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ABSTRACT

LIVING RADICAL POLYMERIZATION OF
HYDROXYETHYL METHACRYLATE AND ITS BLOCK
COPOLYMERIZATION WITH
POLY(DIMETHYL SILOXANE) MACROAZOINITIATOR

Vargiin, Elif
Ph.D., Department of Polymer Science and Technology

Supervisor: Prof. Dr. Ali Usanmaz

June 2009, 145 pages

Hydrophilic  poly(2-hydroxyethyl —methacrylate), PHEMA, and hydrophobic
poly(dimethyl siloxane), PDMS, segments containing copolymers have been widely
used as a biomaterial. These amphiphilic copolymers also used as an emulsifying agent
in polymer solutions and compatibilizer in polymer blends. In this case, solution
polymerizations of HEMA by radiation, ATRP and RAFT methods were studied. The
thermal degradation mechanism of PHEMA, which was prepared in aqueous solution
by gamma radiation technique, was studied in detail. The DSC, TGA and Mass
Spectroscopy analyses revealed that the degradation is linkage and depolymerization
with a combination of monomer fragmentation. The ATRP of HEMA was performed
with ethyl-2-bromoisobutyrate (EBriB) initiator and CuCl/bipyridine catalyst in
MEK/1-propanol solvent mixture. Cu(Il) complexes and PHEMA obtained via ATRP
were characterized by UV-vis, FTIR and '"H-NMR analysis. The RAFT polymerization
of HEMA with different [RAFT]/[AIBN] ratios were also investigated in three solvents
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(methyl ethylketone, ethyl acetate and toluene). The controlled polymerization of
HEMA with the ratio of [RAFT]/ [AIBN]=18 at 80 °C in MEK and ethyl acetate,
shows the first-order kinetic up to the nearly 40 % conversion Macroazoinitiator
PDMS-MALI was synthesized from bifunctional PDMS and then copolymerized with
MMA, EMA, HEMA and TMS-HEMA monomers Different characterization methods
such as FTIR, '"H-NMR, solid state NMR, GPC, XPS, SEM, DSC, etc. have been used
for the characterization of block copolymers. P(DMS-b-TMSHEMA) was converted to
the P(DMS-b-HEMA) block copolymer by deprotection of TMS groups. The phase
separated morphology was observed for the P(DMS-b-HEMA) copolymer, which was
different from P(DMS-b-MMA) and P(DMS-b-EMA) copolymers.

Keywords: Poly(hydroxyethyl methacrylate), thermal degradation, ATRP, RAFT,

PDMS macroazoinitiator
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HIDROKSIETIL METAKRILATIN YASAYAN RADIKAL
POLIMERLESMESI VE POLI(DIMETIL SILOKSAN)
MAKROBASLATICI iLE BLOK KOPOLIMERLESMESI

Vargiin, Elif
Doktora, Polimer Bilimi ve Teknolojisi Boliimii

Tez Yoneticisi: Prof. Dr. Ali Usanmaz

Haziran 2009, 145 sayfa

Hidrofilik poli(2-hidroksietil metakrilat), PHEMA, ve hidrofobik poli(dimetil siloksan),
PDMS segment iceren kopolimerler biyomalzeme olarak siklikla kullanilir. Bu
amfifilik kopolimerler ayrica polimer c¢ozeltilerinde emiilsiyonlastirict ve polimer
karisimlarinda uyum saglayict olarak kullanilmaktadir. Bu amagla, HEMA’nin
radyasyonla ¢ozelti polimerlesmesi, ATRP ve RAFT metotlar1 ¢alisildi. Radyasyonla
sulu ¢ozelti polimerlesmesi ile elde edilen PHEMA’nin 1s1l bozunma mekanizmasi
detaylica calhisildi. DSC, TGA ve Kiitle Spektroskopisi analizleri bozunmanin,
baglanma ve monomer parcalanmasi ile depolimerlesme .seklinde oldugunu gosterdi.
HEMA’nin ATRP polimerlesmesi etil-2-bromoizobutirat (EBriB) baslatict ve
CuCl/bipiridin  katalizorii 1le MEK/1-propanol c¢oziicii kansiminda yapildi. Cu(Il)
kompleksleri ve ATRP ile elde edilen PHEMA polimerleri UV-vis, FTIR and 'H-NMR
teknikleriyle karakterize edildi. Ayrica, HEMA RAFT yoOntemiyle farkh
[RAFT]/[AIBN] oranlarinda ve {i¢ farkli ¢oziiciide (metil etilketon, etil asetat ve
toluen) polimerlestirildi. HEMA’nin [RAFT]/ [AIBN]= 18 oraninda, 80 °C de MEK ve

etil asetat ¢oziiclilerinde kontrollii polimerlesmesi yiizde 40 doniisiime kadar birinci
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dereceden kinetik gostermistir. Makrobaglatict PDMS-MALI iki fonksiyonlu PDMS’den
sentezlenmis ve daha sonra MMA, EMA, HEMA and TMS-HEMA monomerleri ile
kopolimerlestirilmistir. Blok kopolimerlerin karakterizasyonunda FTIR, 'H-NMR, kat:
faz NMR, GPC, XPS,SEM ve DSC gibi farkli yontemler kullanilmigtir. P(DMS-b-
TMSHEMA) kopolimeri P(DMS-b-HEMA) blok kopolimerine silil gruplarin
uzaklastirilmas: yoluyla donistiiriilmiistir. P(DMS-b-MMA) ve P(DMS-b-EMA)
kopolimerlerinden farkli olarak P(DMS-b-HEMA) kopolimerinde fazlara ayrilmis bir

morfoloji goriilmiistiir.

Anahtar Kelimeler: Poli(2-hidroksietil metakrilat), 1s11 bozunma, ATRP, RAFT,
PDMS makrobaslatici .
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CHAPTER 1

INTRODUCTION

Poly(2-hydroxyethyl methacrylate), PHEMA, has great interest due to hydrophilicity
(hydroxyl functional group), readily polymerized or copolymerized and used in many
applications. PHEMA is the most widely used hydrogel because the water content is
similar to that of living tissues, bio- and blood-compatibility and resistantance to
degradation [1]. PHEMA based soft contact lenses (CL) and intraocular lenses (IOL)
are the most important application area of this polymer due to high oxygen
permeability, good mechanical properties and favourable refractive index value.
Currently, daily disposable soft CLs based on HEMA and continuous wear soft CLs
based on a silicon containing material are rapidly gaining market share [2]. Silicone
polymers are also used in CLs but the main disadvantage is its hydrophobicity. Despite
their high oxygen permeability, the silicone lenses develop deposit of mucous and
proteins quite easily and the major complication is adherence to the cornea. Compared
to PHEMA, silicone soft CLs are somewhat uncomfortable during wear due to their

higher modulus of elasticity and poorer wetting characteristics.

In recent years, to dissipate these drawbacks, improve wettability and tear strength,
surface modification of silicone CLs were carried out. This was achieved by plasma
induced graft copolymerization with HEMA and acrylic acid. Hsiue et. al. [3-4]
developed a highly biocompatible membrane as an artificial cornea. Surface properties
were characterized and results indicated that PHEMA grafted silicone rubber (SR) were
completely covered with comeal epithelial cells (CEC) three weeks after implantation
into the host cornea. They also examined the effect of the amount of HEMA grafted on

Ar-plasma-treated and graft copolymerization for various parameters of power,



pressure, reaction time and concentration of HEMA aqueous solution. Characterization

was done by ATR-FTIR, ESCA, contact angle and SEM [5-6].

Deposition of plasma-polymerized HEMA on silicone in presence of Ar-plasma was
also studied by Bodas et. al. [7] at deposition time of 10 and 40 min. films of
thicknesses ~800 and ~2000 A°, were obtained and confirmed from AFM results.

Abbasi and Mirzadeh [8-9] compared the properties of surface- and bulk-modified
PDMS. Laser-induced surface grafting of PHEMA and a sequential method for
preparation interpenetrating polymer networks (IPNs) of PDMS/PHEMA were
prepared. Both of systems were characterized by ATR-FTIR, DMA, SEM and water
contact angle measurements. It can be concluded that surface grafting results in a
modified surface having higher hydrophilicity, while the IPN method results in the
hydrophile/hydrophobe surface the ratio of which can be controlled by regulating the
PHEMA content in the IPN. Also, laser treatment followed by surface grafting cannot
affect the Tg of PDMS. But in IPN system there were 2 Tg’s, meaning that this

multicomponent system is a two-phase polymeric system.

Another approach to obtain soft CLs is silanization of hydrophilic polymers. Deng et.
al. [10] studied the surface reactions of PHEMA and the copolymer of poly(HEMA-
methacrylic acid) with methyltrimethoxysilane, ethyltrimethoxy silane and

phenyltrimethoxy silane.

In addition to the surface modification of PHEMA type hydrogels, various types of
bulk modifications have been examined to obtain a perfect biomaterial. Their poor
mechanical strength, mainly in the swollen state, has been settled by blending,
copolymerization, functionalization or crosslinking. These hydrogels can be reinforced
also by gaining the hydrophobic/hydrophilic balance with interpenetrating polymer

networks. So, different copolymerization techniques have been used to synthesize a



well-defined amphiphilic block or graft copolymers with PDMS and PHEMA. Hou et.
al. [11] generated graft copolymers poly(HEMA-g-DMS) by direct radical
copolymerization. They also performed the anionic copolymerization of the same
PDMS macromer with silyl-protected HEMA, namely, 2-(trimethylsiloxy)ethyl
methacrylate. (SIEMA), produced graft copolymers, poly(SIEMA-g-DMS). Succesive
hydrolysis eliminated the protecting trimethylsilyl groups in the backbone to afford
amphiphilic graft copolymers poly(HEMA-g-DMS) with a narrow MWD (1.09-1.16).

1.1 Polymerization and/or copolymerization of HEMA with different
techniques

HEMA is polymerized by different methods such as free radicalic [12-13], anionic [14-
15], and controlled/living polymerization [16-20]. For many years, free radical
polymerization has been the simplest and most widely used technique on an industrial
scale due to the simple radical generation and the applicability to various monomers
containing different functional groups. There is no need for any sophisticated
procedures or equipments. However, limitations are the diffusion-controlled
termination reactions between growing radicals and little control molecular weight
distribution (MWD), resulting in difficulties to control polymerization. The short life
time of the generated radical does not permit some experimental modifications. In the
1980s, industrial and academic attention was focused on polymerization mechanisms
that offered the control living radical polymerization. Recently, (co)polymerization of
HEMA was achieved by living and/or controlled radical polymerization techniques. A
living radical polymerization (LRP) can be defined simply as a synthetic method for
preparing polymers with predetermined molecular weights, low polydispersity and
controlled functionality. This method is more tolerant to functional groups on monomer
and a variety of solvents than for conventional living polymerization technique. So,
properties of controlled living radical polymerization (LRP) are between the
conventional living and the free radical polymerizations. The principal of this method

is the reversible deactivation (either by termination or transfer) of growing polymer



radicals. The mechanism is based on the rapid equilibrium between an active growing
radicals and a dormant species [21]. The concentration of radicals was kept low enough
to reduce the termination rate. This exchange also enables an extension of the average
lifetime of propagating chain which provides various chain architectures (star, block
copolymers etc.) [22]. Currently, the three most effective methods of LRP that have
been used include nitroxide mediated polymerization (NMP), atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT)

polymerization.

1.1.1 Free Radical Aqueous Polymerization of HEMA

Free radical polymerization of HEMA in aqueous solution was studied by several
research groups. Kamakura et.al. [23] stated the effect of the viscosity of HEMA at
temperatures near Tg (-96°C) on polymerization rate and they revealed that the
presence of water in the monomer was important for the formation of a porous structure
to immobilize enzymes and cells in a matrix. It was concluded that the polymerization
of HEMA is accelerated by the addition of water and this acceleration effect increases

with increasing temperature above Tg.

Kaetsu et.al. [24] showed that the initial polymerization rate initially decreased (at
relatively high temperatures) with decreasing temperature, reached a minimum
polymerization rate, increased to a maximum at vitrification temperature Tv and then
decreased again in the low temperature region. It was also stated that no polymerization
occurs when the temperature is lower then the Tg of the monomer. The increase in Rp
above Tv with decreasing temperature was attributed to the marked viscosity increase

as Tg is approached.

Despite the wide usage of PHEMA as a biomaterial, some undesired irritating
compounds were observed during bio-application. Stol et.al investigated some model

compounds assumed to be potential irritants (i.e. HEMA monomer and decomposition



products of the polymerization catalysts) and their toxic effects in vivo [25]. Results of
the intradermal irritation tests revealed that at low concentrations of HEMA and
sodium benzoate (up to 1 %) only a little irritation was recorded, while at higher levels
(5% or more) a significant adverse reaction was detected. Hence, determination of
decomposition or degradation products of PHEMA during processing conditions is
very vital information, because such products may have toxic effects on living tissues.
So, many researchers studied thermal degradation of PHEMA. Hill et. al. [26]
examined the degradation of gamma radiated PHEMA by ESR. The high proportion of
the —CH- radical in irradiated PHEMA compared to other alkyl methacrylates is a
reflection on their high thermal stability due to the hindered mobility of the main chain
as a result of crosslinking and hydrogen bonding due to the presence of hydroxyl
groups on the side chain. There are 3 types of H-bonding in the system which are the
interaction between the H of the hydroxyl group of the side chain and (i) other
hydroxyl groups, (ii) oxygen of the side chain and (iii) carbonyl oxygen of other

monomeric units as follows:
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The thermal degradation of PHEMA [27-28] reported to give monomer and some other
pyrolysis products such as ethylene glycol dimethacrylate (EGDMA), methacrylic acid
and acetaldehyde. Chandrasekhar and White [29] reported that GC/MS and pyrolysis-
GC/FT-IR analyses of PHEMA at 500°C revealed that significant quantities of ethylene



glycol and ethyleneglycol dimethacrylate were formed along with some ethenol and
methacrylic acid. They also showed by TG-MS analyses that ethylene glycol and
methacrylic acid were produced at a temperature range of 350 - 450°C. According to
Teijon et.al. [30], when the side chain of the polymer is hydrophilic, the formation of
cyclic anhydrides is prevented. However Demirelli et. al. [31] suggested some products
namely 1,3-dioxolane and anhydride rings, vinyl methacrylate 2-isopropenyloxyethyl
methacrylate and ethyleneoxy methacrylate were also produced after degradation. They
found from cold ring fractions (CRFs), the formation of monomer as the main fraction
in thermal degradation at 25-400 °C due to depolymerization reaction. The side
products arising from ester decomposition were a six-membered glutaric anhydride
type ring, an oxolane type ring. The thermal properties of PHEMA were investigated
with DSC and TGA by Caykara et.al. [32]. The glass transition temperature (Tg) of
PHEMA was found as 87°C. It was observed that the weight loss of PHEMA began at
about 322°C and reached maximum at 361°C. The TG curve of PHEMA indicated one
degradation stage which was reflected as a single peak in the DTG curve. Initial
degradation temperature of PHEMA showed that the degradation was due to random

chain scission.
1.1.2 Atom Transfer Radical Polymerization (ATRP)

ATREP is based on the generation of radicals by a reversible redox reaction of transition
metal complex (M,"-Y/Ligand, where Y is a counterion). Transfer of an atom (usually
halogen) from a dormant species to the metal results in an oxidized metal complex (X-

M"'-Y/Ligand which is persistent species) and free radical (R ® ) Figure 1.1.
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Figure 1.1 The general mechanism of ATRP [22]

The new radical can initiate the polymerization by adding a vinyl monomer, propagate,
terminate by either combination or disproportionation or reversibly deactivated by the
higher oxidation state metal complex. In a well controlled ATRP, no more than a small
percent of the polymer chains undergo termination (persistent radical effect). During
the initial, short, nonstationery stage of the polymerization the concentration of radicals
decays by the unavoidable irreversible self termination, whereas, the oxidized metal
complexes increases steadily as a persistent species. As time proceeds, the decreasing
concentration of radicals causes the decrease in self termination and cross reaction with
persistent species towards the dormant species [33]. So, the reduction in the stationary
concentration of growing radicals contributes to decay the rate of termination which

has a key role for the first order kinetic.

Initiation should be fast and be completed at low monomer conversion and also
trapping of the product radical should be faster than the subsequent propagation step to

achieve a uniform growth of all the chains. Radicals are formed reversibly and their



concentration is established by the balancing rates of activation and the deactivation.
The exchange between the growing radicals and the dormant species is the most
important feature of all LRP systems. The position and the dynamics of the equilibrium
define the observed rates as well as affect molecular weights and polydispersities of the

polymer [22].

The major components of ATRP are monomer, initiator with a transferable atom
(halogen) and catalyst (transition metal with suitable ligands). Monomers can be
styrenes, (meth)acrylates, (meth)acrylamides, dienes, acrylonitriles. Even using the
same ATRP conditions (same catalyst and initiator), each monomer has its own unique
atom transfer equilibrium constants for its active and dormant species.( Keq= Kaci/Kdeact)
The rate of polymerization depends on K¢y and if it is too small ATRP will occur
slowly. On the contrary, if it is too big due to the high radical concentration,
termination will occur and polymerization will be uncontrolled [21]. The stabilizing
group (e.g. phenyl or carbonyl) on monomers produce sufficiently large atom transfer

equilibrium constant.

The homolytic cleavage of the alkyl halide bond by the metal complex generates the
radical and so the role of the initiator is to determine the number of growing chains
then the final molecular weight of polymer. The degree of polymerization is conversely
related with the initial initiator concentration (DP=[M]y/[I]JoxConversion). The halide
group, X (Br, Cl, I) must rapidly and selectively migrate between the growing chain
and the transition metal complex. Also, the initiator side reactions should be

minimized. ATRP initiators can be summarized as follows:

a. Halogenated alkanes: CHCl3, CCly, CCl3Br.
b. Benzylic halides: 1-phenylethyl chloride, benzhydryl chloride



R=H,CH;
X=Br,Cl X=Br,Cl

c. a-Haloesters: 2-Bromo isobutyrate

C,H50 (0]
C2HsO 0o o Br
Br (0]
Br HO Br Br
\/\ O)J\/
C2Hs0 o]
d.o-Haloketone: a-Bromo ketone, CCI:C(=0)CH3,

e. a-Halonitriles: 2-bromopropionitrile

f. Sulfonyl chloride:

The other component of ATRP medium is the catalyst and the utility of this depends on
the metal (Mo, Cr, Re, Ru, Fe, Rh, Ni, Pd, Cu) and ligand (nitrogen or phosphorus).
The metal center must have at least two oxidation states and has the affinity toward the

halogen. Because some rearrangements in configuration and expansion of the



coordination sphere occur with added halogen atom [21]. Ligands used are bidentate
(2,2’-bipyridine and bpy derivatives, N,N,N’,N’-Tetramethylethylenediamine),
tridentate (N,N,N’,N”’,N’’-Pentamethyldiethylenetriamine, substituted terpyridine) and
tetradentate  (1,1,4,7,10,10-Hexamethyltriethylenetetramine,  tris[2-(dimethylamino)
ethyl]amine) [34]. Cu(I) prefers a tetrahedral or square planar configuration with
tetradentate or two bidendate ligands, whereas, Cu(ll) forms cationic trigonal
bipyramidal structures. Cu-bpy complexes are represented by a tetrahedral Cu(I)(bpy)
and a trigonal bipyramidal XCu(II)(bpy), (Figure 1.2).
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Figure 1.2 Proposed Cu(I) and Cu(Il) species [21]

Matyjaszewski [22] summarized typical features of a living or controlled
polymerization as follows:
a. Reaction should be first order with respect to the monomer concentration (linear
In([M]o/[M]) vs. time plot)
b. MW increases linearly with conversion and the polydispersity decreases with
conversion.
c. End functionality is not affected by slow initiation and exchange but is reduced

when chain breaking reactions occur.
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1.1.3 Literature Review on ATRP polymerization of HEMA

HEMA can not be polymerized by anionic and group transfer polymerizations due to
the labile proton on the hydroxyl group. Little success has been accomplished in
polymerization of methacrylates by NMP. Beers et. al. reported the controlled linear
homopolymerization of HEMA and the preparation of a block copolymer with a MMA
by ATRP [16]. Molecular weight data obtained by SEC for Mn=26.000. An alternating
to preparing well-defined PHEMA is to protect the hydroxyl group with a trimethylsilyl
group (HEMA-TMS) by ATRP. After hydrolization MW determined by SEC and
Mn=18.300 (Mw/Mn=1.10).

Robinson [17] et. al. reported that the efficient ATRP of HEMA in either 50:50
methanol/water mixtures or in pure methanol at room temperature.
Homopolymerization of HEMA in methanol at 20°C was rather slower than in the
presence of water. Polymerization is first order with respect to HEMA up to 95%
conversion. They also prepared comb architecture copolymers by the statistical
copolymerization of HEMA with monomethoxy-capped poly(ethylene glycol)
methacrylate [ PEGMA; DP=45 ethylene glycol units].

Ethyl-2-bromopropionate (EPN-Br)/CuCl/bpy system was used successfully in bulk
polymerization of HEMA. A monomer with a high value of dielectric constant would
make it easy to form a catalyst active structure, [Cu(I)bpy.]X". Wang and coworkers

[35] also synthesized a block copolymer of HEMA with MMA.

Miller et. al. studied the ATRP of methacrylates from poly(dimethylsioxane) (PDMS)
macroinitiators to synthesize inorganic/organic polymer hybrids. Allyl 2-
bromoisobutyrate terminal groups on difunctional PDMS macroinitiator was obtained
by anionic ring opening polymerization and then used in ATRP of HEMA-TMS

monomer [36].

11



1.1.4 Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerization

Reversible addition fragmentation chain transfer is another successful technique that
utilizes dithioesters as chain transfer agents for the living character of polymer. Rates
of addition and fragmentation are fast relative to the rate of propagation. RAFT agent
deactivates the polymer chains to form a dormant species, resulting in a controlled

polymerization. The mechanism is illustrated in Figure 1.3.

Initiation and propagation

monomer (M)
Ie > > Py

Addition to RAFT agent

. —— P; N P; S S + Re
Pe + \ /S—R S\é/s R \ /

v | Y
Z z Z
) 3) “
Reinitiation
Re + monomer —— > P
Chain equilibration
Pe + . R S P—S S + P
M

y
W N
(6) Z

@) 8) @)

Termination

P? + P, —— > Dead polymer

Figure 1.3 The RAFT Mechanism [37]
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After the production of a propagating radical by a conventional way, a chain transfer
agent (CTA) (2) reacts with a propagating macroradical (1) and form transient radical
(3). This transient radical can fragment back to the original form or to the direction of
another dormant chain (4) and produce a living group, Re (5). This leaving group
should react with the monomer to reinitiate the polymerization, then a series of
addition-fragmentation steps occur. The equilibrium between the active propagating
species (6) and the dormant polymeric RAFT species (7) allows all chains to have an
almost same opportunity to grow and controlled polymerization takes place. When the
polymerization is complete, the end groups of the chains contain the thiocarbonylthio

moiety [22].

The effectiveness of the RAFT agent depends on its transfer constant, which is
determined by the stabilizing (Z) and leaving (R) groups [37]. Some examples of the

different classes of RAFT agents can be seen in Figure 1.4.

S
.
z R
Ph
Dithioesters { CHaPh
CH; CH.CN
Trithiocarbonates — SCHj; C(CH3):CN
Xanthates —= QFt C(CHj;)>Ph
NEt, C(CH3)(CN)CH>CH,COOH
Dithiocarbamates N:’ C(CH;)(CN)CH-CH»>CH-OH

{ X\
N

0

Figure 1.4 Different types of RAFT agents [22]
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Choosing the most appropriate RAFT agent for the polymerization system (monomer,
initiator and/or solvent) has the crucial role in well-controlled system. Otherwise,
retardation takes places due to the slow fragmentation of the transient radical (3) or the
incapability of addition of Re to the monomer. (e.g. cumyl dithibenzoate is a retarder in
St polymerization). Z group in the RAFT agent influences the C=S bond character and
Z should favor the radical addition to this double bond. For St polymerization, the
chain transfer constants were found to decrease in the series where Z is aryl
(Ph)>>alkyl (CH3) ~ alkylthio (SCH,Ph, SCH3) ~ N-pyrrolo >> N-lactam > aryloxy
(OC¢Hs) > alkoxy >> dialkylamino [22]. R group is also effective in molecular weight
control and low polydispersity. R should be a good radical leaving group (polar and
steric factors) and also Re should prefer to react with the monomer instead of the
RAFT agent (e.g. triphenylmethyl is a perfect leaving group but not reactive toward the
monomer due to the stabiliy). For MMA polymerization, the effectiveness of RAFT
agent decrases in the series where R is C(alkyl).CN ~ C(alkyl).Ph > C(CH3)>C(=0O)OEt
> C(CHj3)>,C(=O)NH(alkyl) > C(CHj3),CH,C(CHj3)3 ~ CH(CH3)Ph > C(CHj3); ~ CH,Ph.

In RAFT polymerization, radical-radical termination reactions are unavoidable, but the
fraction of dead chains is small. The amount of dead chains can be controlled by
reducing the number of initiator-derived chains which can be achieved by using the

appropriate amount of the RAFT agent.

1.1.5 Literature Review of RAFT polymerization of HEMA

There are numerous examples of utilizing the living nature of the RAFT process to
prepare various AB, ABA, and ABC blocks. RAFT polymerization of methacrylates
[38-40], styrenes [41], acrylates [42], acrylamides [43], vinyl esters [44] were studied
by many groups. In 1998, Chiefari and coworkers [45] reported the copolymerization
of HEMA with MMA by the RAFT process in ethyl acetate at 60°C, obtaining
polydispersity index of 1.21.

14



The synthesis of block copolymers is easy by the feasibility of sequential monomer
addition. Chong et. al. [46] reported different AB diblock and ABA triblock copolymer
synthesis. In block copolymerization, the majority of chains in the product polymer
possess the S=C(Z)S- group, polymerization can be continued in the presence of a
second monomer to give a block copolymer. For the preparation of AB block
copolymer in a batch polymerization, the first-formed polymeric macroRAFT
(S=C(Z)S-A) should have a high transfer constant in the following copolymerization
step to give the B block. The leaving group ability of propagating radical A- should be
greater than that of the propagating radical B- under the reaction conditions as given

below:

B—S S—A =—= B—S S + Ae

B + S S—A =——

When A is a poly(acrylate ester) or a polystyrene chain, the transfer constants of
S=C(Z)S-A in MMA polymerization appear to be very low. This is attributed to the
styryl- or acrylyl-propagating radicals being poor leaving groups with respect to a
methacrylyl propagating radical causing the adduct radical to partition strongly in favor
of starting materials. When preparing a block copolymer, which block should be

prepared firstly is an important consideration.

Chong et. al. also stated that in the absence of chain transfer (to solvent, initiator, or
monomer), the total number of chains formed will be equal to (or less than) the moles
of the dithio compound employed plus the moles of initiator-derived radicals. In block
copolymer synthesis, these additional initiator-derived chains are a source of
homopolymer impurity. For maximum purity, it is desirable to use low concentration of

initiator and to choose solvents and initiators which give minimal chain transfer. As

15



with conventional radical polymerization, the rate of RAFT polymerization is
determined by the initiator concentration. Besides the monomer reactivity ratios the
composition of monomer feed has a vital role in creating a gradient or tapered
copolymer. For example, copolymerization of a 1:0.91 (mole ratio) mixture of MMA
and BA (rmma=1.7 and 1r84=0.2) in the presence of cumyl dithiobenzoate provides a
narrow polydispersity copolymer with a gradient in composition of [MMA]/[BA] from
ca. 1:0.45 to ca. 2:1.

Mayadunne et. al. [47] demonstrated the effectiveness of different trithiocarbonates in
polymerization of St, MA and MMA. Several water-soluble RAFT agents based on
dithiobenzoate were synthesized by Mertoglu et.al. By these RAFT agents controlled
aqueous polymerizations of different (meth)acrylate, (meth)acrylamide and styrene

were possible [48].

1.2 Block Copolymer Synthesis of Polymethacrylates with PDMS
Macroazoinitiator

Block and graft copolymers have more complex and novel structures than their
homopolymers or random copolymers. Although, it is more difficult to synthesize
block copolymers, they possess characteristic physical properties of corresponding
homopolymers simultaneously. Block and graft copolymers allow us to investigate the
effects of segments on new morphologies and novel mechanical or solution properties.

Anionic polymerization mechanism allows the synthesis of block copolymers with
precise and predictable structures. Molecular weights of blocks can be predetermined
and also the narrow MWD is possible with anionic living polymerization due to the
lack of termination step. Despite the fact that the anionic method permits the copolymer
formation in a well defined form, it has limited to some certain monomers. For example
when methyl methacrylate is polymerized by anionic mechanism, the iitiator (lithium
alkyl) gives side reactions with pendant ester group. Also, the requirement of extremely

pure reaction medium including monomer, initiator, solvent, etc. is not feasible for the
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industry and economic considerations. Then researchers looked for alternative methods
to synthesize block copolymer which display both the economical and the practical free
radical polymerization and the well defined behavior of anionic mechanism. One
technique has been developed to obtain copolymers by free radical mechanism with
macroinitiator and this technique should also be applicable to a wide range of
monomers. Thus, prepolymers with active end groups have been synthesized, which
permit the coupling reactions with other polymer chains or acting as an initiator for
subsequent copolymerization reaction. In the latter case, the prepolymer was named a
“macroinitiator” which can be activated either by a thermal or a photochemical process
to initiate the copolymerization. Based on the functionality of the macroinitiator,
different types of block copolymers can be prepared (monofunctional for AB type and
difunctional for ABA and (AB), multiblock types).

This approach has been employed to prepare the PDMS-b-PMMA block copolymers
by Chang et.al. [49]. Firstly, the 4,4’-azobis-4-cyanopentanoic acid were reacted with
thionyl chloride to obtain 4,4'-azobis-4-cyanopentanoylchloride (ACPC). Then the azo
group-containing polydimethylsiloxanes, macroazoinitiators, were prepared by
polycondensation reaction of ACPC with hydroxybutyl terminated PDMS. Finally,
PDMS-ACP macroazoinitiator was used as a precursor for the synthesis of PDMS-b-
PMMA block copolymers. Deniz et. al. also used the same macroazoinitiator to
synthesis poly(dimethylsiloxane-b-styrene) (PDMS-b-PSt) and poly(dimethylsiloxane-
b-methyl methacrylate) (PDMS-b-PMMA) block copolymers [50] The
polycondensation reaction between PDMS and ACPC was carried out for the synthesis
of polydimethylsiloxane based macroazoinitiator, MAI, having a scissile azo-group

and the reaction pathway can be seen in Figure 1.5.
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Figure 1.5 Synthesis of PDM-MALI [50]

The thermal dissociation of PDM-MALI generates free radicals to initiate the St or
MMA polymerization (Figure 1.6).

(PDM-MAI) + CHy=CH or CH2:C|CH3 ﬁfm{
=0
(l)CH3
(8t (MMA)
T DI G (s (R
HCL[fs‘}'170],178iﬁf{CHz)gfﬁ‘f[fCHfCHf]uf or HOf[ffl-}i@],rSiﬂff(CHg)zf(l}[CHﬂf],r
CH; CN CHs CN ﬁ?=0
OCH;
(PDMS-b-PSt) (PDMS-b-PMMA)

Figure 1.6 Polymerization of St and MMA using PDM-MALI [50]
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1.3 The Aim of This Study

Amphiphilic block copolymers exhibit different morphologies and physical properties
from their parent homopolymers, therefore they have a wide application areas. In this
work, HEMA with the desired molecular weight and properties will be synthesized by
appropriate methods. In this case, solution polymerization by radiation, ATRP and
RAFT methods will be tried. The polymer obtained will be in the living nature for the
copolymerization with PDMS and the molecular weight of PHEMA macronitiator is
expected to be less than 5x10* to obtain a copolymer suitable to be used as membrane.
Bifunctional PDMS (HO-PDMS-OH, Mw=6000 g.mol'l) is converted to PDMS-based
macroazoinitiator (PDMS-MALI) by polycondensation of the ACPA in the presence of
DCC and DPTS. After the characterization of PDMS-MALI, it will be used for block
copolymerization of MMA, EMA, HEMA and TMS-HEMA. After removing the
trimethyl silyl groups of TMSHEMA, P(DMS-b-HEMA) block copolymer will be
obtained. Although, the synthesis of block copolymers containing DMS and HEMA
sequences by group transfer polymerization has been reported in literature[51] this is
the first time to synthesize P(DMS-b-EMA) and P(DMS-b-HEMA) block copolymer
by PDMS macroazoinitiator method. Different characterization methods such as FTIR,
NMR, UV-vis, GPC, DSC, MS, TGA, XPS, SEM etc. will be used for the

characterization of products obtained under different conditions.
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CHAPTER 2

EXPERIMENTAL

2.1 Aqueous Solution Polymerization of HEMA by Gamma Radiation

Hydroxyethyl methacrylate, HEMA, (Acros Organics, 98%, USA) was distilled under
vacuum. About 5 mL of 40 %(v/v) aqueous solution of HEMA was placed in
polymerization tubes and evacuated on a high vacuum system at 10” -10° mm-Hg for
about 5 hours then sealed by flame. The tubes were then irradiated in %Co —y source
with a dose rate of 1.987 kGy/day at 25°C. After the desired irradiation period, tubes
were broken open and the unpolymerized monomer was extracted with diethyl ether.

Percent conversion was calculated gravimetrically.

2.2 Atom Transfer Radical Polymerization of HEMA

The systematic study of the synthesis and characterization of various Cu(I) and Cu(Il)
complexes were performed and then, the best conditions for the polymerization and
copolymerization of HEMA and TMSHEMA via ATRP technique was determined.
Homopolymers and copolymers were synthesized and characterized by FTIR and 'H-

NMR techniques.
2.2.1 Materials for the synthesis of PHEMA by ATRP

CuBr (98%, Aldrich), CuCl (90%, ACS Reagent, Aldrich), CuCl, (97%, Aldrich) for
the metal center of the complex, 2,2’-bipyridyl (99+%, Aldrich), 4.4’-dimethyl-
2,2’bipyidyl (99%, Aldrich), N,N,N’,N’,N’’-pentamethyldiethylene triamine (99 %,
Aldrich) for the ligands of the complex, ethyl 2-bromoisobutyrate (98 %, Aldrich), 2-
bromopropionyl bromide (97%, Aldrich), 2-bromo-2-methylpropionyl bromide (98%,
Acros Organics), p-toluenesulfonyl chloride (98%, reagent grade, Aldrich) for the
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initiators were all used as received. HEMA (98%, Acros Organics) was used after
vacuum distillation. Solvents; methanol (99.8%, J.T.Baker), tetrahydrofuran (99%,
J.T.Baker), acetonitrile (99.9%, Merck), 1-propanol (98%, Merck), methyl ethylketone
(MEK, Atabay), diethyl ether (anhydrous, 99.5%, J.T.Baker) DMF (99.8%, analytical

reagent, Lab-Scan) were used as received.

2.2.2 Synthesis of Cu(I) and Cu(II) complexes

Before polymerization, Cu(Il) complexes with different ligands were synthesized to
adjust the equilibrium toward the dormant species and to reduce the concentration of
growing radicals. Complexes were prepared under N, atmosphere in different solvents
by stirring for 2 hours and were characterized by UV-Vis and FT-IR techniques. All
chemicals were grade and were not purified further. The recipes for the synthesis of

catalysts were summarized in Table 2.1.

Table 2.1 The recipe of materials used for the synthesis of catalysts

Name of | Metal (mmol) Ligand (mmol) Solvent Temp.

complex °C
Pentamethyldiethylene

Cu(I)01 | CuCl, (0.104) Methanol 20
triamine (PMDETA) (0.519)
4 4°-dimethyl bipyridine 1:1 mixture of

Cu(II)02 | CuCl, (0.372) 20
(dMbpy) (0.999) THF & Acetonitrile

Cu(I)03 | CuBr, (0.224) | 2,2’-bipyridine (bpy) (1.178) i1 mixtare of 20

u uBr, (0. ,2’-bipyridine .
) ? Pyt by THF& Acetonitrile

Pentamethyldiethylene
Cu(I)04 | CuBr; (0.259) Methanol 20
triamine (PMDETA) (0.519)

4 4°-dimethyl bipyridine 1:1 mixture of
Cu(II)05 | CuBr; (0.559) 20
(dMbpy) (2.497) THF & Acetonitrile

Cu(DA CuCl (0.248) | 2,2’-bipyridine (bpy) (0.494) 7030 mixture of 20
u u . ,2’-bipyridine .
) bt Py MEK/1-Propanol

4 A-dimethyl bipyridine 70:30 mixture of
Cu()B CuCl (0.240) 20
(dMbpy) (0.482) MEK/1-Propanol
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2.2.3 Method for PHEMA Synthesis via ATRP

In a 100 mL round bottom flask CuCl (0.0246g 0.24 mmol) and bipyridine (0.0772¢g
0.48 mmol) were added by purging Ar for 30 minutes. In another flask, HEMA (6 mL
48 mmol) was dissolved in a mixture of MEK/I-propanol (6 mL) (70/30 v/v) then
added to the catalyst. Ethyl-2-bromoisobutyrate (EBriB) (35.6uL 0.24 mmol) was
added dropwisely with a syringe. So that metal (M):ligand (L):monomer (H):initiator
(D) ratio is 1:2:200:1. After the addition of the initiator, the temperature was raised to
70°C in an oil bath while stirring the mixture. After 2 h., the polymer was precipitated
in diethyl ether and then dissolved in methanol then precipitated again in diethyl ether.
The sample was dried in a vacuum desiccator at 35°C, then, the polymer molecular

weight was determined relatively by viscosity measurement.

The same procedure with oxidized Cu(Il) complexes was applied in the second type
preparation method. In a 100 mL round bottom flask CuCl (0.0246g 0.248 mmol) and
bipyridine (0.0772g 0.494 mmol) were added by bubbling Ar for 30 minutes. HEMA (
6 mL 48 mmol) and Cu(I)02 complex (0.0120g 0.024 mmol) was dissolved in a
mixture of MEK/1-propanol (6 mL) (70/30 v/v) then added to the reaction flask. Ethyl-
2-bromoisobutyrate (EBriB) (35.6uL 0.24 mmol) was added dropwisely with a syringe.
Polymerization took place at 70°C and the polymer was precipitated in diethyl ether.
The molecular weight of the dried polymer was determined by viscosity. Table 2.2

shows the recipe of ATRP of HEMA.
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Table 2.2 The recipe of ATRP of HEMA

Run Metal (CuCl) Ligand (bpy) Initiator HEMA | Cu(ID)02
No (mmol) (mmol) (uL) (mmol) (mmol)
1 0.248 0.494 (EBriB) 35.60 48 0
2 0.248 0.494 (EBriB) 35.60 48 0.024
3 0.248 0.494 (BrMPB) 29,66 48 0
4 0.248 0.494 (BrMPB) 29,66 438 0.024
5 0.248 0.494 (BrPB) 25.14 48 0
6 0.248 0.494 (BrPB) 25.14 48 0.024

2.2.4 Synthesis of 2-[(trimethylsilyl)oxy]ethyl methacrylate (TMS-HEMA) and its
polymerization and copolymerization with PDMS via ATRP

TMSHEMA was prepared according to Beers et.al. [16] procedure. Briefly, a 10 mL
(76 mmol) of HEMA (98%, Acros Organics), 10.6 mL (76 mmol) of triethylamine
(99.5%, Aldrich) and 250 mL diethyl ether (anhydrous, 99.5%, J.T .Baker) were mixed
under argon atmosphere in a 500 mL round bottom flask. The mixture was cooled to
0°C and then, a 9.8 mL (76 mmol) of chlorotrimethyl silane (97%, Aldrich) was added
dropwisely for 30 minutes. The solution was mixed at 0°C for 2 hours and then, filtered
to remove white precipitates. The filtrate was washed with 100 mL deionized water for
three times and dried with MgSOs and the ether phase was removed by rotary
evaporator. Later the vacuum distillation was applied to the residual product for the

ATRP of TMSHEMA. Characterization was done by FTIR and 'H-NMR techniques.

TMSHEMA was copolymerized with poly(dimethylsiloxane), (PDMS, vinyl
terminated Mw=25000 g.mol™, typical viscosity=850.000-1,150.000 cSt, Aldrich), by
ATRP process. Briefly, two-necked reaction flask fitted with a condenser and rubber
septa for the materials addition and argon purging. CuBr (0.0214g, 0,149 mmol) was
purged with argon for 15 minutes and then, a mixture of 1.5 mL TMSHEMA and
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ligand; PMDETA (0.0519g, 0.299 mmol) was injected into the flask and purged for
extra 15 minutes. Initiator p-toluenesulfonyl chloride (0.0566g, 0.298 mmol) was
dissolved in 1.5 mL TMSHEMA monomer and the mixture was added to the reaction
flask dropwisely. So that metal (M):ligand (L):monomer (H):nitiator (I) ratio is
1:2:100:2. Polymerization of TMSHEMA proceeded for 3 hours at 70°C. Later, a 0.5
mL hot toluene was added with a syringe to decrease the viscosity of the medium and
then, a solution of CuBr (0.0054g, 0.038 mmol) in 1.5 mL toluene was added to the
poly(TMSHEMA) solution. In a beaker a 0.5 mL of PDMS (vinyl terminated) and
ligand; PMDETA (0.0131g 0.075 mmol) were dissolved in a 1.5 mL toluene and the
solution was injected into the reaction flask for copolymerization. After finishing the
sequential addition of PDMS, copolymerization proceeded for 4 hours at 70°C.
Polymer was precipitated into the cold water and green color polymers (because of
metal complexes) were dried in vacuum oven at 40°C. For deprotection of
trimethylsilyl groups, 0.1091g copolymer (product) was dissolved in DMF. A few (6-7)
drops of 1.5M HCI solution was added to this copolymer solution and mixed for 2
hours. P(HEMA-b-DMS) copolymer was precipitated in water and then, dried in

vacuum oven. 'H-NMR analysis was performed for the characterization.

2.3. Reversible Addition-Fragmentation Chain Transfer
Polymerization of HEMA

The RAFT agent [2-phenylprop-2-yl dithiobenzoate (cumyl dithiobenzoate,CDB)] was
synthesized according to the published procedures [52] and then used in HEMA
homopolymerization in three different solvents (methyl ethyl ketone, ethyl acetate and
toluene) with different RAFT agent contents. Both the RAFT agent and the PHEMA
homopolymer were characterized by FTIR, 'H-NMR and “C-NMR spectroscopy

techniques.
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2.3.1 Materials for the synthesis of RAFT agent and PHEMA

Sulfur (reagent grade, powder, Aldrich), sodium methoxide (Sigma-Aldrich), benzyl
chloride (99.5%, Acros Organics), o-methyl styrene (99%, Acros Organics), p-toluene
sulfonic acid (98,5+%, ACS Reagent Aldrich), methanol (99.8%, J.T.Baker), diethyl
ether (anhydrous, 99.5%, J.T .Baker), hexane (99%, Merck), HC1 (37%, ACS Reagent
Aldrich), MgSO4 (97%, Acros Organics), hydroxyethyl methacrylate (HEMA, 98%
Acros Organics), o,0’-azoisobutyronitrile (AIBN, 98%, Merck), methyethyl ketone
(MEK, Atabay), ethyl acetate (EtOAc, 99.5%, Riedel-deHaen), toluene (99.5%,

J.T.Baker) were used as received.

2.3.2 Preparation of RAFT Agent (2-phenylprop-2-yl dithiobenzoate , CDB)

In a round bottom flask, sulfur (3.2g, 0.012 mol), freshly prepared sodium methoxide
solution (22.34g, 30%) and methanol (26.5g, 0.827 mol) were poured and benzyl
chloride (6.4g, 0.051 mol) was added with dropping funnel (Figure 2.1). The mixture
was mixed with a magnetic stirrer using a water bath to dissipate the heat of reaction,

then changed with an oil bath to reflux it overnight.

Cl &\C /SNa

+ Sx + NaOCHj; ﬂ» + NaCl + 2CH;0H

Figure 2.1 Schematic representation of dithiobenzoate salt preparation

On the second day a small amount of NaCl was added then filtered. Methanol was

removed by rota-vap and 50 mL of distilled water was added. Extraction was done
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three times with 30 mL diethyl ether and the top level was discarded. A further 30 mL.
of ether was added and acidified with HCI until the top level became purple and the

bottom colorless (Figure 2.2).

S\C/SNa \/SH

Figure 2.2 Acidification of dithiobenzoate

The product was in an organic phase (top level), then MgSO4 was added and filtered.
Residual ether was removed by rota-vap. o-methyl styrene (25 more than product as
stoichiometrically) and 10 mg p-toluene sulfonic acid were added. On the third day,
the product was purified by a silica gel chromatographic column with 5% solution

diethyl ether in hexane (Figure 2.3).

Figure 2.3 Synthesis of Cumyl Dithiobenzoate
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2.3.3 Method for PHEMA Synthesis via RAFT

HEMA was distilled under vacuum before use. Aliquots (2.8 mL) of a stock solution of
CDB, AIBN with HEMA in three different solvents (toluene, methyl ethyl ketone and
ethyl acetate) were transferred to ampoules and they were degassed by three vacuum-
freeze-thaw cycles, then flame sealed. Polymerization took place at 80°C for different
time periods and the conversions were determined by gravimetrically. The effect of
different [CTA]J/[AIBN] ratios (9, 18 and 27) were also investigated in three solvents in

order to optimum control of the polymerization of HEMA.

2.3.4 Method for P(HEMA -b-DMS) block copolymer synthesis (RAFT)

The RAFT polymerization of HEMA (2.5g) was performed in MEK (2.5g), ([RAFT]=
0.018 M, 0.0399¢g [AIBN]= 0.001M, 0.0009¢g) at 80 °C under argon atmosphere for 8
hours. Later, a 0.0009 g of AIBN was dissolved in 0.5g MEK and then, added to the
flask. After the 10 minutes 0.5g of PDMS(vinyl terminated) was dissolved in 1.5 g of
MEK and then added to the flask by syringe. The copolymerization continued for 4

hours and the product was precipitated in distilled water.

2.4 Block Copolymer Synthesis using PDMS Macroazoinitiator
2.4.1 Materials for Synthesis of PDMS Macroazoinitiator and Block Copolymers

Bis(hydroxyalkyl)-terminated PDMS (HO-PDMS-OH, Mn=6000 g.mol'l, typical
viscosity=1,000.000 c¢St, Aldrich), 4-(Dimethylamino) pyridine (DMAP, 99%,
Aldrich), p-toluenesulfonic acid (PTSA, 98.5% ACS Reagent Aldrich), N,N’-
dicyclohexylcarbodiimide (DCC, 99% Aldrich), dichloromethane (99%, general
purpose reagent, Lab-Scan), N,N’-dimethyl formamide (DMF, 99.8%, anaytical
reagent, Lab-Scan) methyl methacrylate (MMA, 99%, Acros Organics), ethyl
methacrylate (EMA, 99%, Acros Organics), and hydroxyethyl methacrylate (HEMA,
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98%, Acros Organics) were used as received. 4,4’-azobis-4-cyanopentanoic acid
(ACPA, 98%) was purchased from Fluka and used without further purification. Hexane
(99%, Merck), ethanol (99.5%, J.T .Baker), benzene (99.5%, Riedel deHaen) were used

as received.

2.4.2 Synthesis of Macroazoinitiator, PDMS-MAI

4-(Dimethylamino)pyridinium 4-Toluenesulfonate (DPTS) was synthesized by the
procedure of Moore et.al. [53] Briefly, an equimolar solution of DMAP in warm
benzene was added to the anhydrous benzene solution of PTSA and mixed thoroughly.
The resulting suspension was cooled to room temperature and the solid was collected
by filtration (Figure 2.4). The product was purified by recrystallization from 1,2-

dichloroethane, yielding white powder.

A\

4-(Dimethylamino)Pyridinium-p-Toluenesulfonate

Figure 2.4 The chemical structure of DPTS

The PDMS-MALI was prepared with a direct polycondensation reaction between HO-
PDMS-OH and ACPA by the procedure of Feng et.al. [54] HO-PDMS-OH (6 g, 1.0
mmol), ACPA (0.28 g, 1.0 mmol), and DPTS (0.1175 g, 0.4 mmol) were dissolved in a
mixture of 20 g of dichloromethane and 3.25 g of DMF at room temperature. Later, the
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DCC solution (0.62g, 3 mmol) (0.62 g of DCC dissolved in 6 g of dichloromethane)
was added slowly and stirred at room temperature for 24 h. The resulting viscous
suspension was filtered to eliminate the dicyclohexylurea (DCU) formed, which was
washed with dichloromethane twice. The filtrate was slowly poured into a large volume
of methanol to precipitate the polymer. The precipitation-dissolution procedure was
repeated twice to purify the polymer. The residual volatiles in the viscous oily polymer

were then removed in vacuum (Figure 2.5).

o}
¥R. o)
R'COOH H H R
R—N—C=—N—R————— 3 R—N—C—N—R ——————> R—N—C—N
AN
R
DMAP/H

H H
R—N—C—N—R

+

— 7N
AN + R'OH  DMAPH
N N—COR' 3 R'COOR"
7N/
CN

CH, 0
R = +CH2+(::—N=N—(::+ CH, —)—H—OH
2
2
N

CH, c

o

R" = ——PDMS—OH

Figure 2.5 Mechanism of synthesis of PDMS-MAI
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2.4.3 Method for Block Copolymers with PDMS Macroazoinitiator

A typical polymerization procedure was performed using: a 100 ml three-necked flask
equipped with a magnetic stirrer, a condenser, an Ar inlet, a thermometer and an oil
bath. Prescribed amounts of PDMS-MAI and MMA (or EMA, TMSHEMA) were
dissolved in 32 g of benzene, and then polymerized at 75 °C for different time periods.
As the polymerization proceeded the solution viscosity increased. The resulting block
copolymers P(DMS-b-MMA) and P(DMS-b-EMA) were precipitated in ethanol and
P(DMS-b-TMSHEMA) was precipitated into the cold water. Further purification of
block copolymer is a crucial step for removing the homopolymer and other impurities.
So the dissolution and the precipitation cycles were applied to different copolymers in
different solvents and non-solvents. The final product was dried under vacuum at 50
°C for 24 h. The same polymerization procedure was applied to the other monomers
(EMA, and TMS-HEMA). Table 2.3, 2.4 and 2.5 shows recipe for copolymerization of
MMA, EMA and TMSHEMA, respectively.
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Ie

Table 2.3 Recipe for copolymerization of PDMS-MAI and MMA

Feed Copolymer
Sample Code Run PDMS-MAI MMA | Time % Yield *DMS units M., M, M./M.
No weight % (g) (h) weight %
PM(4) 1 4,00 7,485 4 23,1 18,92 183857 58949 | 3,12
PsM(8) 2 4,00 7,485 8 23,8 18,71 148634 50690 | 2,93
PM(12) 3 4,00 7,485 12 24,0 11,18 165742 64543 | 2,57
PrM(#) 4 7.69 7485 | 4 18.8 7.85 52816 | 21749 | 243
P77:M(8) 5 7,69 7,485 8 25,1 6,89 120627 45996 | 2,62
P7-M(12) 6 7,69 7,485 12 30,1 5,59 134227 45541 2,95
P143M(4) 7 14,29 7,485 4 27,9 10,29 117774 45776 | 2,57
P143M(8) 8 14,29 7,485 8 30,6 9,09 99386 35822 | 2,77
P143M(12) 9 14,29 7,485 12 33,5 8,47 114927 41327 | 2,78
*Calculated by 'H-NMR




[43

Table 2.4 Recipe for copolymerization of PDMS-MAI and EMA

Feed Copolymer
Sample Run PDMS-MAI Time *DMS units
Code No weight % EMA () (h) % Yield weight % My M M/Ms
PisE4) 1 1,79 8,5388 4 11,0 9,76 216635 100435 | 2,16
PisE(8) 2 1,79 8,5388 8 17,0 6,28 130855 47409 | 2,76
PisE(12) 3 1,79 8,5388 12 12,9 7,96 185650 66581 | 2,79
P3sE4) 4 3,53 8,5388 4 194 10,29 190015 85875 | 221
P3sE(8) 5 3,53 8,5388 8 25,1 941 169774 62552 | 2,71
P3sE(12) 6 3,53 8,5388 12 28,2 7,59 164812 64568 | 2,55
PesE(4) 7 6,81 8,5388 4 235 18,79 16113 44339 | 3,63
PssE(8) 8 6,81 8,5388 8 27,1 11,83 223273 70652 | 3,16
PesE(12) 9 6,81 8,5388 12 38,2 12,82 184749 62967 | 2,93

*Calculated by 'H-NMR




Table 2.5 Recipe for copolymerization of PDMS-MAI and TMSHEMA

Feed Copolymer
Sample Run | PDMS-MAI | TMSHEMA | Time % *DMS units
Code No weight % (2) (h) Yield weight %
P,;TH4) 1 2,34 6,5119 4 22,1 3,08
P>3TH(8) 2 2,34 6,5119 8 249 3,31
P,3TH(12) 3 2,34 6,5119 12 33,5 5,54
P,cTH(4) 4 4,57 6,5119 4 29,2 3,99
P46TH(8) 5 4,57 6,5119 8 36,8 4,44
P4¢TH(12) 6 4,57 6,5119 12 39,1 4,21
Ps7,TH(4) 7 8,74 6,5119 4 37,1 6,94
Ps7TH(8) 8 8,74 6,5119 8 414 7,67
Ps7,TH(12) 9 8,74 6,5119 12 454 9,01
P, sTH 10 1,18 6,5119 8 8.3 1,68
Pic.TH 11 16,08 6,5119 8 51,8 7,98

*Calculated by '"H-NMR

The use of DCC as the activating agent and DPTS as the catalyst provided a convenient

method to synthesize the PDMS-MAI by the direct polycondensation of ACPA with

hydroxyl-terminated PDMS. The obtained PDMS-MAI was very effective in initiating
the polymerization of P(DMS-b-MMA), P(DMS-b-EMA) and P(TMS-HEMA)

copolymers. The whole process of MAI synthesis and its block copolymers were

described in Figure 2.6.
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Figure 2.6 Synthesis of Block Copolymers

2.5 Polymer Characterization Methods
2.5.1 Fourier Transform Infrared Spectroscopy (FTIR)

e For ATRP, RAFT and Macroazoinitiator polymers: FTIR analyses were

performed with Bruker Optics Tensor Series using IR-spectrometer (resolution
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is 4 cm™ and number of scan is 16 cm™). The data was processed by the OPUS
computer program.

¢ For Gamma rad. polymers: Infrared spectra of the monomer and the polymers
obtained were taken from KBr pellets by using a Perkin Elmer Spectrum-One

FT-IR Spectrometer.

2.5.2 Nuclear Magnetic Resonance Spectroscopy (‘H-NMR)

'H and °C NMR experiments were performed on all homopolymers and copolymers
for polymer structural analysis. Bruker Avance DPX 400 and Avance III Ultrashield
instruments were used. For 'H- and "*C-NMR measurements, 400 and 100 MHz
frequencies were used, respectively. Measurements were done in deuterio-chloroform

(CDCl3) and deuterio-dimethyl sulfoxide (de-DMSO).

2.5.3 Gas Chromatography Mass Spectrometry(GC-MS)

¢ For Gamma rad. polymers: The monomer degradation was carried out by GC
2000 Trace Series, which was determined on a phenomenex Zebron ZB-5
capillary column (ThermoQuest Finnigan, Automass). T1= 50°C t =5 min., with
5°C/min heating rate To= 300°C t =5 min., T3= 300°C t =5 min. Right inlet
temperature = 250°C and constant pressure was applied (P=250 kPa).

2.5.4 Solid State NMR

High-resolution solid-state NMR spectroscopy provides detailed information on the
structure of solid polymers. A polymer chain has a large number of conformations
because of the various possibilities of rotation around the chain bonds. Contrary to the
solution NMR, solid-state NMR spectra are very broad due to the anisotropic or
orientation-dependent interactions (internuclear dipolar broadening, chemical shift

anisotropy, spin-spin relaxation and spin lattice relaxation). The degree of line
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broadening as a function of temperature can provide important motional information
about a polymer system. Line broadening in both deuterium and Bc spectroscopy can
be used for this purpose. A number of special techniques/equipment , including magic-
angle spinning, cross polarization, special 2D experiments, enhanced probe electronics,
etc., can provide the same type of information that is available from corresponding
solution NMR spectra. ’C CPMAS and **Si MAS analysis were performed and also
»Si CP-MAS NMR experiments are valuable for assessing the nature of the
polysiloxane systems and the local siloxane structures in the region of the pendant
group attachments [55]. Solid state NMR spectra were recorded on a High Power Solid
State 300 MHz NMR Spectrometer (Bruker, Superconducting FT.NMR Spectrometer
Avance' ", Germany) running *Si MAS and "C CPMAS analysis at a spin rate of
5000 Hz with a scan number of 10,000. Samples were ground to powders and packed

into the 7 mm ZrO, rotors.

2.5.5 Gel Permeation Chromatography (GPC)

The molecular weight and the molecular weight distribution of macroazoinitiator and
block copolymers were determined by gel permeation chromatography (GPC, Polymer
Laboratories PL-GPC 220) with a 5 um PL gel columns. Experiments were conducted
in THF at 30°C with a ImL/min. flow rate. Polystyrene universal calibration was

applied.

2.5.6 Film Preparation for XPS and SEM Analysis

A required amount of copolymer was dissolved in proper solvent (chloroform for
P(DMS-b-MMA), THF for P(DMS-b-EMA) and DMF for P(DMS-b-HEMA)) at 10 %
concentration. The solution was cast on a glass plate and allowed for the evaporation of
the solvent for three days at 20°C. Films were then dried in a vacuum at 40°C and their

thickness was around 30pum.
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2.5.7 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS or ESCA) provides information about the
chemical composition of film surfaces. The XPS experiments were performed on a
SPECS ESCA  (Berlin, GERMANY) spectrometer equipped with a
unmonochromatized Al Ko X-ray source with a power of 250 W. EA 200
hemispherical electrostatic energy analyzer was used in the constant pass energy mode
of 96 eV using 4x7 mm” area. The pressure of the analyzer chamber was 10*® to 10”
torr. Binding energies were referenced to the carbon bond which was assigned a
binding energy of 284.5 eV. Each spectrum was curve-fitted using the SpecsLab

software.

2.5.8 Scanning Electron Microscopy (SEM)

The surface features and the topography of copolymers were imaged by SEM. SEM
micrographs of the sample surfaces that were coated with 2 nm AuPd were taken on
Quanta 400 microscope FEI Company (Netherlands) at a magnification of x1000,
x2000 and x5000, respectively.

2.5.9 Differential Scanning Calorimetry (DSC)

® For Macroazoinitiator polymers: Thermal transition temperatures of copolymers
were determined by Perkin Elmer Jade DSC at N, atmosphere. Samples were
heated from -160 to 200°C with a 10°C/min. heating rate.

¢ For Gamma rad. polymers: DSC thermograms were taken on a Dupont Thermal
Analyst 2000 Differential Scanning Calorimeter 910 S. All the measurements
were done under N»(g) atmosphere in a temperature range of 25°C to 400°C

with 5°C/min heating rate.
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e For ATRP polymers: The thermal analyses of the samples were recorded by a
TA-DSC 9108 differential scanning calorimeter. Heating rate 10°C/ min. from —
20°C to 350°C under nitrogen gas atmosphere.

2.5.10 Thermogravimetric Analysis (TGA)

TGA in situ FT-IR thermogram for PHEMA was taken on a Perkin Elmer Pyris 1 TGA
& Spectrum 1 FT-IR Spectrometer under N»(g) atmosphere and the polymer was
heated from 35'C to 720°C with a heating rate of 5'C/min.

2.5.11 Pyrolysis Mass Spectroscopy

The direct insertion probe pyrolysis mass spectrometry used for the thermal analyses
consists of a 5973 HP quadruple mass spectrometer coupled to a JHP SIS direct
insertion probe pyrolysis system. Polymer samples (0.01mg) were pyrolyzed in flared
glass sample vials. The temperature was increased at a rate of 10°C/min and the scan

rate was 2 scans/s.

2.5.12 Viscosity Measurements

Viscosity measurements were made in a thermostatic water bath at 30 °C using an
Ubbelohde viscometer. A copolymer was dissolved in methanol, which had been
exhaustively dried. For each polymer, the viscosity of four concentrations was
measured. Multiple readings were made at each concentration. Intrinsic viscosity was
obtained by extrapolation of a plot of specific viscosity/concentration vs concentration

to infinite solution.
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CHAPTER 3

RESULTS and DISCUSSION

3.1 Aqueous solution polymerization of HEMA by gamma-radiation

The time-conversion plot for radiation induced polymerization of HEMA at 25°C is
given in Figure 3.1. The kinetic curve showed an autoacceleration character with a

short induction period. The polymer obtained was brittle, transparent and insoluble in

common organic solvents.
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Figure 3.1 Conversion — Time graph for y-radiation polymerization of HEMA
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3.1.1 FTIR Analysis of PHEMA obtained by gamma radiation

The FT-IR spectra of HEMA and PHEMA are given in Figure 3.2. In the spectrum of
monomer (Figure 3.2a) the —OH peak is broad in the range of 3300-3700 cm’
indicating hydrogen bonding. It also was retained in the spectrum of polymer (Figure
3.2b). However, the shoulder at 3100 cm™; peaks at 1637, 933 and 816 cm’
corresponding to —C=C- in the spectrum of monomer are not present in the polymer
spectrum. The ~C=0 (1719 cm™), -C-O-C- (1321-1032 cm™), -CH, (1404-1379 cm™)
are present in both spectrum. Thus, polymerization proceeds via the opening of double

bonds.
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Figure 3.2 FTIR spectrum of (a) HEMA and (b) polymer of HEMA

40



3.1.2 DSC Analysis of PHEMA obtained by gamma radiation

The DSC thermogram of PHEMA is given in Figure 3.3. The detailed analysis of
thermogram by a program showed that the Tg value is around 88°C and peak at 110-
160 (maximize at 140 °C) corresponds to further polymerization which was not

observed in the second run thermogram. The polymerization peak has the enthalpy of
AH=-61.31J/g.

140.52°C

-0.5+ 354.63°C

214.0J/g

-1.0+ 121.04°C

61.35J/g

Heat Flow (W/g)

~1.5-

370.57°C %

, . . 5 ;
25 75 125 175 225 275 325 375
Temperature (°C)

Figure 3.3 DSC thermogram of PHEMA

3.1.3 Thermal Degradation of PHEMA

The GC-MS results of the monomer, HEMA is shown in Figure 3.4. Monomer

degradation is reached maximum at about 175°C. The main fragments at 175°C are

41



given in Figure 3.4b. The fragmentation is shown in Figure 3.5. Monomer is not

observed in the spectrum. Therefore, monomer is not stable and gives fragments, which

are also observed in the mass spectrum of polymer. The main fragments are

CH,=C(CH3)CO (m/z= 69), CH,=C(CHj3)- (m/z=41) and (CH3),CHCO, (m/z= 87).
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Figure 3.4 GC-MS spectrum of HEMA
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Figure 3.5 Schematic representation of fragmentation
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The thermal degradation of PHEMA was investigated by TGA-FTIR and electron
impact (70 eV) Mass Spectroscopy methods. The thermal stability of PHEMA was
characterized by means of TGA from 35°C to 700°C in N, atmosphere as shown in
Figure 3.6. The TGA thermogram showed depolymerization type degradation and
derivative weight loss is a broad peak with a maximum at about 275°C. The activation
energy of degradation was calculated according to Broido method [56] as 73,06 kJ/mol,
which is smaller than the reported activation energy [31]. The thermal degradation of

homogeneous system has following expression:

2% k@ fla) Eq.L.1
dt
a =W, =W, )/ (Wy~W,) Eq.1.2

where a is extent of sample being degraded and Wy, W, and Wy are weight of sample
before degradation, at time t and after complete degradation, respectively. f(a)
represents the net results of elementary steps, as the polymer degradation are often
chain reactions. For solid state reactions f(a) = (1- )" , where n is the order of reaction

(for many pyrolysis process n=1 is assumed). At a specific heating rate, f = dT/dt,

Z—? =(A/pB)exp(-E, /RT)(1-a)" Eq.1.3

According to Broido method for n=1

log[-log(1—a)|=—(E, /2.303R)[(1/T)+ K] Eq.1.4

So, in the log[-log(1- a)] versus 1/T plot the slope gives the -E, /2.303R value.
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Polymer was degraded completely at about 483°C. The evolved gas from the

degradation was recorded by FT-IR spectra continuously. The FT-IR spectra of the

degraded fragments at 197°C to 431°C are given in Figure 3.7. The FT-IR spectra for

degradation from 125 to 293 °C are corresponding to that of monomer, which have

been depolymerized or in oligomers. However the broad and strong peak of —OH in

monomer FT-IR spectrum (Figure 3.2a) was not observed in these spectra. Therefore,

there should be linkage type degradation in the early stage of degradation to remove

HOCH,CH),- groups. The noisy peaks at 3800-3700 cm™', ~2400 cm™', 1400-1800 cm™

as transmitted correspond to H,O and CO, backgrounds. The degradation is completed

at 483°C. Thus, the TGA degradation of PHEMA is different from that of PMMA,

which is a depolymerization type.
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Figure 3.7 FTIR spectrum of decomposition gases from TGA analysis
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In order to understand the thermal degradation better, the pyrolysis of the polymer
sample under vacuum at different temperature were also carried out. The FT-IR spectra
of samples after pyrolysis were recorded and shown in Figure 3.8. The spectra at
different temperatures are identical to that of the polymer (Figure 3.2b), therefore, there
1s no side group cyclization (lactons and/or anhydrides) during the thermal degradation.
The degradation is linkage and depolymerization with a combination of monomer
fragmentation. The FT-IR spectra at 400(b)°C is that of condensed fragments of
degraded polymer. It corresponds to polymer with a cleavage of -CH,CH,OH or —
CH,OH groups that leaves no —OH groups as observed for fragmented product (Figure
3.7)

3.1.4 Mass Spectral Analysis

The mass thermogram of PHEMA 1is given in Figure 3.9 and the mass spectrum
corresponding to maximum yield is shown in Figure 3.10. The fragmentation in the
thermogram showed four stages at about (a) 30-50°C, (b) 250-350°C, (c) 350-470°C
and (d) 470-520°C. The results are tabulated in Table 3.1. The fragments in the first
two stages are corresponding to that of the monomer degradation. This is generally
affected by electron impact rather than temperature. The degradation fragments in the
first stage are the same as the fragments obtained from GC-MS of monomer (Figure 3.4
and 3.5). Unlike other acrylates if there is a functional group in the R group of ester
OR, the monomer becomes unstable and degraded at low temperatures. In the second
stage, the fragments are that of the monomer as in the first degradation stage with some
changes in fragments abundances. In the last two stages the main fragments are given
in Figure 3.11. The other fragments at these stages are those of monomer and polymer.
However, the other polymer fragments have limited abundances. These are dimer,

trimer, tetramer and their fragments. They are given in Table 3.1.
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Table 3.1 Mass spectral fragments at different stage of degradation

2.216 (48°C) 34.068 (365°C) 44.507 (470°C) 49.519 (520°C)

m/z I Fragments /1 Fragments I, Fragments /1, Fragments
15 0.59 CH; 0.69 CH; 0.25 CH; 1.76 CH;

17 3.63 OH 0.07 OH 0.03 OH 0.58 OH

18 16.34 H,O 0.25 H,O 0.13 H,O 235 H,O

27 3.64 CoH; 344 CoH; 3.27 CoHs 14.96 CoHs

28 5.74 CO,CH, 2.24 CO,CHy 3.61 CO,CH, 29.57 CO,CH,
29 3.88 C,H; 6.76 C.H; 5.36 C,H; 24 .98 C,H;

31 5.14 CH;0 17.82 CH;0 2.08 CH;0 8.53 CH;0
41 64.67 CsHs 62.14 C3H;s 26.01 CsHs 69.87 C;H;s

43 6.54 C;H7,C,H30 11.45 C;H7,CH;0 12.01 C;H7,C,H;0 38.90 C;H;,C,H;0
44 7.82 C,H,0,CO, 12.54 C,H,0,CO, 11.84 C,H,0,CO, 51.21 C,H,0,CO,
45 11.52 C,Hs0 16.28 C,Hs0 7.89 C,HsO 22.21 C,Hs0
53 1.05 C4Hs 1.54 CH; 6.74 C,Hs 16.17 C,Hs

55 2.54 C;H;0 3.86 G;H;0 22.44 C3H3;0 58.52 C;H;0

61 043 C,H;0, 1.32 C,H;0, 0.41 C,H50, 0.92 C,H;0,

69 | 100.00 CHs0O 100.00 C4Hs0 63.79 C4Hs0 92.15 C4Hs50

77 0.33 C,Hs03 0.31 C,H;05 10.13 C,H;03 20.32 C,H;05

87 | 5429 C4H;0, 66.39 C4H,0, 9.27 CH,0, 11.56 C4H,0,

91 2.58 C;H;0;3,CH,,0, 2.38 C;H;05,CH 1,0, 19.88 C;H;0;3,C,H,,0, 38.10 C;H;05,CH 1,0,
100 | 7.11 CsHgO, 11.27 CsHzO, 23.18 CsHgO, 28.79 CsHzO,




0S

Table 3.1 Continued

113 1.31 CsHyO, 5.84 CsHyO, 100.00 CsHyO, 100.00 CsHyO,
117 1.35 CsHyO3 1.30 CsHyO35 7.64 CsHyO3 13.02 CsHyO35
129 | 0.35 CHy30; 0.38 C/H,30, 12.08 CHy30; 15.27 C7H;30,
130 0.09 C¢H,003,monomer 0.11 C¢H 003, monomer 3.13 C¢H,003,monomer 458 C¢H,00O3,monomer
141 0.07 C;HyO; 0.10 C/Hy0; 11.26 C7Hy03 13.62 C/Hy0;
149 | 0.13 CsHs0; CsHs05 10.82 CsHsO3 13.62 CsHs05
165 0.16 CoHyO35 0.17 CyHy0; 10.93 CoHyO35 14.20 CoHyO3
187 - CoH;504 046 CoH;504 19.01 CoHy504 14.61 CoH,504
199 | 0.01 CioH;504 041 CioH;504 10.67 CioH;504 10.05 CioH;504
215 0.03 CioH;505 0.33 Ci0H1505 7.27 CioH;505 8.03 CioH1505
231 0.02 C11Hy90s 0.03 C11H190s 9.75 C11Hy90s 6.59 C11H190s
255 - C12H;506 0.05 C12H;506 5.55 C12H;506 443 C12H;506
260 - CoH,0¢,dimer 0.01 CpHOg,dimer 2.27 CoH,0O¢,dimer 241 C1oHOg,dimer
267 - Ci3H,506 0.03 Ci3Hy506 437 Ci3H,506 361 Ci3Hy506
279 | 0.02 C14H150¢ 0.01 C14H;50¢ 3.05 C14H;506 2.88 C14H;50¢
287 - C14H206 0.01 C14H2306 3.58 C14H2306 2.50 C14H2306
299 - Ci5H2306 0.03 Ci5H306 6.42 Ci5H206 3.33 Ci5H2306
311 0.03 Ci6H2306 0.05 Ci6H2306 5.15 Ci6H2306 2.89 Ci6H2306
327 - C17H206 0.01 C17H2706 3.05 C17H206 2.17 C17H2706
376 - Ci7H2009 - Ci7H2009 0.97 Ci7H2009 0.67 Ci7H2009
390 - CsH30O0,trimer - CsH3¢Og, trimer 0.75 CgH3¢Og,trimer 0.55 CsH3¢Og, trimer
520 - Cy4Hy40O 5, tetramer - Cy4HygO1p, tetramer 0.25 Cy4Hy4¢O 5, tetramer 0.17 Cy4HygO1p, tetramer
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Figure 3.11 Schematic representations of main fragments in last two stages

The polymerization of HEMA was carried out in aqueous solution to saturate —

CH,CH,OH groups and that way to prevent intra- and intermolecular hydrogen

bonding. In this case, the polymer might be linear. However, the polymer obtained was
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insoluble in common organic solvents and polymerization can not be proceeded in a
controlled way with respect to the molecular weight. Hence, controlled living radical
polymerization techniques (e.g. ATRP and RAFT polymerization) have been tried to
achieve the desired molecular weights and properties of PHEMA and then, its
copolymerization with PDMS.

3.2 Atom Transfer Radical Polymerization of HEMA

Copper mediated ATRP is one of the controlled living polymerization technique
employed to obtain predetermined molecular weights of polymers. The details of the
mechanism of ATRP were explained in Chapter 1. Briefly, the carbon-halogen bond of
an initiator (RX) is reversibly cleaved by a Cu(I)X/ligand catalyst resulting in a radical
(Re) and Cu(I)X»/ligand. The radical can reversibly deactivate (mainly), add to the

monomer or irreversibly terminate (Figure 3.12).

K,
CH;CH,OCC(CH3),Br + Cu(I)Cl/(bpy)24+ CH;CH,0CC(CH3), + Br=Cu(ICl/(bpy),
da -
ok
+ HEMA T a

termination

ka
PHEMA—CI + Cu()Cl(bpy); ———=—==— PHEMA® + CH—Cu(ICl/(bpy);
a Se

~

~
~
~
*k
\i

termination

Figure 3.12 Simplified ATRP mechanism for PHEMA macroinitiator and
P(HEMA-b-DMS) copolymer.
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The scope of the synthesis of block copolymer via ATRP is the preparation of the first
block of PHEMA and then, isolates the polymer as a macroinitiator for second block of
vinyl terminated PDMS. Before the copolymerization, a best condition for the
controlled radical polymerization of HEMA was aimed. The ATRP process is
multicomponent system; therefore a selection of suitable catalyst and initiator for the
monomer is critical. Therefore, different complexes (metals/ligands) were synthesized
in different solvents and then, characterized by UV-Vis and FTIR spectroscopy

techniques before the polymerization.

3.2.1 UV-Vis and FTIR results of Cu (II) complexes

The complexation of both CuCl, and CuBr; with different nitrogen based ligand was
investigated by UV-vis and FTIR spectroscopy. The absorption spectrum in visible
region of Cu(Il)01 complex gave a maximum intense broad peak at 290 nm which was
different from both CuCl, (271 nm) and PMDETA (202nm) (Figure 3.13). Changing
the ligand from PMDETA to 4,4-dMbpy and the solvent , the Cu(II)02 complex gave a
maximum at 206 nm and 296 nm which are also different from 4,4-dMbpy (208, 239
and 272 nm) (Figure 3.14). From the UV-vis spectra of Cu(I)03, Cu(Il)04 and
Cu(IDOS complexes (Figure A.1-A.3, Appendix A), it can be seen that the absorption
peaks of both metal (CuBr;) and different ligands (2,2-bpy, PMDETA, and 4,4-
Dmbpy) disappeared and new absorption bands formed. This means that, the
complexation reactions of both CuCl, and CuBr, with different ligands were formed
and the newly formed absorption bands can be assigned as a metal to ligand charge
transfer (MLCT) or reverse (LMCT). FTIR results also supported the complex forming
(Figure 3.15 and 3.16).
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3.2.2 UV-Vis results of Cu (I) complexes

In UV-vis spectra of Cu(I)A and Cu(I)B complexes, the absorption peak at a maximum
of CuCl at 199 nm disappeared and the peaks at maximum relating to both 2,2-bpy and
4,4-dMbpy ligands were disappeared. Therefore, in the polymerization medium, Cu(l)

complexes formed were investigated (Figure 317 and 3.18).
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3.2.3 FTIR results of polymers prepared by ATRP

The monomer HEMA and the isolated PHEMA were characterized by FTIR
spectroscopy and spectra are shown in Figure 3.19. Characteristic O-H stretching (3432
cm'l) and C=0 stretching (1719 cm'l) were observed at both in momomer and
polymers. The peaks in the range at around 2700-2950cm™ can be interpreted for C-H
stretching for methyl CH; and methylene —CH,- groups. Also, at 1440cm™ alkene C-H
scissoring gave a sharp peak. But the main differences between monomer and polymers
can be observed in the peak at 1637 cm™ which can be assigned to C=C stretching and
and also sharp peak at 816 cm™ that can be assigned to alkene C-H out of plane
bending type vibrations. This means that double bonds disappeared in IR spectra of

polymers and polymerization was done via vinyl group opening.
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Figure 3.19 FT-IR spectra of (a)HEMA and (b)PHEMA (by ATRP method)
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3.2.4 '"H-NMR analysis of polymers prepared by ATRP

The chemical structure of the polymers obtained was also investigated by 'H-NMR
spectroscopy (Figure 3.20) and the spectrum reveals that there is no residual monomer

in the polymer.
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Figure 3.20 'H-NMR spectrum of PHEMA via ATRP
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The recipe for the ATRP of HEMA was given in Chapter 2 (Table 2.2) and six
different polymerization conditions by various components were tried to investigate the
effect of addition of Cu(Il)/ligand complex into the polymerization medium.

Conversions data were given in Table 3.2.

Table 3.2 Conversion % data for ATRP of PHEMA

Run (CuCl) (bpy) Initiator HEMA Cu(ID02 | Conv
No | (mol ratio) | (mol ratio) (mol ratio) (mol ratio) | (mol ratio) %
1 1 2 (EBriB) (1) 200 - 464
2 1 2 (EBriB) (1) 200 0.1 534
3 1 2 (BrMPB)(1) 200 - 31.8
4 1 2 (BrMPB)(1) 200 0.1 374
5 1 2 (BrPB) (1) 200 - 474
6 1 2 (BrPB) (1) 200 0.1 51.2

Matyjaszewski et. al. [57,58] introduced the mixed halogen system R-Br/Cu-Cl to
increase the rate of initiation due to the weaker bond of R-Br. They stated that the
mixed halide initiated ATRP of MMA provided the best control of molecular weight
and the lowest polydispersities Therefore, in this study three different Br-containing
initiators with CuCl/(bpy), systems were used for the ATRP of HEMA. The initiators
used are  BrB(CH3CH,OC=OC(CH3),Br),  BrMPB((CH3),CBrC=0OBr) and
BrPB(CH3;CHBrC=0Br) Tertiary halides (BrMPB) exchange faster than secondary
halides (BrPB)., thus, conversion percentages are higher in BrPB initiating system. It
was also aimed to force to the equilibrium towards the dormant species by initial
adding Cu(Il) complexes initially (Figure 3.12), so the decrease in polymerization rate
was expected. The concept of ATRP is that the polymer chains spend the majority of

the time in the dormant state. If there is a very small amount of active chains in the
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polymerization medium this will cause the reduction of the termination. However, with
the addition of Cu(Il) complexes the conversion percentages increases unexpectedly.

Therefore, Cu(Il) complexes were not used in copolymerization medium.

The first polymer obtained (run 1) was used as a macroinitiator for the
copolymerization with PDMS via ATRP. After the addition of PDMS (vinyl
terminated) some solubility problems appeared. The solvent mixture was MEK/1-
propanol (70/30 v/v) and the macroinitiator (PHEMA), metal (CuCl) and ligand (bpy)
were soluble in polar solvents, but PDMS is insoluble in this solvent mixture. The
polarity of the solvent decreased (by adding non-polar solvents into medium) in order
to increase the solubility of PDMS. In this case, the solubility of PHEMA and
complexes decreased, because the Cu(I) complexes are highly soluble in polar solvents
such as methanol and water. PHEMA has the hydrophilic character while the PDMS
has hydrophobic. To decrease the hydrophilicity of HEMA, the —OH groups were
protected by trimethyl silyl group in order to increase the solubility of HEMA in non-
polar solvent. The newly formed monomer (TMSHEMA) was polymerized and
copolymerized with PDMS via ATRP. The route of the copolymer synthesis was also
changed as follows: after nearly complete consumption of the first monomer
(TMSHEMA), the second monomer (PDMS) was added to the reaction medium. So,
P(TMSHEMA) was not isolated from reaction medium and the second PDMS block
was added sequentially. The P(TMSHEMA) homopolymer and P(TMSHEMA-b-DMS)
copolymer were characterized by FTIR and 'H-NMR techniques. FTIR spectra of both

TMSHEMA monomer and its copolymer were given in Figure 3.21.
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Figure 3.21 FTIR spectra of TMSHEMA (a) monomer (b) polymer via ATRP

All peaks of TMSHEMA monomer are the same as that of HEMA (Figure 3.21(a))
except the —OH stretching and the disappearing C=C stretching peak at around 1600
cm” indicates the polymerization proceeded via opening double bonds. 'H-NMR
analysis of both monomer and polymer were also performed to characterize the

chemical structures. (Figure 3.22)
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Figure 3.22 'H-NMR spectra of TMSHEMA and its copolymer

The -OH peak, at 4.8 ppm in 'H-NMR spectrum of P(TMSHEMA), is due to the partial
deprotection of trimethyl silyl groups (Figure 3.22). The -Si(CH3) protons of both
TMSHEMA and PDMS appeared at 0.0 ppm. The TMS groups in P(TMSHEMA) were
deprotected by HCI treatment and the characterization was done by 'H-NMR

spectroscopy (Figure 3.23).
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Figure 3.23 '"H-NMR spectrum of P(HEMA-b-DMS)

After the deprotection of TMS groups of the copolymer, there is no peak observed at
around 0.0 ppm which means that the PDMS block could not be incorporated into the
copolymer (Figure 3.23). The 'H-NMR spectrum of P(HEMA-b-DMS) block
copolymer is identical with the '"H-NMR spectrum of PHEMA (Figure 3.20). The
failure in the copolymer synthesis might caused by the different reactivities of two
blocks. The reactivities of the blocks increase when the molecular weights of them
close to each other. The molecular weight of PDMS (M,=25000, purchased from
Aldrich) might be higher than that of P(TMSHEMA). Because the viscosity
measurements revealed that the intrinsic viscosity of the P(TMSHEMA) was found as
0.1741 which could means the low molecular weight. The big challenge lies in the

synthesis of block copolymer due to the difference in reactivities of the blocks and their
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molecular weights. PDMS (second block) should be added as a sequential monomer
instead of a polymer for the preparation of block copolymer via ATRP. Then, the
second controlled living polymerization technique (RAFT polymerization) was

performed for the synthesis of P(HEMA-b-DMS) copolymer.

3.3 RAFT Polymerization of HEMA

The mechanism of the RAFT process is shown in Figure 1.3 and the main goal is to
extend the lifetime of growing radicals like ATRP. The rate constant of chain transfer
should be faster than the rate constant of propagation in RAFT polymerization. 2-
phenylprop-2-yl dithiobenzoate (RAFT agent) was synthesized by reaction between the
dithiobenzoic acid and o-methyl styrene, then it was characterized by 'H and “C —
NMR techniques. Spectra are shown in Figure 3.24 and 3.25. Having successfully
synthesized RAFT agent, the homopolymerization of hydrophilic monomer HEMA in
three different solvents was investigated. MEK and EtOAc were chosen due to the
polarity. Toluene was chosen as solvent due to the copolymerization reaction of HEMA
and PDMS after the synthesis of PHEMA macroinitiator, because, the PDMS is

completely soluble in toluene.

Living radical polymerization characteristics are constant concentration of active
centers and linear relationship between molecular weight and monomer conversion.
The results for a series of thermally initiated HEMA-RAFT polymerizations performed
with a range of solvents are shown in Figure 3.26-3.29 and in Table 3.3-3.5. Table 3.3
presents conversion percent-time results for RAFT polymerization of HEMA under
experimental condition such as [RAFT]/ [AIBN]=18 at 80 °C in MEK. A linear
relationship between In([M]o/[M]) and polymerization time is shown in Figure 3.26.
The first-order kinetic is observed up to the nearly 40 conversion %. Molecular weights
and MWD of polymers could not be determined by GPC technique due to the
insolubility of PHEMA in THF. However, intrinsic viscosity (IV) measurements give

the relative molecular weight of copolymers and IV values are summarized in Table 3.3
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Table 3.3 Conversion % and intrinsic viscosity results for the RAFT polymerization of
HEMA in MEK, ([RAFT]=0.018 M, [AIBN]= 0.001M at 80 °C)

Time (h) | Conv % | IV Values
0,5 4,1 -
1 139 0,0701
1,5 22,7 0,0993
2 37,1 0,1088
3 41,3 0,1107
4 59,6 0,1051
6 67,6 0,127
8 744 0,1363
13 82,0 0,1343
16 66,3 0,1424
20 68.9 0,1813
23 594 0,1412
24 794 0,1619
47 75,7 0.1728
50 70,8 0,2523
74 77,6 0,2223
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Figure 3.26 In([M]¢/[M];) vs. time graph for the RAFT polymerization of HEMA in
MEK, ([RAFT]=0.018 M, [AIBN]= 0.001M at 80 °C)

Table 3.4 shows the conversion % - time results for the RAFT polymerization of
HEMA in ethyl acetate under the same experimental conditions with MEK. However,
the limiting conversion value is 0,35 and this value is reached at nearly 6 hours. Again,
a linear relationship between In([M]¢/[M]) and polymerization time is observed up to
nearly 30 % conversion (Figure 3.27) and IV values increases as conversion increases

(Table 3.4).
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Table 3.4 Conversion % and intrinsic viscosity results for the RAFT polymerization of
HEMA in ethyl acetate, ((RAFT]= 0.018 M, [AIBN]= 0.001M at 80°C)

Time(h) | conv % | IV Values
0,5 2,66
1 10,70 0,1228
1,5 19,36 0,1053
2 26,59 0,1165
3 26,79 0,3039
4 29,14 0,3083
5 29,83 0,2863
6 32,96 0,3579
8 32,73 0,3301
12 33,37 0,2271
0,35
0,30
g 0,25
s 0,20 7
£ 0,15
£0,10 -
0,05
0,00 I I I I I I I I 1
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Figure 3.27 In([M]¢/[M]y) vs. time graph for the RAFT polymerization of HEMA in
ethyl acetate, ((RAFT]= 0.018 M, [AIBN]= 0.001M at 80 °C)
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Results for the RAFT polymerization of HEMA under the same experimental
conditions in toluene is shown in Table 3.5. The homopolymerization of HEMA in
toluene is so fast that it was completed in just a few hours. There is no linearity
between In([M]o/[M]) and polymerization time in toluene so the polymerization is not

proceeded in a controlled way (Figure 3.28).

Table 3.5 Conversion % and intrinsic viscosity results for the RAFT polymerization of
HEMA in toluene, ([RAFT]=0.018 M, [AIBN]= 0.001M at 80°C)

Time(h) | conv % | IV Values

0,5 2,52

1,0 8,85 0,0116
1,5 13,22 0,0646
2,0 29,19 0,0957
2,0 27,08 0,1304
2,5 89,02 0,2561
30 87,90 0,2131
4,0 10,31 0,1947
8,0 96,38 0,2969
11,5 91,43 0,5091
14,0 90,85 0,5651
16,0 82,47 0,4072
24,0 98,78 0,3217
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Figure 3.28 In([M]o/[M];) vs. time graph for the RAFT polymerization of HEMA in
toluene, ((RAFT]=0.018 M, [AIBN]= 0.001M at 80 °C)

Highest conversions were achieved in toluene and the lowest ones were obtained in
ethyl acetate. This is caused by the polarity of the solvents used and the activity of the
RAFT agent in different solvents. Polymerizations resulted in higher conversions in
toluene due to the low solubility of CDB and HEMA. The conversions reached the
limiting value (at around %35) in ethyl acetate and as the time increases the conversion
did not change much. This can be explained by the higher transfer activity of RAFT
agent in ethyl acetate. Polymerizations in both MEK and ethyl acetate, CDB has a rapid
rate of exchange between dormant and living chains so the rate of polymerization was
decreased when comparing with toluene. It means that the effectiveness of CDB in

MEK and ethyl acetate is much better than that in toluene.
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Figure 3.29 Comparison of three conversion — time graphs for the RAFT
polymerization of HEMA, [RAFT]=0.018 M, [AIBN]= 0.001M at 80 °C

The effect of different [CTA]/[AIBN] ratios were also investigated in three solvents in
order to optimum control of the polymerization of HEMA. The polymerizations were
performed at different [CTA]/[AIBN] ratios, as 9, 18, 27 while other reaction
conditions remained the same. The results are tabulated in Table 3.6. In all solvents, %
conversions decreased when the [CTA]/[AIBN] ratios are increased from 9 to 18 and
27. In the case of the lower [CTA]/[AIBN] , the reduction of the chain transfer reaction
of the CDB lead to the higher % conversions.
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Table 3.6 %Conversion-time and IV results for the HEMA polymerization with
different [CTAJ/[AIBN] ratios in three different solvents

0.027 40.0 0.1119 | 10.6| 0.0711 23.6 | 0.1281
0.027 47.0 0.1619 | 75.8 | 0.1078 31.1| 0.1087

Solvents MEK Ethyl Acetate Toluene
Time [RAFT] conv. | v Values | €00V- v conv. v

(h) M) Vi V4 Values Vi Values

1 0 63.9 - 100.0 - 99.8 -

2 0 95.7 - 98.8 - 100.0 -

1 0.009 23.5 0.1454 | 15.5 0.1376 28.5| 0.2236

2 0.009 51.7 0.2522 | 594 | 0.3104 88.7 | 0.2604

3 0.009 62.2 0.1931 | 588 | 0.3026 914 | 0.2880

4 0.009 70.6 0.2199 | 675 1.2194 98.1 | 0.2808

1 0.018 139 0.0701 10.7 | 0.1228 89| 0.0116

2 0.018 37.1 0.1051 | 26.6 | 0.1165 27.1 | 0.1304

3 0.018 41.3 0.1088 | 26.8 | 0.3039 879 0.2131

4 0.018 59.6 0.1107 | 29.1 0.3083 10.3 | 0.1947

1 0.027 8.6 0.1003 0.5 - 9.2 -

2 0.027 26.7 0.1049 3.0 - 120 | 0.1066

3

4

Generally, increasing the concentration CTA caused an improvement of the control of
the polymerization. But the effects of solvent and different [CTA]/[AIBN] ratios on the
chain length and molecular weight distribution could not be examined. However,
intrinsic viscosity (IV) measurements were utilized to relatively measure the molecular
weight of PHEMA homopolymers obtained by different conditions. Results are also
tabulated in Table 3.6. IV values increases with reaction time and it decreases with
increasing [CTAJ/[AIBN] ratios as expected. After the comparison of three different
solvents and [CTA]/[AIBN] ratios it was concluded that the methyl ethyl ketone
(MEK) is a suitable solvent and [CTAJ/[AIBN] = 18 is a proper ratio for the
copolymerization of HEMA and PDMS. After the optimization of the RAFT
polymerization of HEMA, the copolymerization with the PDMS was studied. The
firstly prepared PHEMA block was not isolated from the medium. After the completion
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of the polymerization of HEMA , the second block of PDMS was added sequentially.
The product was analyzed by "H-NMR spectroscopy (Figure 3.30).

The cyclic protons of RAFT agents can be seen in 'H-NMR spectrum of polymer,
which means the end groups of polymer have living character. RAFT process yields
thiocarbonyl thio-terminated P(HEMA-b-DMS) that can be chain extended with vinyl
terminated PDMS to obtain block copolymer. However, the silyl protons correspond to
the PDMS segment does not exist in the spectrum indicating no copolymer formation.
The reasons of the failure might be either the different hydrophilic/hydrophobic
characters of the blocks or the difference in molecular weights of two blocks like in
ATRP case. Another reason of no copolymerization might be the low ability of the
PHEMA as a leaving group in the copolymerization reaction. Firstly prepared PHEMA
block was used as a macroRAFT agent and it should have a better leaving property for
the copolymerization. It was concluded that the main reason of the failure is the PDMS
block. The second block should be added as a monomer (DMS) not in a polymer
(PDMS) form, because, the possibility of the reaction between the active sites of
macroRAFT and vinyl groups of monomers is much more than that of the polymer.
Therefore, the aim of the project was the synthesis of silicone-methacrylate based
copolymers and the route of the synthesis was changed to the modification of the end
groups of hydroxyl-terminated PDMS as a macroazoinitiator. The molecular weight of
vinyl terminated PDMS (M,=25000) was lowered to hydroxyl-terminated PDMS

(M,=6000) for the macroazoinitiator synthesis.
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Figure 3.30 '"H-NMR spectrum of PCHEMA-b-DMS) copolymer via RAFT
polymerization

3.4 Block Copolymer Synthesis by PDMS Macroazoinitiator

PDMS macroazoinitiator (MAI) was prepared from bishydroxy-terminated
polydimethylsiloxane (HO-PDMS-OH) and 4,4’-azobis-4-cyanopentanoic acid
(ACPA) by direct polycondensation reaction and then it was used as a
macroazoinitiator in block copolymerization with MMA, EMA, HEMA and
TMSHEMA monomers. General steps are represented in Figure 3.31 and the details
about the experimental conditions are given in Chapter 2. Products are purified by

dissolution-precipitation cycles and dried before the characterization. The chemical and
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physical properties of both homopolymers and copolymers were determined by
different techniques. Surface properties of copolymer films were also examined. The
following sections are dedicated to characterize the PDMS-MAI, P(DMS-b-MMA),
P(DMS-b-EMA) and P(DMS-b-TMSHEMA) polymers.

CN  CH;,

OH ( PDMS) OH + HOOC(CHpz—CN= NC——(CH,),COOH

n ‘

CH; CN
DPTS | DCC
OH% PDMﬂ— OCO(CH,),CN = NC(CH,),CO }» OH
“ ] :
CN CH,

MMA | EMA, TMSHEMA

P(DMS-b-MMA), P(DMS-b-EMA), P(DMS-b-TMSHEMA)

Figure 3.31 Schematic representation of copolymer synthesis
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3.4.1 FTIR Analysis of Block Copolymers
34.1.1 P(DMS-b-MMA)

P(DMS-b-MMA) block copolymer synthesis was confirmed by FT-IR spectroscopy
and shown in Fig 3.32. The strong absorption at 1261 cm™ of PDMS attributed to Si-
CH; deformation. A very broad peak at 1096- 1020 cm™ for Si-O-Si asymmetric
stretching vibrations can be seen as a doublet. Strong Si-O bands appeared at 798 cm™,
also, C-H stretching and C-H bending in CHj; groups was observed at 2963 and 1446
cm’”, respectively. The appearance of intense absorptions near 1259, 1087-1015 and
795 cm™ of block copolymer clearly show the presence of siloxane segments. The
strong absorption at 1723 cm” showed C=0 and —CHj stretching vibrations appeared
around 2962 cm™ for PMMA segments. For both PDMS and PMMA segments, C-H
bending in CH3 groups appeared at 1435 cm’. The characteristic C-O stretching for
ester (*C-C(=0)-0O and O-*C-C) were observed at 1140 cm™ and at around 900 cm™.
The presence of both PDMS and PMMA segments (blocks) in copolymer were also
evidenced by 'H-NMR studies.
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Figure 3.32 FTIR Spectra of PDMS , P(DMS-b-MMA) and PMMA

3.4.1.2 P(DMS-b-EMA)

Similar FTIR spectrum was obtained for the PDMS-b-PEMA (Fig 3.33). C=0
stretching vibration was seen at around 1722 cm™ and the peaks in the range at around

2963 cm™' can be interpreted for C-H stretching for methyl CH; and for methylene —
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CH,- groups. Also, at 1479cm™ methylene CH, scissoring gave a sharp peak (generally
overlaps the C-H bending vibration of CH, and CHj groups at 1447 cm™). The broad
absorption bands around 1173-1143 cm™” were caused by C-O-C- ester group
stretchings. Also, PDMS segments can be seen at 1260, 1092-1019 and 797 cm’'.

FDMS

; Y /\ {‘)‘ P(DMS-h-EMA)

1,00

0,98 - - V ‘]
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Figure 3.33 FTIR Spectra of PDMS, P(DMS-b-EMA) and PEMA
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3.4.1.3 P(DMS-b-TMSHEMA)

In Figure 3.34, characteristic O-H stretching was observed at around 3386 cm™. Also,
peaks in the range at around 2962cm™ were attributed to C-H stretching for -CH; and —
CHj, groups. Other peaks corresponding to -C=0 (1715 cm™), -C-O-C- (1259-1019 cm
1), -CH; scissoring and C-H bending (1450-1417 cm'l) are present in P(DMS-b-
TMSHEMA) FTIR spectrum. These characteristic peaks confirmed that the TMS-
HEMA was incorporated into the PDMS. The strong peak at 1259 cm™ (Si-CH3), a
broad band at 1072-1019 c¢cm™ (Si-O-Si) and a sharp peak at 797 cm’ (Si-0)
corresponds to the PDMS segments. Both PDMS and PHEMA segments were
identified in the FTIR spectrum of block copolymer. For further chemical composition

confirmation of block copolymer 'H-NMR analysis was done.
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Figure 3.34 FTIR Spectra of PDMS, P(DMS-b-TMSHEMA) and PHEMA

85



3.4.2 '"H-NMR Analysis of Block Copolymers
34.2.1 P(DMS-b-MMA)

'H-NMR spectra of PDMS, PDMS-MAI and P(DMS-b-MMA) copolymer are shown
in Fig.3.35.a, Fig.3.35.b, and Fig.3.35.c respectively. In the 'H-NMR spectrum of
PDMS (starting polymer) only methylsiloxane protons are observed. For the PDMS-
MALI new peaks appeared in addition to strong methylsiloxane protons, which are —
CHj; and —CH, groups originating from ACPA. In the 'H-NMR spectrum of P(DMS-b-
MMA) copolymer -OCH3, —-CH, and —CHj3 groups protons at 3.5, 2.0 -1.6 and 1.5-0.8
ppm due to the PMMA chain and —CHj3 protons of PDMS segments at 0.0 ppm are
assigned. Hence, the 'H-NMR spectrum of P(DMS-b-MMA) confirms the chemical

structure of copolymer.

3.4.2.2 P(DMS-b-EMA)

Both the 'H-NMR spectra of the starting polymer (PMDS) and macroazoinitiator
(PDMS-MAI) are shown in Fig 3.36.a and Fig 3.36.b with the same structure
confirmations as P(DMS-b-MMA) copolymer. The '"H-NMR spectrum of P(DMS-b-
EMA) reveals the characteristic -OCH,, —CH, and —CHj3 peaks at 3.9, 2.0-1.6 and 1.5-
0.8 ppm, respectively (Fig3.36.c). Also, PDMS segments are observed in the spectrum.

3.4.2.3 P(DMS-b-TMSHEMA)

The "H-NMR spectra of PDMS, PDMS-MAI, P(DMS-b-TMSHEMA) and P(DMS-b-
HEMA) copolymers are shown in Fig.3.37.a, Fig.3.37.b, Fig.3.37.c and Fig.3.37.d,
respectively. All protons are labeled in figures and both segments can be seen clearly.
The only difference is that the methylsiloxane protons peak was disappeared due the
deprotection of trimethylsilyl groups of P(TMSHEMA) at 0.11 ppm (Fig.3.37.d). The
'H-NMR analysis indicates that PDMS-MAI initiates the copolymerization of
TMSHEMA and then the copolymer is obtained successfully.
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3.4.3 Solid State NMR Studies
3.4.3.1 P(DMS-b-MMA)

#Si MAS and "°C CPMAS NMR analysis of P(DMS-b-MMA) were performed at room
temperature where PMMA (glassy) and PDMS (rubbery) are in different states and
mobility. C CPMAS NMR spectrum of P(DMS-b-MMA) shows carbon atoms have

different chemical environments (Fig.3.38).

TOP 13C CPMAZ NMR SPECTRUH
3pin rate 5000H=z

CH, CH, CH,
H0+$—OHCHI—J‘.4E CH, —c|'.
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Fig. 3.38 °C CPMAS NMR spectrum of P(DMS-b-MMA)
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Solid-state *Si MAS NMR spectrum of the same sample, resonance at chemical shift -

33,57 ppm can only be assigned to Si atoms from DMS units in the copolymer (Fig.
3.39).

TIP Z293iMAS NME SPECTRUM
Spin rate S5000H=z

— -33.57
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Figure 3.39 Solid-state *Si MAS NMR spectrum of P(DMS-b-MMA)
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3.4.3.2 P(DMS-b-TMSHEMA) and P(DMS-b-HEMA) Block Copolymers

The chemical structures of P(DMS-b-TMSHEMA) and P(DMS-b-HEMA)
copolymers were also verified using ’C CPMAS NMR analysis (Fig. 3.40.a and
3.40.b). The assignment of the observed peaks of P(TMS-HEMA) and PHEMA
carbons is shown in the same figures. -CH3 groups’ carbons are observed at 2-20 ppm
with a very broad band, so -CHj3 carbons corresponding to the PDMS segments can not
be identified clearly. Then **Si MAS NMR experiments were performed on P(DMS-b-
TMSHEMA) and P(DMS-b-HEMA) copolymers.

The *Si MAS NMR spectrum of P(DMS-b-TMSHEMA) shows that two kinds of
silicons with different environments (Fig. 3.41.a). Resonances at -4,21 and -33,37 ppm
can be attributed to the silicones directly connected to the TMSHEMA and the DMS
segments, respectively. After the deprotection of trimethyl silyl groups (-Si(CHj3)3) of
the P(DMS-b-TMSHEMA) copolymer, peak at -4,21 ppm disappeared and the main
peak at -33,49 ppm was only observed due to DMS sequences (Fig. 3.41.b). The Si
MAS NMR spectrum of P(DMS-b-HEMA) confirmed complete deprotection of (-
Si(CHj3)3) groups.
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3.4.4 GPC Analysis of P(DMS-b-MMA) and P(DMS-b-EMA) Block Copolymers

PDMS (Mn=6000 g.mol'l) was converted to the PDMS-MAI (Mngpc=39127 and
Mw/Mn=7.29) to prepare block copolymers of P(DMS-b-MMA), P(DMS-b-EMA) and
P(DMS-b-TMSHEMA). Therefore, the number average degree of condensation, i.e. p
value, was found to be about 6. Table 2.3 shows GPC results of P(DMS-b-MMA)
copolymers with different PDMS-MAI and MMA feed ratios and different
copolymerization times. Mw of copolymers decreases with increase of the initiator
concentration, which is reasonable from the radicalic mechanism of initiation. (Run 2,
5 and 8) The effect of polymerization time can be seen as a slight change in molecular

weight and impressive increase in polymer yield.

Table 2.4 summarizes the results of GPC measurements for P(DMS-b-EMA) and again
the increase in the amount of the PDMS-MAI macroinitiator resulted in the decrease of
molecular weights (Run 1, 4 and 7). GPC traces of PDMS-MAI macroazoinitiator and
block copolymers were shown in Figure B.1-B.3 in Appendix B. A symmetrical single
peak could be observed and the molecular weights shifted to the higher values from
macroazoinitiator to copolymers. Also, it is proven by the GPC patterns, block

copolymers do not contain low molecular weight impurities.

The recipe of copolymerization and the yields of the P(DMS-b-TMSHEMA) block
copolymers are given in Table 2.5. Yields of resulting block copolymers increases with
increasing PDMS-MAI weight percent and polymerization times, which verify the
initiation efficiency of PDMS-MAI. However, molecular weights and its distribution
can not be determined due to the insolubility of P(DMS-b-TMSHEMA) copolymers in
THEF. Solubility behaviors of block copolymers are also different (Table 3.7).
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Table 3.7 Solubility test for copolymers at room temperature

POLYMERS SOLVENTS DMF | THF | DMSO | Toluene | Acetone | Ethanol | Methanol | Chloroform | Hexane
P(DMS-b-MMA) S S is S S is is S is
P(DMS-b-EMA) SS S SS S S is is S is
P(DMS-b-TMSHEMA) S is S is SS S S is is

*s: soluble, ss: slightly soluble, is: insoluble




P(DMS-b-EMA) copolymer is insoluble in polar solvents such as DMF, DMSO,
methanol, and soluble in toluene, whereas P(DMS-b-TMSHEMA) copolymer is
completely soluble in polar solvents and insoluble in aromatic solvents. Methanol is a
poor solvent for PDMS, but a good solvent for PHEMA. Also, toluene is a good
solvent for PDMS and a poor solvent for PHEMA. Thus, the solution of P(DMS-b-
TMSHEMA) copolymer in DMF appeared as a turbid solution.

3.4.5 XPS Results of Copolymers

XPS technique was utilized the qualitative and quantitative determination of block
copolymer film surfaces. Especially for the amphiphilic block copolymers, the surface

rearrangements are very important for the certain application area.

3.4.5.1 P(DMS-b-MMA)

The XPS spectrum of P4M(12) P(DMS-b-MMA) copolymer (glass side) is given in
Figure 3.42 and the elements found were C, O and Si on both the glass and the air sides
of films. From this point to prevent the confusion about types of copolymers, they are
coded as PsM(12), where the number written as subscript represents the weight fraction
of PDMS and the number in parenthesis represents the polymerization time. (Table 2.3)
Other XPS spectra of P(DMS-b-MMA) copolymers are shown in Appendix C.
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Figure 3.42 Full scan XPS of P14, 3M(12) copolymer on glass side

Curve fitting is employed to identify and to quantify C atoms (mixing ratio was 80 %
Lorentzian). Based on the curve fit results four different C atoms corresponding to

PMMA and one C atom from PDMS chain were labeled below:

| 1|CH3 $H3
cH,—c] —+si—o+-
4C:r(l)l éHe:
b—cn
2 3
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Also, binding energies of these C atoms (Cl1 ~285.10, C2 ~285.93, C3 ~287.02,
C4~289.21 and Cppms ~284.48 eV) are in agreement with the literature [59, 60]. As
previously reported, polysiloxanes have the tendency for surface segregation in

copolymers, which was derived from its lower surface free energy [61, 62].

Figure 3.43 illustrates Cls XPS spectra of P(DMS-b-MMA) copolymers with mole
percentages of each carbons and their binding energies. The surface atomic
compositions of different PDMS containing P(DMS-b-MMA) copolymers are tabulated
in Table 3.8 on both sides. When the mole percent of each carbon is compared with
theoretical values in the molecule, it is observed that the configuration of molecules on
glass side and air sides are quite different. Since XPS gives very thin surfacelayer, the
observed values and theoretical values of mole percent of each carbons are close on the
glass side but much different on air side. The glass surface is more compatible with O
and Si in the copolymer, therefore does not change the planar configuration of
methacrylate molecule. However, on the air side, C2 carbon is more close to the

surface and the methacrylate molecule is not completely planar.
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Table 3.8 Surface atomic ratio of Si/C, wt % of PDMS and PMMA in different samples

Atomic Composition (%)

Sample Cls Ols Si2p Si1/C wt % (PDMS) wt % (PMMA)
P4sM(12)ai 61,2 28,1 10,7  0,1748 49,86 50,14
PaM(12)g1ass 579 29,8 12,3 0,2124 57,74 42,26
P143M(12)4i 53,1 28,5 184  0,4365 80,68 19,32
P143M(12)g1ass 60,4 27,5 12,1 0,2003 55,29 44,71

PDMS concentration (wt %) and PMMA concentration (wt %) on both air and glass
surfaces of films were calculated by using the equations given below (Eq.3.1 and 3.2),
where the Si/C ratio was obtained by XPS data. [63]

wt % (PDMS) /74
Si/C = Eq.3.1
2 wt% (PDMS) /74 + 5 wt% (PMMA) /100

wt % (PMMA) = 100 — wt% (PDMS) Eq.3.2
Then, surface PDMS and PMMA concentrations were also tabulated in Table 3.8 and
show the effect of the PDMS content on the surface compositions of both air and glass

sides.
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Figure 3.43 Cls XPS spectra of PsAM(12) (a air side, b glass side) and P43M(12)
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In the P(DMS-b-MMA) film, as the siloxane content increases, PDMS concentrations
increases on the air side. This can be attributed to the accumulation of PDMS segments

on the surface of the film with increasing DMS content.

3.4.5.2 P(DMS-b-EMA)

Surface reorganization of P(DMS-b-EMA) copolymer films with varying PDMS
content was also studied by the XPS technique and Figure 3.44 shows the XPS survey
spectrum of P; gsE(12) copolymer (glass side). Other XPS spectra of P(DMS-b-EMA)

copolymers are given in Appendix C.

12000 | - Ots
10000 - :} / \ c1s -
@ 8004 T -
2 l L
E 60004 CE m B m m m m
(2]
@ _
£ 4000+
- i Si2p
2000 e m
0

10|00 | 860 | G(IJO | 4(IJO | 260 | (IJ
Binding Energy [eV], Al

Figure 3.44 Full scan XPS of P, gE(12) copolymer on glass side
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Curve fitting of Cls XPS spectra of P(DMS-b-EMA) copolymers was illustrated in

Figure C.5 (Appendix C) and their atomic compositions on air and glass sides were

tabulated in Table 3.9 Then PDMS and PEMA surface (air and glass) concentrations

were calculated using the following equations (Eq. 3.3 and 3.4). Results are shown in

Table 3.9.

wt % (PDMS) /74

Si/C =

2 wt% (PDMS) /74 + 6 wt% (PEMA) /114

wt % (PEMA) = 100 — wt% (PDMS)

Eq.3.3

Eq.3.4

Table 3.9 Surface atomic ratio of Si/C, wt % of PDMS and PEMA in different samples

Atomic Composition (%)

Sample Cls Ols Si2p Si/C wt % (PDMS) wt % (PEMA)
P1sE(12)y 71.8  28.0 0.2 0.0028 1.09 9891
P18E(12)g1ass 613 283 104 0,1697 50,01 49.99
Ps sE(12),ir 56.6 283 15.2 0,2685 69.31 30.69
PssE(12)g1ass 522 283 20.1 0.3851 86.71 13.29

Similar to the P(DMS-b-MMA) copolymer, in the P(DMS-b-EMA) copolymer the

PDMS concentration increases, as the DMS content increases on both sides (air and

glass). On the contrary, the PDMS concentration on the glass side is more than that on

air sides. It was noticed that PDMS segments inclined and moved to the glass surface.

So, the DMS content is a critical factor for the reorganization and the modification of
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block copolymer surfaces, besides casting parameters e.g. solvent, temperature, etc.

Cls peak patterns are also similar with increasing siloxane content.

3.4.5.3 P(DMS-b-TMSHEMA)

Wide scan of XPS spectrum of Pg;TH(12)g,s film was shown in Figure 3.45 and

others were given in Appendix C.
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Figure 3.45 Full scan XPS of Ps 7TH(12) copolymer on glass side

105



Different surface C atoms in P(DMS-b-TMSHEMA) copolymers were identified and
results are shown in Figure C.8 (Appendix C).

1

| $H3 $H3
—[—CHZ—%—]— —[—s|i—o—];
n
5C—0l1 CH3

O—CH,CH,0Si(CH3);
2 4 3 6

Surface chemical compositions on both sides (air and glass) were calculated by using

Eq. 3.5 and 3.6 and results were tabulated in Table 3.10

S/ wt % (PDMS) /74 + wt % (PTMSHEMA) Eads
Y wiw (PDMS) /74 + 9 wt% (PTMSHEMA) /202 4

wt % (PTMSHEMA) = 100 — wt% (PDMS) Eq.3.6

Table 3.10 Surface atomic ratio of Si/C, wt % of PDMS and PTMSHEMA in different
samples
Atomic Composition (%)

Sample Cls Ols Si2p Si/C wt % (PDMS) wt % (PTMSHEMA)
P46 TH(12)yi 574 262 164  0.2857 57.32 42.68
P46 TH(12)g1ass 555 273 17.1 0.3081 62.86 37.14
Ps7TH(12), 489 294 21.6 04417 90.34 9.64
Pg7TH(12)g1ass 50.1  29.6 203  0.4052 83.65 16.35
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As can be seen from Figure C.8 (Appendix C) and Table 3.10 there is no great change
in surface composition with increasing PDMS content and Cls peak patterns are
similar. This can be explained by the chemical structures of both segments. By
changing the hydroxyl group of HEMA to trimethyl silyl group, the difference in the
chemical structure of PDMS and the PHEMA was diminished and compatibility of two

segments was improved.

3.4.5.4 P(DMS-b-HEMA)

After the acid treatment of P(DMS-b-TMSHEMA) copolymer to remove the TMS
group XPS analysis was performed and the XPS survey spectrum of the PssH(8).ir

copolymer was given in Figure 3.46
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Figure 3.46 Full scan XPS of P4¢H(8) copolymer on air side
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Curve fitting of Cls peaks was carried out to identify different C atoms and shown in

Figure C.11.

PDMS and PHEMA surface (air and glass) concentrations were calculated using

following equations (Eq. 3.7 and 3.8). Results are shown in Table 3.11

wt % (PDMS) /74

Si/C = Eq.3.7
2 wt% (PDMS) /74 + 6 wt% (PHEMA) /130

wt % (PHEMA) = 100 — wt% (PDMS) Eq.3.8

Table 3.11 Surface atomic ratio of Si/C, wt % of PDMS and PHEMA in different
samples

Atomic Composition (%)

Sample Cls Ols Si2p Si/C wt % (PDMS)  wt % (PHEMA)
P4 6H(8)air 532 282 18.6 0.4396 79.88 20.12
P4 6H(8)glass 554 293 153  0.2762 67.82 32.18
P16.1H(8)air 48.8 295 2177 0.4447 93.21 6.79
P16.1H(8) glass 529 289 182  0.3441 79.03 20.97

After the deprotection process of P(DMS-b-TMSHEMA) it can be concluded that
PDMS segments tend to the air side of the film and this orientation to the air side

becomes evident while increasing the DMS content.
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3.4.6 SEM Analysis of Block Copolymers

3.4.6.1 P(DMS-b-MMA)

SEM images of different PDMS containing P(DMS-b-MMA) copolymer films of air
sides can be seen in Figure 3.47. As depicted from SEM micrographs, PMMA has
appeared as a continuous phase and PDMS is dispersed (white dots) in PMMA phase.
Morphologies of the three different PDMS content of copolymers (PsM(12)air,
P77:M(12),i; and P143M(12),;, ) are different (Figure 3.47 (a), (b) and (c), respectively).
Overview of SEM images shows that PDMS particles were enlarged with increasing
DMS content in continuous PMMA matrix. Up to the 14 weight percent, there is no
phase separation occurs between PMMA and PDMS segments.

Figure 3.47 SEM micrographs of (a) PsAM(12)4, (b) P77M(12)4, and (c) P143M(12),
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Figure 3.47 (cont’n)

Figure 3.47 (cont’n)
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3.4.6.2 P(DMS-b-EMA)

Figure 3.48 illustrates SEM images of different PDMS containing P(DMS-b-EMA)
copolymers films of glass sides. It can be noticed that the microphase separation occurs
between PEMA and PDMS domains and the segregation become clear with increasing
DMS content (P1sE(12)gass and  P3sE(12)gass ,Figure 3.48 (a) and (b), respectively).
PDMS blocks can be seen as discrete particles in low weight percent, while these
particles aggregate at high weight percent. Results obtained from XPS data are

consistent with SEM analysis.

Figure 3.48 SEM micrographs of (a) P;sE(12)g1ass and (b) P3 sE(12)g1ass,
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Figure 3.48 (cont’n)

3.4.6.3 P(DMS-b-TMSHEMA) and P(DMS-b-HEMA)

SEM images of P(DMS-b-TMSHEMA) and P(DMS-b-HEMA) copolymers indicates
the increase in surface roughness, different from MMA and EMA cases (Figure 3.49).
After deprotection of P(DMS-b-TMSHEMA) copolymer white PDMS particles
appeared at the surface and this trend can be displayed prominently by increasing the
DMS content of copolymer (Figure 3.50). It agrees with XPS results which pointed out

air side surface accumulation of PDMS segments.
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Figure 3.49 SEM micrographs of (a) P46 TH(12),; and (b) Ps7TH(12),

2/3/2009 HV mag D det | spot — 100 ym —————
3:01:22 PM|10.00 kV|1 000 x| 10.9 mm|ETD| 4.5 METU CENTRAL LAB

Figure 3.49 (cont’d)
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Figure 3.50 SEM micrographs of (a) P4 cH(8).ir and (b) Pi6.1Hair (after deprotection of
trimethyl silyl groups)

Figure 3.50 (cont’d)
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3.4.7 DSC of Block Copolymers
34.7.1 P(DMS-b-MMA)

The DSC thermogram of P7;7;M(8) P(DMS-b-MMA) copolymer exhibits one glass
transition temperature at around 137°C corresponding to PMMA block (Figure 3.51) .
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Figure 3.51 DSC thermogram of P;7M(8) copolymer

Characteristic PDMS transitions at low temperatures (glass transition, crystallization
and melting) can not be observed in this copolymer composition. There is no evidence
that the microphase separation occurred which agreed with XPS results. But a

heterogeneous structure appeared when the DMS content increased from 7.7 to 14.3 in
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P143M(8) copolymer ( % DMS was nearly twice). Figure 3.52 shows the glass
transition (-125 °C), crystallization (-101°C) and double melting (-46 and -37°C)

temperatures of PDMS block and another Tg ( 131°C) belongs to the PMMA block.

The first melting peak is not very sharp and appeared as a shoulder.
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Figure 3.52 DSC thermogram of P;43M(8) copolymer

3.4.7.2 P(DMS-b-EMA)

All transition temperatures: glass transition (-125°C), crystallization (-93°C) and

double melting (-50 and -36°C) of PDMS block and the Tg (90°C) of PEMA block can

be seen in Figure 3.53. The existence of two separate Tg is evidence for the phase

separation which is consistent with XPS result. The double melting behavior of some

polymers has been explained by many research groups and they proposed different
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mechanisms. Groeninckx et. al. [64] explained that the first melting peak in the PET
from the amorphous state was associated with crystalline materials formed at the
crystallization temperature and the second one was related to the melting of a fraction
of the original crystalline material that was recrystallized during DSC. Basset et. al.
[65] proposed that two melting peaks represent different morphologies with different
lamella thicknesses. Lee and Porter explained that the double melting peaks observed
in PEEK was caused by melting of most of the original crystals , their crystalization,
remelting of the recrystallized part and melting of residual crystalline region [66].
While the P(DMS-b-EMA) copolymer was heated some rearrangements and
crystallization occur from the amorphous phase. These crystals melted at -36°C (Tmy)

and the first melting peak (Tm; at -50°C) corresponds to the original preceding crystal

phase.
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Figure 3.53 DSC thermogram of Ps gE(8) copolymer
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3.4.7.3 P(DMS-b-TMSHEMA)

The DSC
temperatures of both PDMS (glass transition (-126°C), crystallization (-92°C) and
double melting ( -49 and -37°C) )and the P(TMS-HEMA) (Tg, 90°C ) (Figure 3.54).
These transitions imply that the phase separated morphology of the P(DMS-b-
TMSHEMA) copolymer.
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Figure 3.54 DSC thermogram of Ps 7TH(8)copolymer
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CHAPTER 4

CONCLUSIONS

Poly(2-hydroxyethyl methacrylate), PHEMA, is the most widely used hydrogel
because of water content is similar to that of living tissues, bio- and blood-
compatibility and resistant to degradation. PDMS is also used as biomaterial due to the
high oxygen permeability, high lubricity, thermal stability and chemically inert,
elastomeric properties. HEMA based daily disposable soft contact lenses and silicone
containing contact lenses share the market. Block copolymers containing both
hydrophilic and hydrophobic segments have great interest and these amphiphilic
copolymers also used as an emulsifying agent in polymer solutions and compatibilizer
in polymer blends. The objective of this study is the synthesis of block copolymers
involving 2-hydroxyethyl methacrylate (HEMA) and dimethyl siloxane (DMS) by
appropriate methods. The results obtained in the current study are summarized as

follows:

1. Aqueous solution polymerization of HEMA by gamma radiation:

e The polymerization of HEMA was carried out in aqueous solution to saturate —
CH,CH,OH groups and that way to prevent intra- and intermolecular hydrogen
bonding. In this case, the polymer might be linear. The conversion — time curve
showed an autoacceleration character and the polymer obtained was insoluble in
common solvents. Hence the polymerization did not take place in a controlled
way with respect to the molecular weight.

e The thermal degredation mechanism of PHEMA obtained by gamma radiation
was studied and the TGA and MS methods showed that the degradation is
linkage and depolymerization with a combination of monomer fragmentation.

The FT-IR of TGA fragments showed no monomer, which was degraded
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further to give fragments. Mass analysis revealed that the fragments in the first
two stages (at 48°C and 365°C) are corresponding to that of the monomer
degradation, which are the same as the fragments obtained from GC-MS of

monomer.

2. ATRP of HEMA:

Various Cu(Il) complexes were prepared before the ATRP of HEMA in order to
shift the atom transfer equilibrium to the dormant species. Characterization of
Cu(Il) complexes were performed by UV-Vis and FTIR techniques and the
Cu(I02 complex was chosen for the ATRP of HEMA.

The optimization of the polymerization process is of high importance in order to
carefully control the block copolymer design. Ethyl-2-bromoisobutyrate
(EBriB) initiator, CuCl/bipyridine catalyst and MEK/1-propanol solvent
mixture were chosen for the ATRP of HEMA.

Cl-end capped PHEMA was used as a macroinitiator for the copolymerization
with PDMS via ATRP. However, the PDMS did not dissolve in the MEK/1-
propanol mixture, the —OH groups were protected by trimethyl silyl group to
decrease the hydrophilicity of HEMA. The newly formed monomer
(TMSHEMA) was polymerized and copolymerized via ATRP. In this case, Cl-
end capped P(TMSHEMA) could not be copolymerized with PDMS due to the
difference in molecular weights. The second reason might be the PDMS
polymer itself. Second block should be added as a sequential monomer instead

of a polymer for the preparation of block copolymer via ATRP.

3. RAFT polymerization of HEMA:

The effect of solvents on the RAFT polymerization of HEMA has been
examined. MEK and ethyl acetate are much better solvents than toluene and
they were used to improve the CTA solubility while performing the

polymerizations.
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The polymerizations resulted in higher conversions in toluene due to the low
solubility of CDB. RAFT polymerization of HEMA, under experimental
condition such as [RAFT]/ [AIBN]=18 at 80 °C in MEK, shows linear
relationship between In([M]o/[M]) and polymerization time meaning that the
first-order kinetic up to the nearly 40 % conversion.

The key requirements for achieving the well defined block copolymer consist of
judicious choice of the reactive monomers and their concentrations and also the
suitable solvent. Firstly prepared PHEMA block was used as a macroRAFT
agent in the copolymerization with vinyl terminated PDMS via RAFT process.
However, 'H-NMR results of copolymers after deprotection revealed that the
DMS units are absent in the copolymer structure. The reasons of the failure
might be either the different hydrophilic/hydrophobic characters of the blocks
or the lower reactivity of PDMS polymer than that of monomer. Also, PHEMA
should has a high transfer constant in the subsequent polymerization step to
give PDMS block.

The comparison can be done between these three techniques that are free
radicalic, ATRP and RAFT polymerization. In conventional free radical
technique, it is not possible to obtain soluble polymer for the copolymerization
reactions. Living radical polymerization process (ATRP and RAFT) allows us
to prepare the predetermined molecular weight and architecture polymers and to

have first-order kinetics.

4. Block copolymers with PDMS-MAI macroazoinitiotor

The chemical structures of P(DMS-b-MMA), P(DMS-b-EMA) and P(DMS-b-
TMSHEMA) were analyzed by FTIR, 'H-NMR and solid state NMR
techniques and they all confirmed that the all block copolymers were

synthesized successfully.
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e XPS results of P(DMS-b-MMA), P(DMS-b-EMA) and P(DMS-b-
TMSHEMA) copolymers revealed that:

1. in the air side of the P(DMS-b-MMA) film, as the siloxane content
increases PDMS concentrations increases which means that the
accumulation of PDMS segments on the surface of the film with
increasing DMS content.

1i. Similar to the P(DMS-b-MMA) copolymer, in the P(DMS-b-EMA) film
the PDMS concentration increases, as the DMS content increases on
both sides (air and glass). On the contrary, the PDMS concentration on
the glass side is more than that on air sides and this can be attributed to
the PDMS segments inclined and moved to the glass surface.

1il. After the deprotection of TMS groups (DMS-b-HEMA) films shows
that the PDMS segments tend to the air side of the film and this
orientation to the air side becomes evident while increasing the DMS
content.

e SEM analysis shows that that the microphase separation occurs between PEMA
and PDMS domains and the segregation become clear with increasing DMS
content and results obtained from XPS data are in consistent with SEM
analysis. In SEM micrograph of P(DMS-b-HEMA) film (after deprotection)
white PDMS particles appeared at the surface and this trend can be seen
prominently by increasing the DMS content of copolymer.

e The DSC thermogram of P(DMS-b-TMSHEMA) shows thermal transition
temperatures of both PDMS (Tg (-126°C), Tc (-92°C) and Tm ( -49 and -37°C)
and the P(TMS-HEMA) blocks (Tg, 90°C ). These transition temperatures
imply that the phase separated morphology of P(DMS-b-TMSHEMA)

copolymer.

As a conclusion, P(DMS-b-HEMA) amphiphilic block copolymer was synthesized by
PDMS macroazoinitiator. Hydrophilic PHEMA and the hydrophobic PDMS exist in
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copolymer as phase separated and this morphology results in a special properties. The
determination of contact angle and permeation of different gases of the films and also
the other membrane properties of this multiblock copolymers are recommended for

possible bioapplication.
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APPENDIX A
UV-Vis Spectra of Cu(II) Complexes

Metal : CuBr;

Overlaid Spectra:
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Figure A.1 UV-Vis spectrum of Cu(II)03 complex
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Metal : CuBr;
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Figure A.3 UV-Vis spectrum of Cu(II)05 complex
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APPENDIX B

GPC MW Distribution Plots
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Figure B.1 Molecular weight distribution plot of P;7M(8) copolymer
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Figure B.3 Molecular weight distribution plot of P sE(4) copolymer
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APPENDIX C

XPS Results of copolymers
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Figure C.1 Full scan XPS of P143M(12) copolymer on air side
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Figure C.2 Full scan XPS of P143M(12) copolymer on glass side
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Figure C.3 Full scan XPS of Ps3E(12) copolymer on air side
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Figure C.4 Full scan XPS of PssE(12) copolymer on glass side
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Figure C.5 Cl1s XPS spectra of P; sE(12) (a air side, b glass side) and PggE(12) (c air
side, d glass side) copolymers
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Figure C.6 Full scan XPS of P,sTH(12) copolymer on air side
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Figure C.7 Full scan XPS of P4 sTH(12) copolymer on glass side

138



Intenaity [Cpsl

b)

Intensity [Cpsl

L0000
5000 _ C lstype | Center
1 284 07
8000 —
C2 28523
e B 78601
BODD = | 287.00
so00 - | C5 288.50
aoop 4 | CPDNE | 284 80
3000 -
2000
294 292 290 24848 286 284 282 280
Binding Energy [eV], Al
000 4 C lstype | Center | Area %
&000 4 21 28523 | 28.2
7000 | 2 28547 | 321
soo0 4| T3 28751 |05
soon | C4 28381 |45
snan | C5 20477 | 0.001
soon | ©PDME | 28483 | 34.4
2000 it - _—
1000 - & 1a
L B A B S =
292 290 2BB 2B 284 282 Z2B0

Binding Energy (ev], Al

139




Intensity [Cps]

d)

Intensity [Cps]

2000
000 -
Ta00
6000
5000
4000 -
3000
2000 -
292 280 288 286 284 282 280
Binding Energy [e¥], Al
C lztype
LT
1
BOOO —
C2
00
C3
5000 - "4
sooo | | C3
annn 4 | C PDLIS
agan
Ze00
T
292 2590 288 286 284 282 280

Binding Energy [eV], Al

Figure C.8 Cls XPS spectra of P,sTH(12) (a air side, b glass side) and Pg;TH(12)

(c air side, d glass side)copolymers
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Figure C.9 Full scan XPS of P ;H copolymer (after deprotection) on air side
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Figure C.10 Full scan XPS of Pi¢1H copolymer (after deprotection) on glass side
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Figure C.11 Cls XPS spectra of P4¢H(8) (a air side, b glass side) and P H(8)

(c air side, d glass side) copolymers
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