Virl(sn

ISTANBUL TECHNICAL UNIVERSITY * INSTITUTE OF SCIENCE AND TECHNOLOGY

SYNTHESIS OF LINEAR AND STAR BLOCK COPOLYMERS BY
ATOM TRANSFER RADICAL POLYMERIZATION

M.Sc. Thesis by
Melda MISIRLI
(515021011)

Date of submission : 22 December 2003

Date of defence examination: 14 January 2004

S P
2, i

Supervisor (Chairman) : Prof. Dr. Giirkan HIZAL (I.T.U) _

Members of the Examining Committee : Prof.Dr. Nurseli UYANIK (1.T.0.) /i/ ﬂ? ot

Assoc. Prof. Nergis ARSU (Y.T.U.) W M@

JANUARY 2004

154 %88



ISTANBUL TEKNIK UNIVERSITESI * FEN BILIMLERI ENSTITUSU

ATOM TRANSFER RADIKAL POLIMERIZASYONU iLE
LINEER VE YILDIZ BLOK KOPOLIMERLERIN SENTEZI

YUKSEK LiSANS TEZi
Melda MISIRLI
(515021011)

Tezin Enstitiiye Verildigi Tarih : 22 Arahk 2003

Tezin Savunuldugu Tarih : 14 Ocak 2004

;f‘/){;p &/ / é/d 5
. N A Y p Sﬁ yﬁ .
Tez Damsmam :  Prof.Dr. Giirkan HIZAL (LT.U) <oparie™™ ¢

Diger Jiiri Uyeleri:  Prof.Dr. Nurseli UYANIK (1.T.U.) // -4 ? ’
Dog.Dr. Nergis ARSU (Y.T.U.J ) l\)’\ N

OCAK 2004



ACKNOWLEDGEMENT

This master study has been carried out at Istanbul Technical University, Chemistry
Department of Science & Letter Faculty.

I would like to express my gratitude to my thesis supervisor, Prof. Dr. Giirkan
HIZAL and co-supervisor Prof. Dr. Umit TUNCA for offering invaluable help in all
possible ways, continuos encouragement and helpful critisms throughout this
research.

I would like to thank Tuba ERDOGAN and Alper USTUN for their constructive
comments, and helpful attitudes throughout my laboratory works.

I also would like to thank my colleagues Zeynep OZYUREK, Deniz YULUG,
Nadin NARSISOGLU and Hakan DURMAZ for their friendly and helpful attitude
during my laboratory works.

Finally, I would like to dedicate this thesis to my parents Filiz and Nihat MISIRLI
for their patience, understanding and moral support during all stages involved in the
preparation of this thesis.

December 2003 Melda MISIRLI

ii



TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
LIST OF SYMBOLS
SUMMARY

OZET

1.INTRODUCTION

2.THEORETICAL PART

2.1. Controlled/ “Living” Radical Polymerization
2.2. Atom Transfer Radical Polymerization
2.2.1. Monomers
2.2.2. Initiators
2.2.3. Ligands
2.2.4. Transition Metal Complexes
2.2.5. Solvents
2.2.6. Kinetics of ATRP
2.3. Star Polymers
2.3.1. Stars by the “arm-first” method
2.3.2. Stars by the “core-first” method

3.EXPERIMENTAL PART

3.1.
3.2.

3.3.

3.4.

3.5.
3.6.

3.7.

Chemicals Used

Synthesis of Octafunctional Initiator 5,11,17,23,29,35,41,47-
Octa-tert-butyl- 49, 49,50,51,52,53,54,55,56-Octakis-
(2-bromopropionyloxy)calix[8]arene,(1).

Synthesis of Linear Poly(tert-butyl acrylate ) (P/BA) Homopolymers
Synthesis of Linear (PfBA-b-PMMA) and (P/BA-b-PSt) diblock
copolymers

Synthesis of Octa-arm P/BA stars

Synthesis of Octa-arm PfBA-b-PMMA and PfBA-b-PSt star diblock
copolymers

Characterization

iii

vi
vii
viii
ix

w

oo = 000w

13
14
16
17
17
17
18

18
19

19
20



4. RESULTS AND DISCUSSIONS

4.1. Synthesis of Initiator

4.1.1. Synthesis of Octafunctional Initiator 5,11,17,23,29,35,41,47-Octa-tert-
butyl-49,50,51,52,53,54,55,56- Octakis-(2 bromopropionyloxy)
calix[8]arene(1)

4.2. Synthesis of Linear PPBA Macroinitiators by ATRP

4.3, Synthesis of Linear PrBA-b-PMMA and P/BA-5-PSt Diblock
copolymers via ATRP

4.4. Synthesis of Octa-arm PtBA Stars

4.5. Synthesis of Octa-arm PrBA-b6-PMMA and PtBA-b-PSt star diblock
copolymers

5.CONCLUSION AND RECOMMENDATIONS
REFERENCES

AUTOBIOGRAPHY

iv

21

21

21

24

28
38

43

55

56

58



LIST OF TABLES

Page No:

Table 2.1. Types of initiators used in ATRP system..................... 9
Table 4.1. Synthesis of Linear P/BA homopolymers with

MBP by ATRP at 100 °Cin bulk......coouvureeeeeeieenennnn. 25
Table 4.2. Synthesis of Linear PtBA-5-PMMA and PtBA-5-PSt

diblock copolymers via ATRP.......cccoviiiiiiiiiiienninnnne. 31
Table 4.3. Synthesis of Octa-arm PfBA homopolymers with

octafunctional initiator by ATRP at 100 °C in bulk............. 40
Table 4.4. Synthesis of Octa-arm PfBA-b-PMMA and P/BA-b-PSt

diblock copolymers via ATRP. .......ccceiiiiiiniiiininannna., 47



LIST OF FIGURES

Figure 4.1

Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13

Figure 4.14

Figure 4.15 '

Figure 4.16
Figure 4.17

Figure 4.18

vi

Page No:

: The "H-NMR spectra of the octa-functional initiator,

(1), 5,11,17,23,29,35,41 ,47-Octa-tert-butyl-49,50,51,
52,53,54,55,56- Octakis - (2 bromopropionyloxy)

calix[8]arene .. -~ 22
: Plot of ln([M]o/ [M]) vs. tlme for ATRP of tBA w1th

MBP..o st 27
Plot of M, and M,,/M, vs. conversion for ATRP of tBA

WIthMBP....o e 27
: Plot of In([M]/[M]) vs. time for ATRP of MMA with

linear PtBA macroinitiator..........oeueueivveineiverenennennnns 32
: Plot of M, and M,,/M, for ATRP of MMA with

linear PtBA macroinitiator.......o.vvseeenveieneneneneerenennnn. 32
: GPC traces of linear ptBA precursor , and linear

pfBA-b-PMMA diblock copolymers.........c.coeeeuennnnen. 34
: GPC traces of linear pfBA precursor , and linear

ptBA-b-pSt diblock copolymer..........ccoevviiiininininnnnen, 34
: 'H-NMR spectra of linear PIBA-b-PMMA (PX) diblock

(010701613711 1 U POP PR OO PPt 35
: 'H-NMR spectra of linear PfBA-5-PSt (PXII) diblock

COPOLYIMIET. . ettt 37
: Plot of In[M]/[M] vs time for ATRP of rBA with

octafunctional initiator..........eevvineiiriiiirniiiniiiieaes 42
: Plot of M, and M,/M, vs conversion for ATRP of tBA with
octafunctional iNItiator..........eeuvueeiiniriiiiniieniniennnen., 42
: GPC traces of octa-arm p/BA precursor (PXVI) and
ptBA-b-pMMA (PXIX) diblock copolymer..................... 49
: GPC traces of octa-arm p/BA precursor (PXVI) and
ptBA-b-pMMA (PXX) diblock copolymer...................... 49
: GPC traces of octa-arm p/BA precursor( PXIII ) and

octa-arm p/BA-b-pSt ( PXXII) diblock copolymer.............. 50

: GPC traces of octa-arm p/BA precursor( PXIV ) and

octa-arm ptBA-b-pSt ( PXXI) diblock copolymer............... 50

: TH-NMR spectra of octa-arm P/BA-5-PMMA (PXX)

d1bIock 14707018147 111 SO U 52

: 'TH-NMR spectra of octa-arm PrBA-5-PSt (PXXII) diblock
copolymer .............................................................. 53
:'H-NMR spectra of octa-arm P/BA-4-PSt (PXXI) diblock
COPOIYIMET. ..\ it 54




LIST OF SYMBOLS

M

M,
MWD
MW
PtBA
PMMA
PSt
PMDETA
MBP

Ka, Ky
Keq’ kp
ktca ktd

LM

: Number average molecular weight of polymer

: Weight average molecular weight of polymer

: Molecular weight distribution of polymer

: Molecular weight of monomer

: Poly (tert-butyl acrylate)

: Poly (methyl methacrylate)

: Polystyrene

: NN N,N ,N -(pentamethyldiethylenetriamine)

: Methyl 2-bromopropionate

: Rate constants of activation and deactivation steps of the initiation in
radical polymerization

: Equilibrium rate constant and rate constant of propagation step in
radical polymerization respectively

: Rate constant of termination by combination and rate constant of
termination by disproportionation

: Initiator and monomer respectively

vil



SYNTHESIS OF LINEAR AND STAR BLOCK COPOLYMERS BY ATRP

SUMMARY

Star polymers have attracted much attention in research over the years due to their
unique three-dimensional shape and highly branched structure. The synthesis of well-
defined star polymers is a challenging task usually achieved by a “living”
polymerization technique. The recent development of the controlled/ “living” radical
polymerization has opened up a new and potentially wide route to well-defined
macromolecules. Controlled/ “living” radical polymerization processes have proven
to be versatile for the synthesis of polymers with well-defined structures and
complex architectures. The most important benefit of controlled/ “living”
polymerizations is that they allow to prepare new macromolecules with novel
topologies, varying compositions, and functionalities placed at different parts of
macromolecules or various compositions of these. Among the CRP processes, atom
transfer radical polymerization (ATRP) is the most efficient method and has been
succesfully applied to the synthesis of special block copolymers and polymers with
complex architectures such as stars because methyl 2-bromopropionate group, which
is an efficient initiator of ATRP, can be easily introduced as the end group to
different polymers.

In the present work, novel octa-functional initiator, 5,11,17,23,29,35,41,47-octa-tert-
butyl-49,50,51,52,53,54,55,56-octakis- (2-bromopropionyloxy) calix[8]arene was
synthesized and used in the preparation of AB type poly (fert-butyl acrylate-b-
‘methylmeth acrylate) and poly(¢ert-butyl acrylate-b-styrene) diblock copolymers.
The monomodal shapes of the GPC (Gel Permeation Chromotography) traces and
'H-NMR spectrum showed that the octa-arm and the linear diblock copolymers
which were prepared to set a model for the octafunctional system were succesfully
synthesized by ATRP.

viii



ATOM TRANSFER RADIKAL POLIMERIZASYONU ILE LINEER VE
YILDIZ BLOK KOPOLIMERLERIN SENTEZI

OZET

Yildiz polimerler aragtirmalarda ii¢ boyutlu ve ¢ok dallanmis yapilarindan dolay:
yillardir ilgi cekmektedirler. Yildiz polimerlerin sentezi oldukga zorlu bir konu olup
genellikle yagayan polimerizasyon yOntemiyle gergeklestirilmektedir. Kontrollii/
“Yagayan” Radikal Polimerizasyonunun son zamanlardaki gelisimi iyi tammlanmig
ve kompleks yapili polimerlerin sentezi igin yeni ve olduk¢a genis bir yol agmstir.
Kontrolli/ “Yasayan” Polimerizasyon yOntemlerinin iyi tamimlanms ve kompleks
yapili polimerlerin sentezinde birgok agidan faydalar sagladigi bilinmektedir.
Kontrollii/ “Yagayan” Radikal Polimerizasyonunun en oOnemli faydasi yeni
‘topolojilere, farkli kisimlarinda yer almig ¢ok gesitli fonksiyonalitelere ve
kompozisyonlara sahip yeni makromolekiillerin sentezine izin vermesidir. Kontrollii/
“Yasayan” Radikal Polimerizasyon yontemlerinin arasinda Atom Transfer Radikal
Polimerizasyonu (ATRP) en etkili yéntem olup 6zel blok kopolimerlerin ve yildiz
polimerler gibi kompleks yapili polimerlerin sentezinde basariyla uygulanmaktadir.
Cilinkii ATRP igin ¢ok etkili bir baglatic1 olan 2-bromopropanoat farkl: polimerlerin
ug gruplarina kolaylikla yerlestirilebilmektedir.

Bu ¢alismada, yeni sekiz fonksyonlu bir baslatici olan 5,11,17,23,29,35,41,47-okta-
tert-butil-49,50,51,52,53,54,55,56-oktakis-(2-bromopropioniloksi)kaliks[8]aren
sentezlenip, AB tipli poli (fert-biitil akrilat-b- metilmetakrilat) ve poli (fers- biitil
akrilat-b-stiren) diblok kopolimerlerinin hazirlanmasinda basariyla kullamlmigtir.
GPC (Jel Gegirgenlik Kromotografisi) ve 'H-NMR spektrumlarindan elde edilen
sonuglar sekiz kollu diblok kopolimerlerin ve bu sekiz fonksyonlu sisteme bir model
teskil etmesi igin sentezlenen lineer diblok kopolimerlerin ATRP teknigiyle basariyla
sentezlendigini gostermisgtir.
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1.INTRODUCTION

The synthesis and characterization of star polymers has been a consistent area of
exploration in the ongoing pursuit of structure property relationships in

macromolecular science[1].

Star polymers are of interest because of their unique spatial shapes, different
hydrodynamic properties, higher degrees of chain end functionality and lower

viscosity compared to linear polymers of similar composition and molecular weights.

The synthesis of well-defined star polymers is a challenging task usually achieved
following a “living” polymerization route. There are essentially two techniques for
the synthesis.of star polymers: In the “core-first” technique multifunctional initiators
are used to grow chains from a central core resulting in macromolecules with well-
defined structures in terms of both arm number and length. Most of the star polymers
are synthesized by this technique. In the “arm-first” technique a few units of the
divinyl coupling reagents are added to the preformed macroinitiator chain ends to
form short block copolymers. The block copolymers containing the divinyl units then
start to react with each other to form cross-linked cores, and this leads to the
formation of star polymers. Finally star-star coupling can occur, leading to the

formation of higher molecular weight stars.

By which technique star polymers are synthesized, it is essential that a controlled
polymerization technique be used that maintains chain functionality. Living ionic,
methathesis, and group transfer polymerizations are all adequate for the application,
but all requires strenuous methods of reagent purification. Also the processes are
only useful for a limited range of monomers. The use of controlled/ “living” free
radical polymerizations including nitroxide-mediated stable free radical
polymerization (SFRP), reversible-addition fragmentation chain transfer
polymerization (RAFT), atom transfer radical polymerization (ATRP) offers the
potentiél to overcome many of these problems. These reactions utilize a dynamic

equilibrium between active and dormant species such that the concentration of free



radicals is similar to that found in conventional processes but where deactivation
competes with termination, thereby limiting the irreversible reaction to low levels[2].
Specifically atom transfer radical polymerization (ATRP) provides control over
chain length and functionality by succesive exchanges between the halide present at
the chain end of the dormant species and the transition metal compound activated by

a ligand.

In this study linear and octa-arm homopolymers and diblock copolymers of tert-butyl
acrylate, methylmeth acrylate and styrene monomers were synthesized via ATRP by

using the core-first method.



2.THEORETICAL PART

2.1.Controlled / “Living” Radical Polymerization

Living polymerization mechanisms offer polymers of controlled architecture and
molecular weight distribution. They provide a route to narrow polydispersity
homopolymers, high purity block copolymers, and end functional polymers.
Traditional methods of living polymerization, based on ionic, coordination or group
transfer mechanisms are limited for economic reasons (due to stringent requirements
on reaction conditions and monomer purity) and by the relatively small number of

monomers that are amenable to these methods 31

The use of living radical polymerization (also known as quasi- or pseudo-living

radical polymerization) offers the potential to overcome many of these problems.

Three types of radical polymerization have been called “living”:

¢ Polymerizations where the normal termination process of radical-radical
reaction is slow or absent because of the physical nature of the reaction
medium or the immediate environment of the reactive chain end. Systems in
this class include precipitation polymerizations(where the polymer chains
being formed are insoluble in the reaction medium), certain template
polymerizations and polymerizations in inclusion complexes. Unfourtanetely
these systems have little generality and do not have application in the

synthesis of high purity block or graft copolymers.

e Systems with reversible termination but where the bond formed by primary
radical termination or chain transfer is stable under the conditions of
formation. Different reaction conditions are are required to reinitiate

polymerization. The aim of the first polymerization step is to synthesize a

3



macroinitiator that serves as a precursor to a block copolymer. Narrow

polydispersity polymers are not available by these techiques.

o Systems with reversible termination where the bond formed by primary
radical termination or chain transfer is kinetically unstable under the reaction
conditions. These polymerizations should be considered as true living
polymerizations. It is possible to make block copolymers and narrow

polydispersity resins, since all chains grow,though not simultaneously.

In a living process the number of growing chains usually is the same as the number
of initiating molecules, and it does not change during propagation until the total
monomer consumption. Therefore semilogarithmic kinetic plots and molecular
weight conversion dependences are linear, if the initiation is fast.If the exchange
reactions between dormant and active species occur fast enough, polymers with low
polydispersities can be formed. However some polymerization systems provide well-
defined polymers in which chain breaking reactions cannot be totally avoided. Such
systems are called controlled or “living” since they do not fulfill criteria of living
polymerization because of the presence of either transfer or termination.Radical

polymerization is one of them.
A typical radical polymerization includes four elementary reactions:

Formation of the initiating radicals ,(slow), via the homolytic cleavage
(decomposition) of a peroxide, diazo or other similar compound (Equation 2.1);

kq
[ — 21° @.1)

Initiation by relatively fast reaction of primary radicals with monomer to generate the
first growing species. Since kg < k,[M], the decomposition remains the rate —

determining step (Equation 2.2):

ko
"+ M — = P/ (2.2)

Propagation characterized by k, ; (Equation 2.3);



ky

P, + M (2.3)

Termination (very fast) between growing radicals via coupling or disproportionation

ki (Equation 2.4);

ke
Pn. + Pm. —_——— Pn+m /(Pn= + Pm - H) (2.4)

Transfer reactions are usually less important unless transfer agents are present.
Synthesis of high molecular weight polymers requires slow initiation to produce a
low momentary concentration of growing radicals that terminate in a bimolecular
process. The ratio of the rate of propagation to the rate of termination decraeses with
[P*] since propagation is a first-order process, but termination is a second order
process with respect to [P*]. The proportion of chains marked by termination
increases with the chain length. Therefore well-defined polymers from radical
polymerization may be formed only if chains are sufficiently short and concentration

of free radicals is low enough.

The synthesis of well-defined polymers by controlled polymerization should occur in
systems with a low momentary (stationary) concentration of growing radicals that
should be reversibly deactivated to provide a relatively large number of

macromolecules. There are three methods to realize these conditions:

1) Reversible homolytic cleavage of covalent species

.kact
P—R-<——"—""> P. + R. (2.5)

kdeact

An initiator with the structure of P-R is the adduct of the model of growing radical
P., capable of propagation, and the scavenging or the dormant radical (R.), which

ideally should react only with (P.) but not with the monomer itself.



This case probably is the most postulated in controlled radical polymerization. As
examples of (R.); Otsu and Yoshida [4] used dithiocarbamate radicals, Georges et al.

[5-6] used nitroxyl radicals and Borsing et al. [7] used triaryl methyl species.

The problem with this method is that except nitroxyl radicals, the others may

participate in side reactions leading to degenerative transfer.

2) Reversible homolytic cleavage of persistent radicals

P.+ X —>(P—X). (2.6)

The role of a scavenger radical may be also played by a neutral species. The
persistent radical, (P-X) , should only cleave homolytically to form (P.) and the
species X, but it shoulAd not react with monomer. X should be inert compound
capable of reacting only with (P.). X may be elementoorganic or organometalic
species with an even number of electrons. Some success have been reported with
group XIII and XV elements such as aluminum [8] and phosphorus [9] as well as
with organometalic derivatives of Co [10], Cr [11], and other transition metals. In
some cases not only radical but also ionic and coordinative polymerization may take
place. The pathway of the polymerization is dependent on the nature of metal or

elements, ligands and medium effects.

3) Degenerative transfer

P+ PI-R LS P, —R Q.7)

In this case growing radical (P,.) reacts rapidly and selectively with a transfer agent
(P1-R) to exchange the R group and form a dormant species (Pn-R) and a new
radical (P1.), which is capable of chain growth. (P.) would be generated by a
classical initiator such as AIBN, BPO and redox reactions. (P.) can react with
monomer, for propagation, with (P-R), for degenerative transfer, and can also react

one with another, for termination.



2.2.Atom Transfer Radical Polymerization (ATRP)

ATRP is one of the most versatile controlled radical polymerization method.This
method utilizes a reversible halogen atom abstraction step in which a lower oxidation
state metal (M;" complexed by ligands L and Y) reacts with an alkylhalide (Pp-X) to
generate a radical (P,") and a higher oxidation state metal complex (XM""'LY k,).
This radical then adds monomer to generate the polymer chain (k,).The higher
oxidation state metal can then deactivate the growing radical to generate a dormant
chain and the lower oxidation state metal (kq) as seen in (2.8). The molecular weight
is controlled because both initiation and deactivation are fast, allowing for all the
chains to begin growing at approximately the same time while maintaining a low
concentration of active species. Termination cannot be totally avoided; however, the
proportion of chains terminated compared to the number of propagating chains is
small [12]. Several metal/ligand systems have been used to catalyze this process and
a variety of monomers including styrene, methacrylates, and acrylonitrile have been

succesfully polymerized [13-15].

ka
P X + MtLY Poe + XMtILY (2.8)
N

termination
ky

The rate of ATRP is internally first order in monomer, externally first order with
respect to initiator and activator, Cu(l),and negative first order with respect to
deactivator, XCu(II). The actual kinetics depends on many factors including the
solubility of activator and deactivator, their possible interactions, and variation of
their structures and reactivities with concentrations and composition of the reaction

medium.

One of the most important parameters in ATRP is the dynamics of exchange,
especially the relative rate of deactivation.If the deactivation process is slow in
comparison with propagation, then a classic redox initiation process operates leading

to conventional, and not controlled, radical polymerization. Polydispersities in ATRP



decrease with conversion, with the rate constant of deactivation, k4, and also with the
concentration of deactivator, [XCu(II)]. They,however, increase with the propagation
rate constant, kp, and the concentration of initiator, [RX],. This means that more
uniform polymers are obtained at higher conversion, when the concentration of
deactivator in solution is high and the concentration of initiator is low. Also, more
uniform polymers are formed when deactivator is very reactive and monomer

propagates slowly (styrene rather than acrylate) [16].

2.2.1.Monomers

A variety of monomers have been succesfully polymerized using ATRP. Typical
monomers include styrenes (meth)acrylates, (meth)acrylamides, and acrylonitrile,
which contain substituents that can stabilize the propagating radicals. Even under the
same conditigns using the same catalyst, 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 or disproportionation, the
magnitude of the equilibrium constant (Keq=ksc/kdeac))

determines the polymerization rate.

2.2.2.Initiators

The main role of the initiator is to determine the number of growing polymer chains. .
Two parameters are important for a succesful ATRP initiating system.First, initiation
should be fast in comparison with propagation. Second, the probability of the side

reactions should be minimized.

In ATRP, alkylhalides (RX) are typically used as initiator and the rate of
polymerization is first order with respect to the concentration of RX.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. When X is either bromine or chlorine, the molecular weight control is
the best. Flourine is not used because the C-F bond is too strong to undergo

homolytic cleavage.



Table 2.1. The most frequently used initiator types in ATRP systems

Initiator Monomer

Styrene
1-Bromo-1-phenyl ethane

EBr
|
1-Chloro-1-phenyl ethane

Styrene
CH ﬂ Methylmethacrylate
3
c—O~~ Ethyl-2-bromo isobutyrate
CH; Br
Methylacrylate and other
CH; ﬁ acrylates
Cc—O0—— Ethyl-2-bromo propionate
H Br

//O Methylmethacrylate
\)
O

p-toluene sulphonyl chloride

2.2.3.Ligands

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 the atom
transfer. There are several guidelines for an efficient ATRPcatalyst. First fast and
quantitative initiation ensures that all the polymer chains start to grow
simultaneously. Second, the equilibrium between the alkylhalide and the transition
metal is strongly shifted toward the dormant species side. This equilibrium position
will render most of the growing polymer chainsdormant and produce a low radigcal

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 at 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.

The most widely used ligands for ATRP systems are the derivatives of 2,2-
bipyridine and  nitrogen vbased ligands such as NNN N N'-
pentamethyldiethylenetriamine (PMDETA), tetramethylethylenediamine (TMEDA),
1,14,7,10,10-hexamethyltriethylenetetraamine(HMTETA),  tris[2-(dimethylamino)
ethyl]amine (Me-TREN) and alkylpyridylmethanimines are also used.

Nitrogen based ligands:

| [\
DV e K\N/ﬁ ( p N_> (2.9)

PMDETA HMTETA

derivatives of 2,2-bipyridine:

10



(2.10)

dNBipy

2.2.4. Transition Metal Complexes

Catalyst is the most important component of ATRP. It is the key toATRP since it
determines the position of the atom transfer equilibrium and the dynamics of
exchange between the dormant and active species. There are several prerequisities
for an efficient transition metal catalyst. First, the metal center must have at least two
readily accesible oxidation states separated by one electron. Second the mertal center
should have reasonable affinity toward a halogen. Third the coordination sphere
around the metal should be expandable upon oxidation to selectively accomodate a

(pseudo)-halogen. Fourth the ligand should complex the metal relatively strongly.

The most important catalysts used in ATRP are; Cu(I)Cl, Cu(I)Br, NiBry(PPhs),,
F eClz(PPhg,)z, RuClz(PPh3)3/ AI(OR)3.

11



2.2.5.85olvents

ATRP can be carried out either in bulk, in solution or in a heterogeneous system
(e.g.,emulsion,suspension). Various solvents such as benzene, toluene, anisole,

diphenyl ether,ethyl acetate,acetone, dimethyl formamide (DMF), ethylene
carbonate, aicohol, water, carbon dioxide and many others have been used for
different monomers. A solvent is sometimes necessary especially when the obtained

polymer is insoluble in its monomer.

2.2.6.Kinetics of ATRP

The rate of polymerization is first order with respect to monomer, alkyl halide
(initiator), and transition metal complexed by ligand. The reaction is usually negative

first order with respect to the deactivator (CuXj, / Ligand).

The rate equation of ATRP is formulated in discussed conditions and given in (2.11).

R, =K ypp M=k [PIM] =k K, [1], _LDT @11
[ Cu(lD) X ]

Results from kinetic studies of ATRP for styrene, methyl acrylate (MA), and methyl
methacrylate (MMA) under homogeneous conditions indicate that the rate of
polymerization is first order with respect to monomer, initiator, and Cu(I) complex

concentrations.

If the deactivation does not occur, if it is too slow (k , >> k ), there will be no
difference between ATRP and the classical redox reactions and the termination and
transfer reactions may be observed. To gain better control over the polymerization,
addition of (;ne or a few monomers to the growing chain in each activation step is

desirable. Molecular weight distribution for ATRP is given in (2.12).
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k4 [RX], 2
= 1+ ) (= -1)
M k[XCul]” " P

(2.12)

p= poymerization yield
[RX,]=concentration of the functional polymer chain

[XCull}=concentration of the deactivators
k=rate of deactivation

k=rate of propagation

When a hundred percent of conversion is reached, in other words p=1, it can be

concluded that;

a) For the smaller polymer chains, higher polydispersites are expected to be obtained
because the smaller chains include little activation-deactivation steps resulting in

little control of the polymerization.

b) For the higher ratios of k, / kg, higher polydispersities (molecular weight

distributions) are usually obtained.

c) Resulting molecular weight distribution decreases as the concentration of the

deactivators increases.

Star Polymers

Branched polymers of controlled architecture have been designed in order to get a
better understanding of the relationship between their topology and their unique
solution and bulk properties, as compared to linear polymers. Among the branched
structures, star polymers represent the most elementary way of arranging the
subchains since each star contains only one branching point[17]. The interest in star
shaped polymers stems from their unique-spatial shapes, lower viscosity compared
with that of linear polymers with similar molecular weights and possible processing
advantages due to their compact structure[18]. Star polymers have found applications

in various areas (rheology modifiers, pressure sensitive adhesives,etc.)[19].



Stars by the-Arm-First Method

This technique involves the synthesis of preformed arms ,usually through living
polymerization followed by raction with a multifunctional linking agent[20-22].
Schematic representation of star formation by the “arm-first method” is shown in

2.13).

YYY (2.13)
Y
I i
X

where;

st X ———»  linear polymer chains

Y Y
Y —— multifunctional linking agent
Y

Star formation by using the arm first technique also involves the use of divinyl
coupling reagents such as DVB as a multifunctional linking agent. Initially, a few
units of the divinyl coupling reagents are added to the macroinitiator chain ends to
form short block copolymers. The block copolymers containing the divinyl units then
start to react with each other to form cross-linked cores, and this leads to the
formation of star polymers. Finally star-star coupling can occur, leading to the
formation of higher molecular weight stars. The proposed mechanism for the star
polymer formation in the presence of a divinyl coupling reagent is presented in

(2.14) [23].
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divinyl compound

MWW X - AW!WV\/W X
(2.14)

polymer
linking /fﬁp
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—_—
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coupling

<1\

Coupling of monofunctional living chains with a difunctional reagent was first

applied to living anionic polymerization. A similar approach has also been succesful

with ATRP. There are several parameters in an ATRP that should be controlled

carefully in order to maximize the yield of stars and prevent star-star coupling

reactions. Some detailed " studies have been carried out on the coupling of

monofunctional polystyrenes and polyacrylates with divinylbenzene (DVB) and

di(meth)acrylates to prepare star polymers and the following guidelines have been

developed:

The ratio of difunctional reagent to growing chains seems to be optimal in the
range of 10-20

Monomer conversion (or reaction time) has to be carefully controlled and
stopped before star-star coupling occurs.

Higher yields of stars are observed for polyacrylates than for polystyrenes.
This may be attributed to a higher proportion of terminated chains in styrene
polymerization. |

The choice of the difunctional reagent is important and reactivity should be
similar to, or lower than that of the arm-building monomers.

Halogen exchange slightly improves efficiency of star formation.

Solvent, temperature, catalyst concentration should be also optimized [24].

Some of the recent studies on star synthesis by the arm-first method are described

below:

An original study based on the arm-first approach was reported by Fraser and

colleagues [25], who synthesized 2,2-bipyridil- carrying PS and PMMA chains by

15



ATRP, which they managed to chelate onto a hexadendate Fe(Il)- based complex to

form corresponding star-like polymers, thus containing a metallic core.

To derive their PS stars, Matyjaszewski and colleagues[23] used a preformed PS
macroinitiator obtained by ATRP that was allowed to react with various divinylic
monomers, in the presence of CwBr dipyridyl in anisole at 110 °C.A ratio of 5:15
between divinylbenzene and PS macroinitiator was found to be optimal for the star
formation. Other experimental parameters such as the choice of solvent, the addition
of Cu(ll), and the reaction time were found to be crucial for the formation efficient

star formation.

Stars by the Core-First Method

The core-first approach has come to maturity after it was shown in the1990s that
stars of precise functionality could be obtained from multiionic initiators.

The core-first method involves the use of a multifunctional initiator, and the number
of arms in the star polymer can be determined by the number of initiating sites on the
initiator[18-26-27]. In this technique multifunctional initiators are used to grow
chains from a central core resulting in macromolecules with well-defined structures
in terms of both arm number and length. Furthermore the reaction consists solely of
stars in the absence of linear polymers[2]. Most of the star polymers were prepared

by this technique.

The first report of the  core-first technique  described  the
hexakis(bromomethyl)benzene-initiated ATRP of styrene, methyl acrylate,and
methylmethacrylate [28], but its use was rather limited due to poor solubility in the

reaction media.

Pugh et. al. used a trifunctional initiator for the synthesis of three-arm polyacrylates

for investigations of liquid crystalline polymers [29].

Sawamoto [?;0] and Gnanou [17] also discussed the use of modified calixarenes. as
initiators for ATRP. Sawamoto studied the synthesis of homo and block-star
copolymers from dichloroacetate functionalized calixarenes with four,six and eight
initiating sites per molecule[30]. Similarly Gnanou used an octafunétional calixarene
composed of 2-bromopropionate moieties in the copper bromide/bipyridyl promoted

ATRP of styrene[17].

16



EXPERIMENTAL PART

3.1. Chemicals used

a)Monomers

Tert-butyl acrylate (fBA, 99% Alidrich), methyl methacrylate (MMA, 99% Aldrich),
and styrene (St, 99%Aldrich) were passed through basic alumina column to remove

inhibitors and then dried over CaH, and distilled under vacuum prior to use.

b)Solvents

Tetrahydrofuran (THF, 99.8%, J.T.Baker HPLC grade ) was dried and distilled over
lithium aluminium hydride.Dichloromethane was purchased from Aldrich and used
after distillation over P,Os. All other reagents were purchased from Aldrich and used

as recieved.

3.2.Synthesis of Octafunctional Initiator 5,11,17,23,29,35,41,47-Octa-tert-butyl-
49,50,51,52,53,54,55,56-Octakis- (2-bromopropionyloxy) calix[8]arene,(1)

In a 250 ml two-neck flask, equipped with a magnetic stirrer, 2 g (1,53x107
mol) of TBC-8 was suspended in 20 mL of dry THF.Then 5,1 mL of triethylamine
(3,67x10'2 mol) was added and the mixture became homogenous upon stirring.The
solution was cooled to 0°C and 3,84 mL ( 3,67x10? mol) of 2-bromopropionyl
bromide dissolved in 20 ml of THF were added dropwise over a period of 1h. And
then the reaction mixture was stirred at room temperature for 24 h. The solution was
concentrated and precipitated in ice cold water.The crude solid compound thus
obtained was dissolved in diethylether and washed succesively with dilut¢ K,COs
water solution and dried over anhydrous Na;SOs.Ether was removed and the
concentrate precipitated from a mixture of methanol/water (90/10  v/v).The
precipitation.was repeated two more times to obtain a white powder of 1 in 78%

yield.
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3.3.Synthesis of Linear Poly(tert-butyl acrylate ) (P/BA) Homopolymers

P/BA homopolymers were synthesized by ATRP of tert-butylacrylate in bulk at
100°C using CuBt/N,N.N.N'.N - pentamethyldiethylenetriamine (PMDETA) as a

catalyst system and methyl 2-bromopropionate (MBP) as initiator.

Into a Schlenk tube, equipped with a magnetic stirring bar /BA (SmL, 3,4x10™ mol),
PMDETA (71,2 uL, 3,4x104mol), CuBr (49mg, 3,4x10™mol) and the initiator (38
uL, 3,4x10” mol) were added in the order mentioned. The reaction mixture was
degassed by three freze-pump-thaw cycles and left in vacuo.The tube was then
placed in an oil bath thermostated at 100 OC.After it was stirred for given times, the
tube was cooled to room temperature and the contents were dissolved in THF and
passed through a column of neutral alumina to remove the copper catalyst from the
polymer.The excess of THF was evaporated under reduced pressure. The polymer
was precipitated into excess of methanol/water (80/20 v/v). After decanting off
methanol/water, the polymer was dissolved in dichloromethane and dried over
anhydrous Na;SOs. CH,Cl, was removed by evaporation and the polymer was dried

under vacuum.

3.4.Synthesis of Linear (PfBA-b-PMMA) and (P/BA-b-PSt) diblock copolymers

(PBA-b-PMMA) diblock copolymers were synthesized by ATRP of MMA in
solvent (DPE) at 90°C using CuCl/PMDETA catalyst system and P/BA as

macroinitiator,

Into a Schlenk tube, equipped with a magnetic stirring bar, MMA( 2,2 mL, 2,05x10
mol), CuCl( 2 mg , 2x10” mol ), PMDETA (4,2 uL , 2x107 mol) , diphenylether
(DPE) (MMA/DPE =1/2 ; v/v) and PrBA (M= 19700; 0,4g) as macroinitiator were
added in the order mentioned.The reaction mixture was degassed by three freeze-
pump- thaw cycles and left in vacuo. Then the tube was placed in an oil- bath
thermostated at 90 °C.After it was stirred for given times, the tube was cooled to
room temperature and the contents were dissolved in THF then the solution was
filtered through neutral alumina for remov;l of copper salts. THF was removed by
evaporation then the polymer was precipitated into methanol/water (80/10; v/v) and
then isolated by vacuum filtration.The polymer was dried overnight in a vacuum

oven.
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(PrBA-b-PSt) diblock copolymer was synthesized by ATRP of styrene in bulk at
100 °C using CuBr/PMDETA catalyst system and PfBA as macroinitiator.

Into a Schlenk tube, equipped with a magnetic stirring bar, St (1.25 mL, 1,09x10
mol), PMDETA (11,3 pL, 5,4x107° mol ), CuBr (7,7 mg, 5,4x10” mol) , and PfBA
(My= 9300; 0,5¢g) as macroinitiator were added in the order mentioned.The reaction
mixture was degassed by three freeze-pump- thaw cycles and left in vacuo. Then the
tube was placed in an oil- bath thermostated at 100°C.After it was stirred for
130min., the tube was cooled to room temperature and the reaction mixture was
diluted with THF then the solution was filtered through neutral alumina for removal
of copper salt. THF was removed by evaporation then the polymer was precipitated
into methanol/water (80/11; v/v) and then isolated by vacuum fitration.The polymer

was dried overnight in a vacuum oven.

3.5. Synthesis of Octa-arm P/BA stars

Octa-arm P/BA star polymers were prepared by ATRP in bulk at 100°C.

CuBr/PMDETA was used as a catalyst system and ,(1), as an octafunctional initiator.

BA (10mL, 0,068 mol ), PMDETA (38 pL , 1,82 x10™ mol), CuBr (0,026 g, 1,82
x10* mol) , and the octa-functional initiator ,(1), (0,054 g, 2,27 x10”° mol ) were
added into a 100mL  two-neck flask equipped with magnetic stifring bar. The
reaction mixture was degassed by three freeze-pump- thaw cycles three times to
remove dissolved gases and left in vacuo .Then the tube was placed in an oil- bath
thermostated at 100 °C.After it was stirred for 65 min.,the tube was cooled to room
temperature and the reaction mixture was diluted with THF.Then the purification

procedure described for linear P/BA was applied in the same way.

3.6.Synthesis of Octa-arm PrBA-b-PMMA and P/BA-b-PSt Star Diblock

Copolymers-

Octa-arm PrBA-b-PMMA stars were prepared by ATRP of MMA in solvent (DPE)
at 90°C using CuCUPMDETA catalyst system and octa-arm PrBA star as
macroinitiator.

MMA (11,2 mL , 0,105 mol ), CuCl ( 4 mg , 4x10” mol ), PMDETA (8,5 uL , 4x10°
mol ), diphenylether (DPE) (MMA/DPE =1/1 ; v/v) and PfBA (M= 59700; 0,3 g) as

macroinitiator were added into a Schlenk tube equipped with a magnetic stirring bar
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in the order mentioned.The reaction mixture was degassed by three freeze-pump-
thaw cycles and left in vacuo. Then the tube was placed in an oil- bath thermostated
at 90 °C. After it was stirred for 65min., the tube was cooled to room temperature
and the contents were dissolved in THF then the solution was filtered through
neutral alumina for removal of copper salts. THF was removed by evaporation then
the polymer was precipitated into methanol/water (80/5 ; v/v) and then isolated by

vacuum filtration. The polymer was dried 24 hours in a vacuum oven.

Octa-arm PrBA-b-PSt stars were prepared by ATRP of styrene in bulk at 100 oc .
CuBr/PMDETA was used as a catalyst system and octa-arm PrBA star as a

macroinitiator.

St (2,5 mL , 2,2 x10% mol ), PMDETA ( 6 pL , 2,89 x10°mol ) , CuBr ( 4,14 mg,
2,89 x10”° mol) ,and PfBA as a macroinitiator (Mn= 16600 ; 0,06 g) were added into
a Schlenk tube equipped with magnetic stirring bar.After it was stirred for 65 min,
the tube was cooled to room temperature and the reaction mixture was diluted with
THF. Then the solution was filtered through neutral alumina for removal of copper
salts. THF was removed by evaporation then the polymer was precipitated into
methanol/water (80/12 ; v/v) and then isolated by vacuum filtration.The polymer was

dried overnight in a vacuum oven.

3.7.Characterization

The 'H-NMR spectra was recorded on a Bruker spectrometer (250 MHz for proton)
in CDClI; solution using tetramethylsilane as an internal standart.Gel Permeation
Chromotography (GPC) measurements were carried out with an Agilent Model 1100
instrument consists of pump, refractive index dedector, UV dedectors and four
Waters Styragel columns (HR 5E,HR 4E, HR 3 and HR 2). THF was used as eluent
at flow rate of 0.3mL/min. at 30°C.The molecular weights of the polymers were
calculated with the aid of polystyrene standarts (polymer laboratories). All polymers
obtained were dried overnight under vacuum and the conversions were determined

by gravimetrically.
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RESULTS AND DISCUSSION

4.1.Synthesis of Initiator

4.1.1.Synthesis of Octafunctional Initiator 5,11,17,23,29,35,41,47-Octa-tert-
butyl-49,50,51,52,53,54,55,56-Octakis-(2 bromopropionyloxy)calix[8]arene (1)

5,11,17,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56—Octakis-(2

bromopropionyloxy)calix[8]arene,(1), was synthesized according to the procedure
reported by Angot et. al.[17]. The octafunctional initiator ,(1), was prepared from 4-
tert-butylcalix[8]arene (TBC-8) and 2-bromopropionylbromide in ca 78 % yield. The
obtained initiator ,(1), was then characterized by 'H-NMR. 'H-NMR spectra of the
initiator showed no signal corresponding to —OH protons of the starting TBC-38,

indicating quantitative esterification (Figure 4.1).
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Figure 4.1. The 'H-NMR spectra of the initiator,(1), 5,11,17,23,29,35,41,47-Octa-
tert-butyl-49,50,51,52,53,54,55,56-Octakis-(2 bromopropionyloxy)calix[8]arene
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Scheme 4.1.Synthesis of 5,11,17,23,29,35,41,47-Octa- tert-butyl-
49,50,51,52,53,54,55,56-Octakis-(2 bromopropionyloxy)calix[8]arene (1)
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4.2. Synthesis of Linear PABA Macroinitiators by ATRP

Synthesis of Linear P/BA was illustrated in Scheme 4.2

0
cH,— cH—Br _BAI0C oy on—ema)—cu— cu—Br
| CuBr/PMDETA |
G=0 c=0 c=0
| I
OCH, O CH, OtBu

Scheme 4.2. Synthesis of linear ptBA homopolymer

PfBA homopolymers with different molecular weights were synthesized via ATRP
of /BA in bulk at 100°C using CuBr complexed by PMDETA as the catalyst and
methyl 2-bromopropionate (MBP) as the initiator. The results of the polymerization

reactions are summarized in Table 4.1.

Under typical reaction conditions, a linear semilogarithmic plot of monomer
conversion vs time was observed indicating that the apparent propagation rate
constant is first-order in the monomer concentration;this implies that the
concentration of the growing radicals stays constant during  the polymerization
regardless of the initial concentration of the initiator (Figure 4.2).The number
average molecular weights of PfBA homopolymers, increased linearly with
monomer conversion and agreed well with the theoretical ones assuming that each

initiator molecule produced one polymer chain (Figure 4.3).
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The experimental number average molecular weights were determined by GPC based

on linear PS standarts and the theoretical ones were calculated as follows;
My gheo= (IM1o/[X], x conversion % x MW onomer)

The conversions were calculated gravimetrically by the following formula:
Conversion% = (W/M) x 100 where;

W: weight of the formed polymer
M: weight of the monomer initially taken

Size exclusion chromotography (SEC) traces of the obtained polymers displayed

narrow and monomodal molecular weight distribution (M,,/M, ).

These results show that the polymerization of tBA proceeded in a controlled manner
with high initiation efficiency using methyl 2-bromopropionate as initiator and

CuBr/PMDETA as catalyst system.
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Figure 4.2. Plot of In([M],/[M]) vs. time for ATRP of /BA with monofunctienal initiator at
100 °C in bulk. :[/BA]/[I]¢/ [CuBr]y/ [PMDETA],: 100 / 1 / 1/ | ; [{BA]:=6.8M ;
[MBP],=68mM ; [CuBr],=68mM ; [PMDETA],=68mM .
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Figure 4.3. Evolution of experimental molecular weights and polydispersities with monomer
conversion for ATRP of /BA with monofunctional initiator at 100°C in bulk: [(BA]/[1],
/[CuBr]y/ [PMDETA],: 100 / 1/ 1/ 1 ; [(BA],~6.8M ; [MBP],=68mM ;[CuBr],=68mM;
[PMDETA},=68mM.
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4.3. Synthesis of Linear P/BA-5-PMMA and PfBA-b-PSt Diblock
Copolymers via ATRP

The synthesis of (P/BA-b-PMMA) and (PBA-5-PSt) diblock copolymer were given
in Scheme 4.3 and Scheme 4.4.

CH,— ICH — (PtBA)— CH,— CH—Br

?=o C=0
B
OCH, OtB
MMA
CuCV/PMDETA
900C
Y

CH,— ?H — (PtBA)— CHZ———(ITH—(PMMA) —CH;— fH— Cl
C=0 C=0 C=0

| | l

OCH, OtBu OCH,

Scheme 4.3. Synthesis of Linear (P/BA-b-PMMA) diblock copolymer
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o
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Scheme 4.4. Synthesis of (PfBA-b-PSt) diblock copolymer

The synthesis of linear diblock copolymers consisting of fBA and MMA segments
was achieved with bromine ended P/BA precursors as macroinitiators via ATRP of
MMA using CuCI/PMDETA catalyst system. The polymerizations were performed
at 90° C in DPE solution (MMA/DPE: 1/2 ; v/v ) (Table 4.2).

The synthesis of linear (PfBA-b-PSt) diblock copolymer was also performed with

bromine ended PfBA homopolymer as macroinitiator via ATRP of St using

CuB1/PMDETA catalyst system at 100° C in bulk (Table 4.2).

Plot of In[M]y/[M] versus time for (P/BA-b-PMMA) diblock copolymers was linear
indicating that the apparent propagation rate constant is first order in the monomer
concentration(Figure 4.4). The experimental number average molecular weights of
P/BA-b-PMMA blocks determined by GPC based on PMMA standarts increased

linearly with monomer conversion which were in good agreement with theoretical

M, values (Figure 4.5).
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The experimental M, value of the linear (PtBA-5-PSt) diblock copolymer was
determined by GPC based on PSt standarts and was also agreed well with the

theoretical one.

The theoretical number average molecular weights of P/BA-5-PMMA and P/BA-b-

PSt diblock copolymers were calculated by the following formula:

Mn,theo: ( [M]o/[llo X conversion% x MW monomer ) + M, ( macroinitiator) (PfBA)
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Figure 4.4. Plot of In ([M]/[M]) vs time for ATRP of MMA with linear PrBA
macroinitiator at 90 °C in DPE (MMA/DPE:1/2) ; [MMAJ, /(Il, [CuCl], /[PMDETA],
:1000/ 1/1/1; [MMA],=3.1M ; [PtBA],=3mM ; [CuCl},=3mM ;[PMDETA],=3mM.
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Figure 4.5. Evolution of experimental molecular weights and polydispersities with monomer
conversion for ATRP of MMA with linear PtBA macroinitiator at 90°C in DPE
(MMA/DPE:1/2) ; [MMA], /[1], [CuCl], /[PMDETA], :1000/ 1/ 1/ 1 ; [MMA]=3.1M ;
[PtBA};=3mM ; [CuCl],=3mM ;[PMDETA},=3mM.
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The GPC traces of macroinitiators (PfBA) and (PfBA-b6-PMMA) and (PfBA-b-PSt)
diblock copolymers were shown in Figure 4.6 and Figure 4.7.

GPC results both for PrBA-b-PMMA and PrBA-5-PSt blocks showed the expected
increase in molecular weight through the copolymerizations. The absence of P/BA
macroinitiator peaks on the GPC traces of block copolymers indicate that the
macroinitiators was fully converted to block copolymers. Peaks corresponding to
P/BA-b-PMMA and P/BA-b-PSt clearly shifted to higher molecular weight region
of the chromotogram indicating that both the chain end functionality of the
macroinitiators and the blocking efficiency were high and the polymers obtained

were of low polydispersity and the GPC traces were monomodal.
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Figure 4.6.GPC traces of the linear prBA precursor (PVII), and linear prBA-b-
PMMA (PVIII, PIX, PX, PXI) diblock copolymers.
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Figure 4.7. GPC traces of linear p/BA precursor (PVI) and linear p/BA-b-pSt (PXII)
diblock copolymer
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Figure 4.8. 'H-NMR spectra of linear PIBA-6-PMMA (PX) diblock copolymer
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The composition of block copolymers was elucidated by 'H-NMR measurements.
The 'H-NMR spectra of poly ( fBA-b-MMA ) block copolymers exhibited the
major peaks which are characteristic of tert-butylacrylate and MMA segments. The
molecular weights were calculated from the integration of signals at 1.42 ppm. ( -

C(CH3); ) of 1BA to 3.58 ppm.(-OCH3) of MMA for PrBA-b-PMMA diblock
copolymers(Figure 4.8).
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Figmé 4.9. '"H-NMR spectra of linear PfBA-b-PSt (PXiI) diblock copolymer

Integrating the signal between 6.5-7.0 ppm of PSt (aromatic protons) and 1.42 ppm of
BA (-C(CH3); ) allowed us to evaluate the composition and the molecular weight of
PrBA-b- PSt diblock copolymer (Figure 4.9).
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4.4.Synthesis of Octa-arm PtBA Stars

Octa-arm PfBA stars were prepared by ATRP of fBA using CuBr/PMDETA as a
catalyst system and (1) as multifunctional initiator at 100° C in bulk. The results of
the bulk polymerization are listed in Table 4.3 and the synthesis of octafunctional
PfBA stars is illustrated in Scheme 4.5.

The experimental A, values of the obtained polymers agreed well with the theoretical
values only below 25% conversion for the octafunctional system. Beyond 25%
monomer conversion, experimental values of molar masses strongly departed from
expected ones, which can be attributed to the irreversible coupling of the growing
radicals between different stars. These coupling reactions between two different
growing stars which is termed as “intermolecular termination” causes an increase in
the molar mass and after one intermolecular termination between two growing stars

the resulting polymer constitutes of 14.branches instead of the expected octa-arm

star.

The molecular weight distributions of the obtained polymers remained very low
below 25% monomer conversion. The GPC traces based on PSt standarts were
unimodal and the experimental number average molecular weights were in good
agreement with the theoretical ones. However,the M, values based on GPC were
slightly lower than the calculated M, values which can be attributed to the difference

in hydrodynamic volume between star and linear polymers.

The theoretical number average molecular weights were calculated by the following

formula:

M, theo: (IM]o/[I]o x conversion % x MWga)) + MW,
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Scheme 4.5.Synthesis of octa-arm p/BA homopolymer
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The plot of In[M]¢/[M] versus time for octa-arm pfBA homopolymers was linear
indicating that the consumption of monomer increases linearly with time (Figure
4.10). Figure 4.11 shows the molecular weight and polydispersity as a function of
conversion for the same reactions. The experimental molecular weights increased
linearly up to M;=91600 and the molecular weight distributions remained very low.
(MW/M=1.11).
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Figure 4.10.Plot of In[M],/[M] vs time for ATRP of tBA with octafunctional initiator (1) at
100°C in bulk: [tBA], /[[], [CuBr], /[PMDETA], :3000/1/8/8 ; [tBA],~6.83M
;IPMDETA]=18mM ; [CuBr],=18mM; [1],=2.27mM.
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Figure 4.11. Evolution of experimental molecular weights and polydispersities with
monomer conversion for ATRP of tBA with octafunctional initiator (1) at 100°C in bulk.
[tBA], /[l [CuBr]/[PMDETA],:3000/1/8/8 ;[tBA),=6.83 M;[PMDETA}=18mM ;
[CuBr],=18mM; [1],=2.27mM.
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4.5.Synthesis of Octa-arm P/BA-b-PMMA and PfBA-b-PSt star diblock
copolymers

Synthesis of PrBA-b-PMMA and P/BA-b-PSt star diblock copolymers was illustrated
in Scheme 4.6 and Scheme 4.7.

Synthesis of star diblock copolymers consisting of BA/MMA segments were
performed by ATRP of MMA using CuCl/ PMDETA catalyst system and bromine-
ended octa-arm PfBA macroinitiator. The polymerizations were conducted at 90 °C
in DPE solution . Similarly P/BA-5-PSt star diblock copolymers were prepared by
ATRP of styrene using CuBr/PMDETA catalyst system and bromine-ended octa-arm
PfBA macroinitiator at 100 °C in bulk (Table 4.3).

PrBA-b-PMMA stars with narrow molecular weight distributions could be
synthesized by maintaining the monomer conversion below 15 % . To obtain well-
defined stars of high molar mass (up to M, of 232400 g mol™ ) it was found to use
high [M]¢/[T]o ratios ( up to 21000) to grow the star arms slowly.
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P/BA macroinitiator with a number average molecular weight of 16600 was used in
the preparation of PfBA-b-PSt diblock copolymer with [M]/[I] ratio of 6000 and
1% monomer conversion. To obtain a well-defined PrBA-b-PSt diblock copolymer
at higher [M]y/[I]o ratio (=8000) with higher monomer conversion, a small amount
of CuBr, was used in order to lower the propagating radical concentration by

deactivation process.

The polymers prepared under these conditions were of low polydispersity -and the
GPC traces were monomodal. Also GPC traces showed the expected increase in
molecular weight through the copolymerization both for PfrBA-b6-PMMA and P/BA-
b-PSt diblock copolymers.
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Figure 4.12 and Figure 4.13 indicates the comparison of GPC traces of two different
PBA-b-PMMA diblock copolymers prepared by using the same PrBA
macroinitiator at different initial monomer/initiator ratios The absence of P/BA
macroinitiator peaks on the GPC traces of block copolymers indicates that the
macroinitiator was fully converted to block copolymers . Peaks corresponding to
PBA-b-PMMA clearly shifted to higher molecular weight region of the
chromotogram indicating that both the chain end functionality of the macroinitiators

and the blocking efficiency were high.

Similarly Figure 4.14 and Figure 4.15 show the GPC traces of octa-arm P/BA
macroinitiator and PfBA-b-PSt diblock copolymers. The peaks corresponding to
diblock copolymers clearly shifted to higher molecular weight region of the
chromotogram and the absence of the PfBA macroinitiator peaks on the resulted
block copolymer indicates the complete conversion of the macroinitiators to the

block copolymers.

The experimental number average molecular weights of P/BA-5-PMMA diblock
copolymers were determined by GPC based on PMMA standarts.The deviation of
the experimental M, values of star diblock copolymers from theoretical M, values
can be attributed to the different hydrodynamic volumes of star polymers relative to

linear analogues of the same molecular weight.

The experimental number average molecular weights of PrBA-b-PSt diblock
copolymers were determined by GPC based on PSt standarts and were in good

agreement with the theoretical ones.
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Figure 4.12.GPC traces of octa-arm pf/BA precursor(PXVI) and p/BA-b-pMMA
(PXIX) diblock copolymer
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Figure 4.13. GPC traces of octa-arm pfBA precursor(PXVI) and p/BA-b-pMMA
(PXX) diblock copolymer
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Figure 4.14. GPC traces of octa-arm p/BA precursor( PXIII ) and octa-arm ptBA-b-
pSt ( PXXII) diblock copolymer

ptBA-&-pSt piBA
My=56200 M=33500
Mafi=1.09 Mald=1.13

32 34 36 38
Retention time (min.)

Figure 4.15. GPC traces of octa-arm pfBA precursor( PXIV ) and octa-arm pfBA-b-
pSt ( PXXI) diblock copolymer
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The composition of block copolymers was elucidated by 'H-NMR measurements.
The 'H-NMR spectra of poly ( /BA-b-MMA ) block copolymers exhibited the
major peaks which are characteristic of tert-butylacrylate and MMA segments. The
molecular weights were calculated from the integration of signals at 1.43 ppm. (-
C(CHs); ) of fBA to 3.58 ppm.(-OCHj;) of MMA for PrBA-b-PMMA diblock
copolymers(Figure 4.16).

51



Figure 4.16. 'H-NMR spectra of octa-arm P/BA-5-PMMA (PXX) diblock
copolymer
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Figure 4.17. 'H-NMR spectra of octa-arm P/BA-b-PSt (PXXII) diblock
copolymer

Integrating the signal between 6.5-7.0 ppm of PSt (aromatic protons) and 1.43 ppm
of BA ( C(CHj3); ) allowed us to evaluate the composition and the molecular weight
of P/BA-b- PSt diblock copolymer (Figure 4.17 and Figure 4.18).
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Figure 4.18. 'H-NMR spectra of octa-arm PBA-b-PSt _(PXXI). diblock

copolymer
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S.CONCLUSION AND RECOMMENDATIONS

A novel calixarene-based octafunctional initiator , (1) , was synthesized by an
esterification ~ reaction  between  p-fert-butyl-calix[8Jarene  and 2-
bromopropionylbromide in one step and succesfully used in the preparation of octa-
arm star block copolymers. To set a model for the octafunctional system linear homo
and diblock copolymers of the same monomers were also prepared with a

monofunctional initiator by using the same reaction components.

Linear and octa-arm PfBA-b-PMMA and PrBA-b-PSt diblock copolymers were
synthesized with P/BA macroinitiators prepared by using methyl 2-bromopropionate
as a monofunctional initiator and (1) as an octafunctional initiator respectively. /BA
and St polymerizations were conducted at 100 °C in bulk using CuBr/PMDETA
catalyst system and MMA polymerizations were carried out at 90 °C in DPE using
CuCl/PMDETA catalyst system.. Both for the linear and the octafunctional systems
ln([M]o/[M]). vs. time plots exhibited the linear relation between the monomer
consumption and time. Furthermore, number average molecular weights also
increased linearly with conversion throughout the polymerizations. The experimental
molecular weights of the obtained polymers were determined by GPC (Gel
Permeation Chromotography) and were in good agreement with the theoretical ones.
However, the observed molecular weights of the star polymers were lower than the
calculated ones which can be attributed to the difference in hydrodynamic volumes
of star and the linear polymers. The block compositions of the copolymers were

determined by 'H-NMR measurements.

In this study, by applying one of the most efficient CRP technique, ATRP, well-
defined linear and star diblock copolymers with various molecular weights, narrow
molecular weight distributions and predetermined block lengths could be succesfully
synthesized with high blocking efficiency by using mono and octafunctional alkyl

halide initiators.
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