethyl-1,4-
phenylene oxide)s was used in the preparation of styrene and methyl methacrylate
grafted poly(2,6-dimethyl-1,4-phenylene oxide)s via ATRP. Grafting through and
grafting onto routes were accomplished in order to achieve the desired reaction with

controlled molecular weights, and high conversions.

However, in grafting through route, the intermolecular crosslinking of the
macroinitiator was observed instead of the desired ATRP due to the high radical
stability, linear character and high number of initiating sites of the macroinitiator.
Various macroinitiators with number of directions changing between 4.14 and 72
base were used in this work. Gelation could not be prevented also by deactivating or
slowing the formation of macroinitiator. Grafting reaction of PMMA onto PPOBr

could not be achieved with the conditions used in this work.

These studies did not give succesful results to contribute the development of atom
transfer graft copolymerization. However, the results of this work can inspire other
researches. To get the optimum polymerization conditions in graft onto process in
order to get graft PPO is still possible.Using PPOBrs with very low initiating sites
per a chain (low molecular weight and low % bromination) in ATRP would yield star

like architecture. The resulting gels can be also examined.
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