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SURFACE TAILORING OF MICRO AND NANO BEADS WITH
FUNCTIONAL HAIRY GRAFTS

SUMMARY

Tailoring of solid particles in micron or nano-sizes with functional hairy grafts has
been one of the most popular area of research in recent years. Interest is due to
widespread application of these materials in various fields such as designing of drug
delivery systems, biological assays, compotibilizing with different materials and
preparing efficient catalyst carrying systems. This dissertation focuses on surface
modification of nano and micron size organic and inorganic particles with polymers.
The whole content of the thesis can be classified into five sections.

In the first section a new synthesis method is described for the preparation of
functional monomer, 2-bromoethyl methacrylate (BEMA). This monomer was then
employed for synthesis of bromoethyl functional microspheres by suspension
copolymerization methodology using ethyleneglycol dimethacylate as crosslinker
and methyl methacrylate as diluting comonomer (Figure 1). The bromo ethyl surface
groups were then used for surface initiated polymerization of glycidyl methacrylate
and 2-methyl 2- oxazoline by atom transfer radical polymerization and ring opening
polymerizations, respectively.

I Suspensmn
Br Z MeOx GMA
ROP ATRP
Hydroly5|5 r
Q. .1 @\

Figure 1: Synthesis of 2-bromo ethyl methacrylate monomer and its suspension
polymerization and graft copolymerization of glycidyl methacrylate
and 2-methyl 2- oxazoline.

Both procedures yielded dense surface grafts with reasonably high number of
repeating units. The oxazoline brushes on the microspheres were successfully
transformed into poly(ethylene imines) quantitatively, as inferred from FT-IR
spectra, XPS and standart analytical procedures. Although, the surface grafting
methodology have been described few times in the literature previously, the structure
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presented in this work differs from their counterparts in that, the brushes in the
present case tethered to the surfaces by non-hydrolysible linkages. Having non-
hydrolysible linkages, these structures are very useful as catalyst or reagent carrier
which recyclable many times.

In the second part of the study poly(styrene)-poly(gylcidyl methacrylate) block grafts
were created on bromo acetyl fuctionalized poly(styrene-divinyl benzene)
microspheres by ATRP technique. The resulting material was demonstrated to be
useful for lipase immobilization via epoxy groups of the PGMA block (Figure 2).
The results showed that ester hydrolysis ability of the attached lipase enzyme is
reasonably fast due to partial mobility of the graft chains. Obviously, distance from
P(S-DVB) core by linear PS spacer chains makes the enzymatic reaction faster.

A- Direct immobilization of Lipase

O

= Y
Q) Yy,
i, =2
Lipase
|mmob|llzat|on
’fe,

Lipase = %
o i P(S-DVB)

B- Immobilization of lipase after spacer-arm attachment and glutaraldehyde activation

(GA=')

(HMDA = (GA actlvahon)

Spacer-arm attached microspheres

immobilization

GA activated microspheres Lipase immobilized microspheres
Figure 2: Chemistries used for the covalent immobilization of lipase on the P(S-
DVB)-g-P(S-GMA) and P(S-DVB)-g-P(S-GMA)-HMDA

microspheres.

In the third section commercial divinyl benzene (with 55 % DVB) was polymerized
by precipitation polymerization methodology in acetonitrile solution to give 1-3
micron size of particles. The residual double bonds of the microspheres were
subjected to hydrobromination and subsequent condensation with NaN3z in DMF. The
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azide functions so generated on the microspheres were used for clicking with the
alkyne terminated polymers namely, poly(methyl methacrylate), poly(tert-butyl
acrylate) and poly(ethylene glycol) in the presence of copper catalyst (Figure 3).

In the study alkyne terminated poly(methyl methacrylate) and poly(tert-butyl
acrylate) were seperately prepared by copper madiated ATRP methodology using
alkyne functional ATRP initiator derived from 2-bromoisobutyryl bromide and
propargyl alcohol. Whereas, alkyne terminated PEG (PEG-2000 or PEG-5000) were
obtained by esterification of PEG with 4-pentynoic acid using DCC as water
scavanger at room temperature. In the study only PEG and binary mixture of
poly(methyl methacrylate) and poly(ethylene glycol) or poly(tert-butyl acrylate) and
poly(ethylene glycol) were anchored to the surface of the microspheres by copper
catalyzed azide-alkyne click reactions.

R
= J KBr NaN3
7 & H;S50, DMF ;
\ -~
=

“ PMMA or PtBA CuBr/PMDETA =
= DMF -~ PEG
=~ PEG
N v
S ~
N-N
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Ng Ny
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/E,;'“
PDVB-g-PEG/PIBA PDVB-g-PEG

PDVB-g-PEG/PMMA

Figure 3: Preparation of microspheres containing hydrophilic and/or hydrophobic
polymer chains by hydrobromination and click reactions.

Protein adsorbtion and desorption abilities of those structures were compared with
each other. The results showed that PDVB-g-PEG exhibits long term enzyme activity
whereas the microspheres bearing PEG/PMMA mixed grafts shows high enzyme
loading capacity and better reversibility probably due to good balance of the
hydrophilicity with hydrophobicity. Most probably high activity of the enzyme
supported on PEG surface grafts (1.14 Unit mg™ protein/g support) is due to
hydrophilicy of the substrate, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid).

In the fourth section, we have presented a new procedure for organic modification of
preprepared SiO, and TiO, nanoparticle surfaces. This was achieved by physical
adsorbtion of poly(2-hydroxypropylene maleate) (PHPM) on the nanoparticle
surfaces. Self-curing ability of this polyester allowed encapsulation of the
nanoparticles within the crosslinked polyester. Crosslinking of the polyester takes
place by addition of hydroxyl groups to the maleate double bonds above 180 °C. The
residual hydroxy groups on the nanoparticle surfaces were employed as initiaiton
sites for ring opening polymerization of e-Caprolactone (Figure 4). High grafting
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degrees (22.2-71.4 %) were attained within reasonable times (6-8h). And resulting
materials were determined to be dispersible in acetone solution of poly(methyl
methacrylate-stat-butyl acrylate). The resulting dispersion gave nearly transparent
and homogenous free-standing films on the glass slides.

(1) Adsorption o

Nanopowder (2) Curing 180° C

(3) rROP Cjﬁ

Nanopowder with
PCL Surface grafts

Figure 4: Schematic illustration of SiO, and TiO, nanoparticle encapsulation with
poly(2-hydroxypropylene maleate) and ring opening polymerization of
e-Caprolactone from the residual hydroxy groups on the nanoparticle
surfaces.

In the last section of the thesis, we present a method, “ligand exchange method”, for
size-controlled synthesis of zinc oxide nanoparticles (Figure 5). Controlled-
nucleution growth and the use of amphiphilic block copolymers are the most
common routes for size control of nanoparticles in the chemical synthesis methods.
These approaches have limited success for precise control of the particle sizes. In this
part of the study zinc oxide nanoparticles were synthesized using zinc tetramine
complex as precursor in the presence of dodecylamine.

Zn(NH3)4(°H)2 + L =—/]/— ZnL4(OH)2 \ g /
NH2

— S

| + H,0 %@e

“NH, Zn(OH); —> ZnO /1' ZHN &‘ -
Dodecylamine (L) = M-NHZ §

nanoparticle O

Figure 5: ZnO nanoparticle synthesis with ligand exchange method and
encapsulation with Poly(GMA-b-MMA).
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Gradual removal of ammonia in alcohol-water mixture was demonstrated to give
nanoparticles (60-210 nm) bearing dodecylamine molecules at their surfaces. In
conjuction with this, a simple theoritical model providing a relationship between the
size and L/M ratio was proposed. Characterizations of the resulting material with FT-
IR, TGA, DLS, ESEM revealed that the particle sizes of zinc oxide is controlled by
stoichiometrical ratio of amine ligand to the zinc metal. The results showed that L/M
molar ratio is inversely proportional to the particle size and the key parameter in the
size control.

Those nanoparticles were readily encapsulated by reaction of epoxy groups of block
copolymer of glycidyl methacrylate with coordinated amino groups. This process
yields core-crosslinked zinc oxide nanoparticles with linear PMMA shells. The
resulting core-shell particles were utilized to produce free-standing films by casting
from aceton solution of poly(methyl methacrylate-stat-butyl acrylate).
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MIKRO VE NANO TANECIK YUZEYLERININ FONKSiYONEL
POLIMERLER SACAKLARIYLA DONATILMASI

OZET

Mikron veya nano boyutlu kati tanecik yiizeylerine fonksiyonel sagakli polimer
asilamak son yillarin en popiiler ¢aligma alanlarindandir. Bu ilginin sebebi bu
malzemelerin yeni ilag tasima sistemlerinin dizayni, biyolojik maddeleri taniyan
molekiiler yapilarin olusturulmasi, baska maddelerle uyumluluk saglama ve daha
etkin kataliz tasiyici yapilarin dizayn1 gibi bir ¢ok dalda ¢ok genis kullanim alanlar1
bulmalaridir. Bu sebeplerden dolay: bu tez, nano ve mikron boyutundaki organik ve
inorganik tanecik yiizeylerinin  polimerlerle modifiye edilmesine odaklanilmistir.
Tezin biitlinii bes ana baglik altinda siniflandirilmistir.

flk boliimde bir fonksiyonlu monomer olan 2-bromoetil metakrilatin (BEMA)
sentezlenmesi i¢in yeni bir yontem ortaya konmustur. Daha sonra bu monomerin,
capraz baglayici olarak etilen glikol dimetakrilat ve seyrelitici monomer olarak metil
metakrilat kullanilarak siispansiyon kopolimerlestirilmesiyle ile bromo etil
fonksiyonlu mikrokiireler elde edilmistir. Daha sonra yiizeydeki bromo etil gruplar
tizerinden sirasiyla glisidil metakrilat ve 2-metil 2-oksazolinin yiizeyden baslayan
atom transfer radikal polimerlesmesi ve halka agilma polimerlesmesi ile yiizeye
asilanmalar1 gergeklestirilmistir (Sekil 1).

Br
H,B — (Br. —_— Br
\/\oH + H3BO; ) ( \/\0)_3 0/\/
3

Silispansiyon
Polimerle ;m esi
0

<3 |
@ = 01

Sekil 1: 2-bromo etil metakrilat monomer sentezi ve bu monomerin siispansiyon
polimerlesmesi ve glicidil metakrilat ve 2-metil 2-oksazolin asi
kopolimerlesmesi.
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Her iki prosediirde de ylizeyde oldukca yiiksek sayida tekrarlanan iiniteli yogun asi
polimerleri elde edilmistir.Mikrokiirelerin yiizeyindeki oksazolin sagaklarinin
tamaminin basariyla poli(etilen imin)’lere doniistiiriildiigii FT-IR spektrumlari, XPS
ve standart analitik prosediirler kullanilarak kanitlanmistir. Bu tiir yiizeyden asilama
yontemi Onceki literatiirde de bir¢ok kez gosterilmis olmakla beraber, bu ¢alismada
sunulan yontemin yilizeye baglanan sagaklarin kiralamayan baglarla bagli olusu
nedeniyle literatiirdeki benzerlerinden farklidir. Hidroliz olmayan baglara sahip olan
bu yapilar bir ¢cok defa kullanilabilen kataliz ve reaktif grup tastyict olarak
kullanilmaya oldukga elverislidir.

Ikinci kistmda yapilan calismada, bromo asetil fonksiyonlu poli(stiren-divinil
benzen) mikro kiirelerin yiizeyine poli(stiren)-poli(glisidil metakrilat) bloklart ATRP
teknigi kullanilarak asilanmistir. Elde edilen iiriiniin PGMA blogunda bulunan
epoksi gruplarinin ylizeye lipaz tutturulmasi i¢in kullanish oldugu gosterilmistir.
Sonuglar sacaklara tutturulan lipasin yiizeydeki asi zincirlerinin sagaklarin kismi
hareketliligi nedeniyle ester hidroliz yeteneginin oldukca yiiksek oldugu gostermistir
(Sekil 2). Ag¢iktir ki burada , enzimin c¢aprazbagli P(S-DVB) kiire yiizeyinden lineer
PS as1 zincirleri vasitasiyla uzaklagtirllmasi nedeniyle enzim reaksiyonunun
hizlanmaktadir.

A- direkt Lipaz Tutturulmasi

T
u% ] tutturulmasi
_
e B

Lipaz = é""m; 2
=
&

o

B- Uzatma kolu baglanmig ve guluteraldehitle aktive edilmis mikrokiirelere lipaz tutturulmasi

A

(HMDA = =)

(GA= =)
OWO
(GA aktivasyonu)
—

Uzatma kolu baglanmis mikrokiireler

Lipaz
tutturulmasi

GA aktive edilmis mikrokdureler Lipase tutturulmus mikrokiireler

Sekil 2: P(S-DVB)-g-P(S-GMA) ve P(S-DVB)-g-P(S-GMA)-HMDA mikro-
kiirelerine kovalent bagla enzim baglanmasi ic¢in kullanilan kimyasal
yontemler.
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Ucgiincii  kistmda  asetonitril  ¢ozeltisinde ¢okelme polimerizasyonu yontemi
kullanilarak ticari divinil benzen (%55 DVB) polimerlestirilmis ve 1-3 mikron
boyutunda microkiireler elde edilmistir. Microkiireler {izerindeki reaksiyona
girmeden arta kalan cifte baglar 6nce hidrobromlanmis daha sonra NaN3 ile DMF
¢oziiciide reaksiyona ugratilarak azid fonksiyonuna doniistiiriilmiistiir. Daha sonra bu
azidlenmis mikrokiireler alkin sonlu polimerlerle, poli(metil metakrilat), poli(ters-
biitil akrilat) ve poli(etilen glikol) , bakir(l) kataliz varliginda etkilestirilerek azid
alkin birlesmesi gerceklestirilmistir.

Bu ¢alismada kullanilan alkin sonlu poli(metil metakrilat) ve poli(ters-biitil akrilat)
ayr1 ayr1 2-bromo isobutil bromiir ve propargil alkolden tiiretilmis alkin fonksiyonlu
ATRP baslatici ile bakir katalizli ATRP metodu kullanilarak hazirlanmistir. AlKin
sonlu PEG (PEG-2000 veya PEG-5000) ise su tutucu ajan olarak DCC kullanilarak
4-pentinoik asit ile PEG’un oda sicakligindaki esterlesme reaksiyonu ile elde
edilmistir. Bu ¢alismada tamami alkin ug¢ grubu tagiyan PEG, PEG-PMMA karigimi
ve PEG-P(ters-BA) karisimi ayr1 ayri1 bakir katalizorli azid-alkin klik reaksiyonu ile
azid fonksiyonlu mikrokiire yiizeylerine ile baglanmistir (Sekil 3).

DMF d PEG
PEG

PDVB-g-PEG/PtBA PDVB-g-PEG
PDVB-g-PEG/PMMA

Sekil 3: Hidrobromlama ve klik reaksiyonlari ile hem hidrofilik hem de hidrofobik
polymer zincirleri tagiyan mikrokiirelerin elde edilmesi.

Elde edilen bu yapilarin protein adsorpsiyon ve desorpsiyon 6zellikleri birbirleri ile
kiyaslandi. Sonuglar gosterdi ki PDVB-g-PEG mikrokiireleri takdirinde enzim
aktivitesi en uzun siire korunurken yiizeyinde PEG/PMMA karigim1 asilari tagiyan
mikrokiireler daha yiiksek enzim baglama kapasitesi ve daha iyi geridoniisiim
ozelligine sahitirler ki bunun muhtemel sebebi yapidaki hidrofiliklik ile hidrofobiklik
dengenin iyi saglanmis olmasidir. Pek muhtemeldir ki PEG asilanmis mikrokiirenin
yiiksek enzim aktiviteli(1.14 Unit mg™ protein/g destek malzemesi) olusu etkilesen
maddenin de, 2,2-azinobis-(3-etilbenzotiazolin-6-sulfonik asit) hidrofillik olmasidir.

Dordiincti kistmda, 6nceden hazirlanmis SiO, ve TiO, nanotanecik yiizeylerinin
organik modifikasyonu icin yeni bir prosediir ortaya konmustur. Bu islem ilk
basamakta poli(2-hidroksipropilen maleat)’in (PHPM) nanotanecik yiizeylerine
fiziksel adsorbsiyonu ile gergeklestirilmistirg. Adsorbe edilen poliesterin kendi
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kendine capraz baglanabilme 6zelligi nanotanecik yiizeylerinin ¢apraz baglanmis
poliester ile boh¢alanmasina imkan vermistir. Capraz baglanma 180 °C’de hidroksi
gruplarinin maleat ¢ifte baglarina katilmasi ile saglanmistir. Nanotanecik yiizeyinde
capraz baglanmadan arta kalan hidroksi gruplar1 e-Kaprolakton halka agilma
polimerizasyonu ile yiizeye asilanmasinda baglatma noktalar1 olarak kullanilmistir.
Boylece kabul edilebilir zaman dilimlerinde (6-8 saat) oldukga yiiksek asilanma
dereceleri (22.2-71.4 %)) elde edilmistir. Elde edilen iiriinlerin poli(metil metakrilat-
stat-butil akrilat)’in aseton ¢6zeltesinde iyi dispers oldugu gosterilmistir. Ayrica bu
dispersiyonlarin oldukga seffaf ve homojen film olustuduklart gériilmiistiir (Sekil 4).

T—

(1) Adsorpsiyon
___’_
Nanotanecik (2) Gaprazbaglama

180°C

—_—
(3) rOP (jo

Sekil 4: SiO, ve TiO, nanotanecilerinin poli(2-hidroksipropilen maleat) ile
bohgalanmasi ve nanotanecil yilizeyinde arta kalan hidroksi gruplari ile
halka agilmasi polimerizasyonu g-kaprolakton asilanmasinin sematik
gosterimi.

Yuzeyine PCL asilanmis
nanotanecik

Tezin son kisminda sundugumuz “ligand degisim methodu” ile boyutlar
ayarlanabilir ~ ¢inko oksit nanotaneciklerinin sentezlenebilecegi gosterilmistir.
Kimyasal yolla nanotanecik sentezilerinde kontrollii-¢cekirdek biiyiimesi prensibi
uygulanarak veya amfifilik blok kopolimerler kullanarak saglanabilmektedir. Ancak
bu yaklagimlarin tanecik boyutlarini kontrol etmedeki basarisi sinirlidir Caligmanin
bu kisminda dodecilamin varlifinda ¢inkotetramin kompeksi kullanilarak ¢inko oksit
nanotanecikleri sentezlenmistir (Sekil 5).

Bu asamada su-alkol karisimindan amonyagin yavas yavas uzaklagmasiyla
yiizeyinde dodesilamin bulunan nanotanecikler (60-210 nm) sentezlenmistir. Burada
ayrica, nanotanecik boyutuyla L/M oranini iligklendiren basit bir teorik model ortaya
konmustur. Elde edilen malzemenin FT-IR, TGA, DLS, ESEM ile
karekterizasyonlar1 ¢inko oksit nanotanecik boyutlarinin ¢inko / amin liganti
arasindaki sitokiyometrik oranla kontrol edildigini gostermistir. Sonuglar
nanotanecik boyutunun L/M orani ile ters orantili oldugunu ve bunun boyut
kontroliinde anahtar parametre oldugunu gostermistir.

Elde edilen nanotanecikler ylizeyindeki koordine olmus amino gruplarinin glisidil
metakrilat blok kopolimerinin yapisindaki epoksi gruplari arasindaki reaksiyonuyla
kolayca bohgalanmistir. Bu islem ¢ekirdekte capraz bagli matrix i¢cinde ¢inko oksit
nanotanecikleri ile kabukta PMMA lineer zincirleri igeren bir yapi verir.
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Sekil 5: Ligand degisim metodu kullanilarak ZnO nanotaneciklerinin sentezi ve
poli(GMA-b-MMA) blok kopolimeri ile bohgalanmasi.
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Bu sekilde ele gecen ¢ekirdek-kabuk tipli nanotaneciklerin ile aseton poli(metil
metakrilat-stat-butil akrilat) kopolimeri ¢ozeltileriyle karistirilmasiyla olusturulan
dispersiyonlari saglam filmler elde etmede kullanilmstir.
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1. INTRODUCTION

Tailoring of nano or micron size solid surfaces with polymers has been one of the
most attractive areas of research in last two decades. Such a surface modification
opens up new application possibilities ranging from medicine to microelectronics [1,
2]. The surface modification simply provides compatibility with organic matrixes.
Due to this reason those materials find extensive use as the main ingredient of the
composites. Surface modification of insoluble inorganic or organic solids, on the
other hand, allows preparing materials having diverse applications. For instances
poly(styrene-divinyl benzene) resin beads with poly(ethylene oxide) surface grafts
has been commercialized and sold under trade name of “Wang Resin” which is
useful as stationary phase for chromatographic separation of proteins[3]. Perhaps
most attractive exploitation of these materials is their use as enzyme or catalyst
carrier [4]. Since those supported catalysis can be recycled many times, these find in
large-scale industrial processes as well. Inorganic pigment nanoparticles when
organically modified can be used for the manufacturing of inorganic-organic hybrid
nanocomposites [5]. These nanostructures find extensive use in design of enzyme

linked imino sorbent assay (ELISA) and micro-electronic devices etc [6].

Polymer supported catalysts have many advantages over the conventional-catalysis.
For instance, main problem of the metal catalysts is their rapid deactivation by
poisoning with exposure to the air. The polymeric structure selected herein will
provide protection of the catalyst. There appear many publications dealing with
polymer supported catalysts [7]. Main purpose is recovery of the catalysts.
Attachment of catalyst species onto insoluble polymer particles is an important art
for recovery of the catalysts in large scale processes. Perhaps only disadvantage of

those materials is slow reactions due to heterogeneity of their processes.

We thought that applications of the solid particles with surface grafts are not limited
to the uses described above. Decoration of solid supports with functional hairy grafts

opens up new avenue to generate more efficient functional materials [8]. The use of



the hairy grafts as carrier for reagents or catalyst provides faster reactions due to
partial mobility of the graft chains [9]. Comparing with the common beaded
polymers possessing directly attached functional groups to the surfaces, the hairy
structures ensure quasi homogenous reaction conditions [10]. Considering
insolubility of the bead core and miscibility of the graft chains in the solvents, the
hairy graft structures comprise easy isolation facility and fast reaction abilities.

Creating surface tethered graft polymer chains on solid substrate is difficult task in
practice. Various techniques; grafting-onto, grafting-through and grafting-from
approaches have been studied to produce such structures [11]. The “grafting onto”
technique has limited success owing to steric hindrances of the polymer chains
approaching the surface. This technique does not allow good control over chain
density on the surface [12]. However, this technique has gained renewed interest in
recent years by using so called “click chemistry” approach in which prepolymers
bearing easily reacting terminal groups are coupled with suitable surface
functionalities generated on the solid surface. Diels-Alder reaction and azide-alkyne
coupling reactions are most common routes in the click chemistry. The “grafting
from” technique, on the other hand, provides better control of the chain densities and
assembled polymer chains on the surface without homopolymer formation [13, 14].
Polymerization from the initiator groups on solid surfaces is also termed as “surface
initiated polymerization” (SIP). In the SIP method anionic, cationic and radical
initiating techniques can be employed in principle. However, controlled living
radical techniques are most common approaches to generate polymer brushes due to
their tolerance against trace water and protic solvents [15]. Moreover, the living end

groups allow forming di or multi-block graft structures.

Among controlled living polymerization techniques, ATRP is especially fruitful
process which is applicable in grafting even from solid particle surfaces [16].
However covalent linking of the initiating sites to any solid surface is the crucial
task. This can be achieved either by surface modification with suitable reagents
possessing haloalkyl functionality or by preparation of the solid support using
appropriate functional comonomer. The linkage between solid core and initiator
group is also important. Non-hydrolysibility of this linkage is preferable when the
resulting functional material is to be processed under harsh conditions. Attachment
of the initiator groups by ester linkage is common approach and has been widely



employed by many authors [17, 18]. However, hydrolysis of this bond chemically or
enzymatic means deters the use of this approach when the hairy grafts are considered

as reusable catalyst carrier for large scale and continuous processes.

ATRP has been employed also for graft copolymerization of acrylate monomers
from solid planar[19] or spherical [20] surfaces. A common approach for graft
copolymerization from solid surfaces by ATRP involves two main steps:
introduction of ATRP initiators onto the surface and subsequent initiation of the
polymerization from surface-bound initiation sites. The first step is crucial for the
success of surface initiated graft copolymerization by ATRP. Yu et al demonstrated
controlled grafting of poly (GMA) from 2-bromoester functional surfaces on
hydrogen terminated silica substrates [21]. Haddleton’s group [3] described the use
of Wang resin with benzyl alcohol functionality as solid substrate. Reaction of the
methylol groups with 2-bromoisobutyryl bromide followed by grafting from
bromoisobutyrate functions was demonstrated to be efficient in graft
copolymerization of methacrylate monomers. Stover’s group described two methods
for incorporation of initiator groups on densely crosslinked polystyrenes possessing
vinyl residues. In the first method, the vinyl residues were transformed into
chloroethyl functionalities by hydrochlorination [22] In the second approach the
vinyl residues were converted to hydroxyethyl groups. In either case the following
reaction with 2-bromoisobutyryl bromide created the initiator groups on the spherical
surface [23].

Recently Stover et.al. described a method so called “precipitation polymerization”
method for preparing densely crosslinked divinyl benzene microspheres with residual
double bond at the surfaces. This report has found great attention since it is unique
process for obtaining microspheres with uniform size (1-5 um) and shape, which can
lead to narrow disperse microspheres free of any added surfactant or stabilizer [24].
In this technique, homogenous reaction mixture (monomer, radical initiator and
solvent) become opaque during the polymerization and subsequently phase

separation occurs between polymer and continuous medium.

Organic-inorganic hybrids consisting of nano-size inorganic fillers and polymer as
binder are of increasing interest due to their unusual optical, electrical and
mechanical properties originating from large surface area to volume ratio and finite

size effects [25]. Surface modification of inorganic nanoparticles is essential for the



attachment of the organics or polymers. Attachment of polymers onto surfaces of
nanoparticles is mostly preferred way of their surface modification. Beside
traditional sol-gel technique [26], in situ-polymerization [27, 28], grafting onto [29],
grafting from [30]and grafting through [31]polymerization techniques have been
widely applied for surface modification of nano-size particles. The “grafting from”
technique is also versatile tool for creating polymer brushes on solid nanoparticle

surfaces.

Controlled radical polymerization processes, namely atom transfer radical
polymerization (ATRP) [32], nitroxide mediated radical polymerization (NMP) [33]
and reversible addition-fragmentation chain transfer (RAFT) [34] processes have
been employed successfully in the SIP of various monomers from metal, pigment
and semiconductor nanoparticles. An alternative approach for decoration of
nanoparticle surfaces with polymers is ring opening polymerization (ROP) of some
cyclic esters, e.g. e-caprolactone. ROP of e-caprolactone has been reported by
Dubois and his coworkers in which the cyclic ester monomer was polymerized in
living fashion through amine-terminated silane coupling agent on the surfaces of

silica nanoparticles using trialkyl aluminum as initiator [35].

One key issue in SIP strategy is immobilization of initiator groups onto the particle
surfaces for application of the “grafting from” technique. However, there is yet no
general recipe applicable to every particle surface for immobilization of the initiating
groups and modification of each surface essentially needs different individual
chemical processes. For instance a common way of introducing initiator groups onto
silica surface is modification with silane coupling agents. Numerous silane coupling
agents with amine, halogen or vinyl residues have been developed for modification
of silica surfaces [36]. However, the silane coupling agents are almost limited to
silica surfaces and they cannot be used for incorporation of the initiating sites onto a

wider selection of other particle surfaces.

One critical issue in nano-structured materials is size of the particle. The size of the
particle greatly influences optical and electrical properties of the final materials. For
instance 1-5 nm size of nanoparticles has diverse optical properties such as
transparency and tunable dielectricity in electrical field. There appears two

significant way of size control of the nanoparticles in preparing by wet chemical



methods. Control of particle size by using micellar core as template is the most
common route for preparing nanoparticles in desired size range. The process
however greatly influenced by many reaction parameters such as solvent,
temperature and salt. Success of this method over the size control is limited in most
cases. The second approach is so called “controlled nucleation growth” which is
based on generation of highest number of nucleation centers in the beginning at high
temperatures [37]. This strategy has also been combined with surfactant stabilization
methodology. Although this strategy is useful for obtaining smallest sizes, it is not

successful in attaining any fixed particle size.

This thesis is aimed at generation of functional hairy graft polymers linked to the
surfaces of micron or nano-sized supports with non-hydrolysable bonds. These
macromolecular structures were designed by using various polymerization
techniques such as classical radical polymerization, ATRP, CROP and click
chemistry techniques. The resulting materials were considered as support for more
efficient enzyme carrier, protein separating medium, macromolecular chelating
ligand for metal ion separations etc. These works have been presented under five

subtitles:

1. Preparation of cross-linked poly(2-bromoethyl methacrylate) microspheres and

decoration of their surfaces with functional polymer brushes.

2. Poly(glycidylmethacrylate)-polystyrene copolymer grafted nano-composite P(S-
DVB) microspheres from surface initiated-atom transfer radical polymerization:
Immobilization of lipase and application in esters synthesis.

3. Modification of Poly(divinylbenzene) Microspheres by Hydrobromination-Click

Chemistry Protocol and Their Protein Adsorption Properties.

4. Novel strategy for tailoring of SiO, and TiO, nanoparticle surfaces with poly(e-

Caprolactone).

5. Ligand Exchange Method for Size-Controlled Synthesis of ZnO Nanoparticles in
Solution.






2. THEORETICAL PART

2.1 Surface-Initiated Polymerization Techniques

Surface-initiated polymerization (SIP) has been widely used for tailoring of solid
surfaces to impart wettability, further chemical modification capability,
biocompatibility and corrosion resistance. Organic modification of surfaces by direct
immersion coating by and spraying are some of the traditional methods. This method
however is based on physisorption and do not give permenantly linked organic
layers. Attachment of the organic layer to the insoluble supports by covalent linkages

is most desirable to attain stable surface layers.

Three main strategies: (i) the grafting to, (ii) the grafting from and (iii) grafting
through strategies have been employed to create graft layers on the solid surfaces.
The grafting to strategy involves linking of the prepolymers to the surfaces via
suitable linkers such as activated double bond, epoxy or amino groups etc. Although
the experimental work up is simple and straightforward, the grafting yield of this
strategy is generally low and it is difficult to attain thick and dense graft layers. The
method however may provide satisfactory polymer brushes when low molecular

weight polymers are grafted onto the surfaces.

Grafting through approach on the other hand has limited use for grafting of micron
size particles. The method however is fruitful for preparing nanocomposite materials
from nanopowders. For instance Ford et al. described polymerization of acrylic
monomers in the presence of trimethoxysilyl propylmethacrylate (MEMO) coupled

colloidal silica to obtain stable and homogenous dispersion[38].

2.2 Grafting from Methodology

The grafting from method involves initiation of the polymerization from the the
surface bond initiator groups. The grafting from solid surfaces has also been termed
as surface initiated polymerization (SIP). This technique is superior to the other

methods in that, it provides dense surface brushes and if the initiation is performed



by one of the controlled polymerization techniques, bilayer block graft layers can
also be generated with negligible free polymer formation (Figure 2.1).
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Figure 2.1: Schematic illustration of grafting from approach on solid support.

A number of methods has been reported for generation of graft layers on the solid
surfaces. Traditional radical polymerization methods, controlled free radical
polymerization  (CRP)  techniques, ionic  polymerization  techniques,
photopolymerization techniques and metatetesis polymerization techniques have

been widely employed for obtaining surface brushes.

Traditional radical polymerization techniques are of only historical importance and
seem to be largely replaced with the living polymerization techniques nowadays.
There appear some examples of the use of traditional radical polymerization
tegniques in the literature. The method involves chemical pre-treatment such as
ozonation, diazotization and xanthation of the surfaces and following polymerization

of the monomers[39].

Logically direct use of unbound radical source may also provide grafting onto solid
surfaces. In this case the radical fragment formed in solution may generate a new
radical on the solid support by hydrogen abstraction and polymerization takes place
on the surface. In this respect many redox couples such as Fenton reagent and
permanganate-oxalate and cerium(IV)-alcohol redox couples have been used for
grafting [40-42]. Obviously main drawback of this approach is formation of waste

amounts of unbound free homopolymer.



2.2.1 Surface grafting by ionic polymerization

Application of ionic polymerization methods for grafting from solid surfaces is
relatively rare. Perhaps the most widely studied ionic polymerization for grafting is
the use of triflate surface initiating groups. Jordan and Ulman presented
trifluoromethane sulfonate (triflate) groups generated on 11-hydroxyundecanethiol
groups attached to gold coated surface for initiation of the living cationic ROP of 2-
ethyl-2-oxazoline to produce linear poly(N-propionylethyleneimine) (PPEI) surface
brushes [43].

In another study, Zhao and Brittain introduced a method providing self-assembled
monolayer of polystyrene on glass surfaces via cumyl methyl ether moieties
deposited on silicon wafer. Activation with TiCl, in the presence of di-tert-
butylpyridine as proton scavenger was demonstrated to yield polystyrene brushes up
to 30 nm of thickness (Figure 2.2) [44].
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di-tert-butyl pyridine
R ——
{ o

glass surface

Figure 2.2: Poly(styrene) brushes grown by living cationic polymerization.

Since anionic polymerization is a living process its use for the surface grafting is
attractive. However, the process needs extremly dry conditions and low
temperatures. These drawbacks deter its extensive use in the grafting processes.

gold surface
gold surface

Figure 2.3: Poly(styrene) brushes grown by living anionic polymerization.

There appear few important controbutions on its use for the grafting from the solid

surfaces. One successful example is the anionic polymerization of styrene on gold



substrates initiated by biphenyllithium groups to give very uniform films with a

thickness of 18 nm (Figure 2.3) [45].

2.2.2 Surface grafting by ring opening polymerization

Surface-initiated ring opening polymerization (ROP) is an attractive route to attain
surfaces coated with thin polymer films. Husseman et al. have reported for
generation of poly(e-caprolactone) (PCL) brushes on gold surfaces using insitu

generated aluminium alkoxide catalyst (Figure 2.4) [46].
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Figure 2.4: Surface-initiated ring opening polymerization of e-caprolactone on
gold surfaces.
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In a similar study reported by Choi and Langer, tin(ll) octoate catalyst have been
employed for producing chiral poly(lactic acid) brushes on gold and silicon
substrates by ROP of L-lactide. The resulting biodegradable polymer with controlled

releasing ability has also been interest for chiral separation and molecular recognition

applications (Figure 2.5) [47].
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Figure 2.5: Surface-initiated ring opening polymerization of L-lactide on solid
support.

There are many reports dealing with generation of polypeptide brushes on amine-
functionalised silicon wafers and glass slides. Schouten and co-workers reported

poly(L-glutamate) brushes by ROP of N-carboxy anhydrides (NCA) of L-glutamates
(Figure 2.6) [48].
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Figure 2.6: Surface-initiated ring opening polymerization of N-carboxy
anhydrides of L-glutamates on solid substrate.

The detailed study revealed that the polypeptide brushes adopt an a-helix
conformation on the Surface. Moreover, the “living” nature of the polymerization

was demonstrated by the re-initiation yielding diblock copolymer brushes.

2.2.3 Surface grafting by ring opening metathesis polymerization

Little work has been published on the use of ROMP for surface grafting Mingotaud
et al. described a ruthenium catalyst immobilized on 200 nm of silica nanoparticles

for ROMP of Norbornene (Figure 2.7).
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Figure 2.7: Transition metal tethered on the surface of silica nanoparticle.

The ruthenium catalyst was generated by reaction of acyl chloride functionalized
silica surface with ruthenium catalyst bearing hydroxyl groups. This catalyst was

demonstrated to give satisfactory graft densities as high as 7 pmol m™? [49].

In a similiar study [50] a metathesis catalyst has been anchored on silica
nanoparticles by reaction with 5-norbornene-2-yl(ethyl)ethoxydimethylsilane and 5-
(bicycloheptenyl) triethoxysilane and following reaction with Grubbs first generation
catalyst. The supported catalyst was then used for polymerization of norbornene to

give a graft thickness of 15-30 nm (Figure 2.8).
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Figure 2.8: ROMP initiator used for immobilization on silica nanoparticles and
the first generation of Grubbs catalyst.

Recently, Moon and Swager described polymerization of norbornene-capped poly(p-
phenylene ethynylene) macromonomer by ROMP to give brushes with poly(p-
phenylene ethynylene) “molecular wire” side chains [51]. The metathesis technique
is expected to find wider application for grafting from solid surfaces in the near

future.

2.2.4 Surface grafting by controlled radical polymerization techniques

Among various polymerization techniques radical-based controlled/“living”
strategies are most frequently used in comparison to the other controlled/“living”
polymerization methods. Since radical polymerization reactions have a high
tolerance toward a wide range of functional groups and water, it is superior to the

ionic polymerization methods.

2.2.4.1 Surface-initiated atom transfer radical polymerization

SI-ATRP was first reported by Huang and Wirth in 1997. They successfully grafted
poly(acrylamide) (PAM) brushes from benzylchloride-derivatized silica particles
[52]. Comparing with the other controlled living polymerization techniques ATRP is
unique, because it avoids homopolymer formation and provides better control of the
chain growth in graft copolymerization [53]. This method can be used for grafting

from solid planar and spherical surfaces [54].

Surface grafting by ATRP simply involves immobilization of ATRP initiator to solid
surface and following polymerization from the surface. Therefore, incorparation of
the initiator to the surface is of prime importance in practice. Modification of the

silica surface has been widely studied for incorporation of ATRP initiation sites.

12



Common approach is the use of a silane-coupling agent and subsequent reaction with

appropriate molecule possessing ATRP initiators [55].

Yu et al. described controlled grafting of poly(glycidyl methacrylate) by initiation
with 2-bromoester functions on the surfaces on hydrogen terminated silica substrates
[21]. Haddleton’s group [3] reported the use of Wang resin with benzyl alcohol
functionality as solid substrate. The reaction with 2-bromoisobutyryl bromide and
followed by grafting from bromoisobutyrate functions was demonstrated to give

graft copolymers derived from methacrylate monomers (Figure 2.9).
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Figure 2.9: Immobilization of ATRP initiator sites on WANG resin.

Stover’s group described two routes to incorporate ATRP initiator groups starting
from densely crosslinked polystyrenes possessing vinyl residues. In the first route,
the vinyl residues were transformed into chloroethyl functionalities by
hydrochlorination [22]. In the second route the vinyl residues were converted to
hydroxyethyl groups. These were employed for generation of isobutyryl bromide
groups on the spherical surface [23]. Both methods were demonstrated to give
densely graft surface constituting with methacrylate polymers including PGMA. This
group also demonstrated that modification of lightly crosslinked poly(DVB-co-
HEMA) with 2-bromoisobutyryl bromide allows generation of diblock grafts
including poly(MMA-co-GMA) poly(MMA-co-dimethylaminoethyl methacrylate)
on the crosslinked solid support [56].

It is important to note that ATRP initiation is not only confined to haloalkyl
functionality. Also solid supported N-halosulfonamides were demonstrated to initiate
ATRP efficiently (Figure 2.10) [57].
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Figure 2.10: Introducing ATRP initiator groups on P(S-DVB) resin beads.

N-halosulfonamides tethered to crosslinked P(S-DVB) resin have been used for
generating dangling poly(glycidyl methacrylate) chains which are useful for easy

functionalization to impart different functionalities (Figure 2.11) [8].
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Figure 2.11: Poly(glycidyl methacrylate) brushes on P(S-DVB) microspheres.

Advantage of N-halosulfonamide initiation site is its hydrolytic stability which

allows further use and recycling of dangling chains as catalyst or reagent carrier.

Since ATRP is a heterogenous process in nature, the chain-growth control can not be
achieved as efficiently as in the case for the solution polymerization. Matyjaszewski
et al. described addition of Cu(ll) as deactivator to attain better control of the chain
growth of polystyrene (PS) brushes on bromoisobutyrate-functionalized silicon
wafers [58].

Reverse ATRP process in which Cu(l) species are insitu generated by reaction of
Cu(ll) with a conventional radical source has also been employed for the SI-ATRP of
various acrylic and styrenic monomers. Sedjo et al. reported preparation of PS and
PS-b-PMMA brushes from a conventional radical azo-functionalized silica substrate
using Cu"Bro/bpy complex [59]. Those studies revealed that, SI-ATRP is an

excellent technique to prepare polymer brushes on solid surfaces.
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2.2.4.2 Surface-initiated reversible-addition fragmentation chain transfer

polymerization

Another controlled living polymerization technique, reversible termination,
reversible-addition fragmentation chain transfer (RAFT) polymerization is based on
is based on reversible chain transfer. This process needs the use of additional radical
source, which is different from typical ATRP process. Compounds possessing
dithioester, dithiocarbamate, or trithiocarbonate groups have been used as chain
transfer agents. Extention of this technique to the grafting from solid surfaces can be
achieved either by using supported RAFT agent or by surface-immobilized

conventional free radical initiators.

Baum and Brittain described immobilized an AIBN like azo-initiator onto silica
surfaces  for polymerization of methyl methacrylate, N,N-dimethylacrylamide,
styrene  monomers (PS) in the presence of 2-phenylprop-2-yl dithiobenzoate as
chain transfer agent [60]. The process was demonstrated to be poor and slow for the
chain growth and addition of untethered radical initiator (AIBN) was essential to

attain reasonable grafting degrees (Figure 2.12).
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Figure 2.12: Immobilization of AIBN like azo-initiator onto silica surfaces and Sl-
RAFT polymerization of methyl methacrylate from the initiation
sites.

In addition to the use of free radical initiator-modified substrates, SI-RAFT can also
be carried out using surface-immobilized RAFT agents. The RAFT agent can be
immobilized in two different ways, which are referred to as the R-group and Z-group
approaches (Figure 2.13) [61, 62].
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Figure 2.13: Surface initiated-RAFT polymerization of butyl acrylate from
dithiobenzoate modified silica nanoparticles.

A number of ways has been described for anchoring the RAFT agents to the solid
supports such as silica and crosslinked polymeric substrates. For instance,
dithiobenzoate- or trithiocarbonate-derivatized silicon wafers [61], silica(nano)
particles have been used to prepare a variety of methacrylic, acrylic, styrenic, and
acrylamide-based brushes (Figure 2.14).
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Figure 2.14: Surface initiated-RAFT polymerization of methyl acrylate from
trithiocarbonate modified silica particles.

Advantages of RAFT polymerization is that it tolerates to wide range of (sensitive)
monomers bearing different functional groups. Common drawbacks of RAFT are
unavaliability of the RAFT agents and low brush densities due to detachment of
grafted chains during the process. Moreover, formation of unbound homopolymer in
solution is another important limitation of the process while grafting from solid

surfaces. In fact the use of RAFT for grafting of solid surfaces can not be considered
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as a true grafting from process, since the chains grown in the solution are linked to

the solid surface.

2.2.4.3 Surface-initated nitroxide-mediated polymerization

Nitroxide-mediated polymerization on the other hand resembles mechanistically to
RAFT process and is simply based upon reversible activation/deactivation of
growing polymer chains by a nitroxide radical. The first report on surface-initiated
nitroxide-mediated polymerization (SI-NMP) was published by Husseman et
al.(Figure 2.15) [33]. This group demonstrated functionalization of silicon wafer with
nitroxide group and polymerization of styrene monomer yielding a graft thickness up
to 120 nm.
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Figure 2.15: Immobilization of TEMPO derivative NMP agent on silica surface
and surface initiated-NMP of styrene.

Nitroxide-mediated polymerization (NMP) was also employed by several other
groups for the generation of PS brushes on TEMPO-functionalized Merrifield resins
[63], magnetite [64] or titanium nanoparticles [65]. In addition, several other
polymer brushes, such as poly(4-vinylpyridine) (P4VP) [66], Poly(styrene sulfonate
sodium salt) [67] and poly(4-(poly(ethyleneglycol) methyl ether) styrene) (PSPEG)
brushes [68] have been prepared via surface initiated-NMP from TEMPO-modified
substrates. One important drawback of TEMPO-mediated polymerization is that its
utility is almost confined to styrenic monomers. With acrylic monomers NMP gives
relatively high polydispersities and low Mn values due to reversible deactivation
with S-H elimination of the growing polymer chains. Also a waste amount of

homopolymer formation is another drawback of the process similar to those of the
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RAFT process. Another drawback of NMP is that the process needs relatively high
temperatures which limits its use for polymerization of temperature sensitive

monomers.

2.2.4.4 Surface-initiated photoiniferter-mediated polymerization

Iniferters are substances simultaneously acting as initiators, transfer agents, and
terminators. Irradiation of these substances result in dissosiation yielding a reactive
carbon-centered radical and a relatively stable dithiocarbamyl radical which was first
described by Otsu et al. in 1982 [69]. The polymerization starts from carbon-centered
radical and it is reversibly deactivated by termination with dithiocarbamyl radical
and this provides control of the polymerization.

The rate of polymerization, is directly related to the intensity and duration of
irradiation. Matsuda and co-workers reported preparing  benzyl-N,N-
diethyldithiocarbamate- functionalized substrates for polymerization of a wide
variety of monomers to generate brushes therefrom [70]. This strategy has been
employed for producing thick brushes of poly(acrylic acid), poly(N-isopropyl
acrylamide), poly(poly(ethylene glycol) methacrylate), poly(sodium methacrylate),
and poly(methacrylic acid) [71-73]. De Boer et al. described an efficient procedure
involved coupling of silicon substrates with trimethoxysilane functional benzyl-N,N-
diethyldithiocarbamate derivative and grafting with styrene and styrene-methyl

methacrylate block copolymers (Figure 2.16) [74].
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Figure 2.16: Block copolymerization of styrene-methyl methacrylate by
irradiation on dithiocarbamate immobilized silica nanoparticle.

Since photoiniferter process do not need neither free radical source nor radical

captures for the deactivation, it is attractive. Perhaps only limitation of this process
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is that it is not applicable to light sensitive surfaces. Furthermore, surface initiated-
PIMP does not need to remove the catalyst and is therefore especially suitable for the

preparation of biomedical materials.

2.2.5 Polymer brushes by grafting from metal oxide surfaces

Grafting of metal and metal oxide surfaces with polymers is of special importance
due to their extensive use in various fields. However, most of examples for CRP are
related to silica [16], aluminum [75], titanium [76], or iron oxide [77] substrates.
Generally premodification of these substrates to introduce initiation sites involves the
use of silane coupling agents. The literature relevant to grafting from other metal

oxide surfaces is scarce.

The most tedious task for grafting from metal oxide surfaces is incorparation of
ATRP initiating groups. Various procedures have been reported for generation of
ATRP initiators on inorganic particles. Hatton and co-workers [78] reported ATRP
of acrylic monomers from oleic acid-coated magnetic nanoparticles in which the
surfactant is partially replaced with ricinoleic acid for further functionalization with
an ATRP initiator.

In a similar study nanoparticles of Fe,O3 or magnetite stabilized with oleic acid
were ligand exchanged with 3-chloropropionic acid or 2-bromoisobutyric acid to
allow surface initiated-ATRP [79]. Premodification other metal oxide surfaces for
introducing ATRP initiator groups generally needs different chemical processes

depending on the nature of the surfaces.

2.2.6 Polymer brushes grafted from inert polymer surfaces

Incorporation of initiator groups into non-functional polymer substrates needs

different processes (Figure 2.17).

For instance, polypropylene and poly(tetrafluoroethylene) substrates requires
ozonization or plasma pretreatment for generation of hydroxyl or carboxylic acid
groups, which can be further modified with 2-bromoisobutyryl bromide to initiate
ATRP [80, 81].
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Figure 2.17: Schematic illustration of surface functionalization of inert polymer
surfaces.

2.2.7 Direct radiation/plasma-mediated polymerization

It should be also mentioned that direct initiation from surfaces of inert polymers by
y-irradiation is a fruitful process allows generation of surface grafts without using
special initiators. Recent studies involves the use of RAFT agent such as cumyl
phenyldithioacetate to speed up of the polymerization and increase grafting

efficiencies of styrene on polypropylene surfaces [82].

Similarly, the surface of polyethylene-co-polypropylene (PEco-PP) sheets have been
grafted by means of y-irradiation in the presence of RAFT agent, 1-phenylethyl
phenyldithioacetate to generate radicals both on the polymer surface and in the

monomer solution [83].

2.3 Grafting onto Methodology

In the “grafting onto” solid surfaces the polymers bearing a reactive end group
prepared separately and linked chemically to the solid surfaces (Figure 2.18).
Although the process proceed with low grafting yields especially in the case for high
molecular weight prepolymers, it is being used for surface grafting with some
functional monomers which cannot be polymerize by ATRP or relating methods. Of
course, success of the grafting strickly depends on chemical reactivity of the polymer
end groups with the linkers on the solid surfaces. In this respect, quickly reacting
groups are essential to attain reasonable graft yields. The process termed as “click
chemistry” provides nearly quantitative yields of the reaction between the groups on

the mobile and stationary phases.
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Figure 2.18: Schematic illustration of grafting onto approach.

2.3.1 Click chemistry

The term “Click chemistry” has been coined by Sharpless [84] in 2001 in order to
describe quick connection of two different molecules. Generally, every fast and
quantitative reaction can be considered in terms of the click chemistry. Beside this, the
click chemistry reactions are expected to give no by-products. There are several
reactions which have been considered fulfilling this criteria such as additions of
mercaptanes to carbon-carbon double or triple bonds, the cycloaddition reactions
involving Diels-Alder (DA) reactions and copper(l)-catalyzed azide-alkyne (CUAAC)
couplings.

2.3.1.1 Azide-alkyne cycloaddition reaction

The reaction of azides with terminal alkynes yield 1,2,3 triazoles in the presence of
copper catalyst. The reaction is almost quantitative in appropriate conditions. The
reaction is believed to occur 1-3 dipolar addition mechanism (reaction (2.1)). The
azide anion is analogue to propargyl anion. Thanks to Huisgen, our current
knowledge on triazole chemistry is mainly based on his pioneering works on the
subject [85]. He described synthesis of various five-membered heterocyclic rings
such as triazole, triazoline, isoxazole, 4-isoxazoline etc. It was demonstrated that,
good regioselectivity is attained by cycloaddition of highly electron-deficient
terminal alkynes even without any catalyst. However, the other alkynes usually

afford mixtures of the 1,4- and 1,5-regioisomers [86].
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1,4 triazole

Further contributions by the Sharpless [87] and Meldal [88] groups revealed that,
Cu(l) is exceptional catalyst which improves not only regioselectivity yielding
exclusively 1,4-regioisomer, but also increase the reaction rates up to 10’ times.
Main advantage of the process is that, it eliminates the needs for heating at elevated
temperatures [89]. Absence of the side reactions of the copper catalyst is its

additional benefit.

2.3.1.2 Diels-Alder reaction

The Diels-Alder (DA) reaction is also known as [4n+27] cycloaddition reaction,
which takes place between diene and a dienophile (Reaction (2.2)). The reaction has
been well studied in organic chemistry. Although many catalysts have been
presented for DA reaction, it is common reaction of diens and proceeds even without
catalyst. The reaction tolerates various functional groups such as electron donating
groups (like -OR, -NRy, etc) or electron-withdrawing groups (like -NO,, -CN, -COR,
etc). Mechanistic investigation revealed that DA cycloaddition reaction proceeds via

cis-isomer of the diene component.

1 1

2 J \/ . 2

3 (/\ ” . 2.2)
4

diene dienophile

Obviously the diene structures enabling fast cis-trans isomerization yields faster DA
adducts. Since cyclic dienes possess trans- conformer they are extremely fast in DA
reactions. For instance, cyclopentadiene reacts with maleic anhydride to give the

endo isomer rather than the exo isomer in high yields [90].

22



2.3.1.3 Catalysts for Diels-Alder reactions

Many Lewis acids including SnCls, ZnCl,, AICI3, and derivatives of AICI; such as
(CH3)2AICI and (C,Hs),AICI has been demonstrated to be good catalysts for DA
reactions [91]. It has been demonstrated that dienophiles bearing electron-
withdrawing groups such as carbonyls are much prone to DA reactions in the
presence of Lewis acids as given in reaction (2.3). Lewis acids are considered to

form complexes at the carbonyl oxygen and this facilitates the reaction [92] .

CO,CH;
\( ' L o \@\ ’ \G/
\ COZCH3 COz'CH3

without catalyst 70 % (para) 30 % (meta)

(2.3)

with AICl3 95 % (para) 5% (meta)

Common solvents for DA reactions are non-polar and aprotic solvents such as
aliphatic and aromatic hydrocarbons. Nevertheless, many other solvents such as
water, ethylene glycol and formamide have also been used successfully in a number
of DA reactions [93, 94].

2.3.1.4 Mercaptane addition to carbon-carbon double and triple bonds

Addition of thiols to C=C bonds is principally Michael type addition which is favor
when the double bond is activated by electron-withdrawing neighboring groups such
as carbonyl or nitrile groups. The reaction has been well documented in organic
chemistry for over 100 years [95].

Generally, the thiol-ene reaction can be performed in radical conditions and
accelerated thermally or photochemical means [96, 97]. In the presence of radicals a
thiyl radical, RS, forms immediately and this adds to the double bonds. The
intermediate carbon-centered radical undergoes chain transfer by transferring its
radical to another thiol molecule and generates a second thiyl radical as shown
reaction (2.4) [98].

l . RSH
. S S .
RSH + radical source — RS’ —» R“-""R —» R“ "R 4 RS (2.4)

\

R’
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Thiol addition to a number of activated alkenes in the presence of nucleophilic
catalysts (NEts, primary/secondary amines or certain phosphines) has been reported

in the literature as given in reaction (2.5) [99].

RS H

R catalyst
RSH + | —
R (2.5)

R'= ester, amide, cyano

2.4 Synthesis, Stabilization and Organic Modification of Nanoparticles

Design of new inorganic/organic nanostructured materials has been one of the
fundamental researches in recent years. Increasing interest in these materials is due to
their unusual electrical and optical behaviors different from those of their bulk
counterparts. High surface to volume ratio and quantum confinement effects of the
nanosize particles induce transparency and high chemical sensitivity towards trace
reagents in gaseous or liquid states. Tremendous papers and review articles have
been devoted to their synthesis in spherical, road-like and nanowire forms.
Moreover, their compounding with polymers and organics has found considerable

attention for fabrication of so called “nanohybrid materials” or nanocomposites.

2.4.1 Synthesis of nanoparticles

A number of physical and chemical methods have been reported for the synthesis of
nanoparticles. Although it is difficult to make a discrete borderline between the
synthetic procedures, we wish to follow commonly accepted classification for their

synthesis.

2.4.1.1 Spray pyrolysis methods

The spray pyrolysis method simply involves spraying of an aqueous or organic
solution of the nanoparticle precursor into a hot zone in which it decompose to give
nanopowders. In this process, the undesired wastes are evaporated away. Although a
wide particle size distribution is obtained, this method is already being used for
large-scale production of metal or metal oxides [37]. Metal alkoxides and metal salts
of glycolic and citric acids are common precursors used in the presence of stabilizers

such as poly(vinyl alcohol). The spray pyrolysis method has been employed to
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prepare different kinds of nanoparticles, including metals, metal oxides, such as Ag
[100], Ni [101] and ZnS [102]. In another variant of this method, the nanoparticle

procurser is decomposed in an inert solvent.

2.4.1.2 Sol-Gel process

Traditional sol-gel process is based on hydrolysis and condensation of an alkoxide-
based precursor such as tetraethyl orthosilicate (Si(OEt), , TEOS) as shown in
reaction (2.6). The first example of this process dates back to Ebelmen’s work in
1846 [103]. The reaction takes place by exchanging alcohols with hydroxides and

full exchange results in gelation.
Si(OR)4 + nH,O —  Si(OR)4-n(OH),, + NROH (2.6)

Drying of gel by slow evaporation gives a porous mass so called “xerogel”. Drying
by supercritical solvent extraction gives somewhat different mass naming “aerogel”.
The final step of this process is calcinations at 400-800 °C. Without the calcinations
step, the process however, yields amorphous nanoparticle aggregates. The
calcinations was demonstrated to be essential to obtain crystalline nanoparticles. This
method has been widely utilized in preparing various nanoparticles of TiO, [104] and
Zr0O, [105].

In an interesting variation of the sol-gel process developed by Neiderberger et al,
[106] a nonhydrolytic sol-gel reaction of a metal chloride with benzyl alcohol was
demonstrated to give nanocrystalline products in 4-8 nm diameters without a

calcination step.

2.4.1.3 The Pechini method

Another important variation of the sol-gel process is Pechini method developed 1967
[107]. This method relies on formation of complexes or complex salts between bi-
and tridentate ligands such citric acid or EDTA with transition metal ions or alkaline
earths and polymerization of the residual acids with a polyalcohol such as ethylene
glycol to establish gelation of the mixture. After drying, the gel is pyrolysed to burn

up of the organic portion and gives agglomerated submicron oxide particles.

Poly(vinyl alcohol) has been demonstrated to give rapid gelation in Pechini type

syntheses [108]. This type of reactions is referred to as “polymer combustion
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synthesis”. Various metal oxide nanoparticles have been prepared by this technique
[109] .

2.4.1.4 Chemical vapor deposition

In this technique, the vaporized precursors are introduced into a furnace. The
substance adsorbed onto hot walls of the furnace, thermally decompose or react with
another gas to give nanoparticles. This process has been used for preparing
nanoparticles of Fe O3 [110], TiO, [111] and SiC [112]. This method allows also
preparing nanorods by gradual and seeded deposition of the nanocrystals. For
instance introducing of acetylene-ammonia mixture (1/2-1/10 volume ratio) yields
carbon nanotubes in desired lengths depending on the reaction time [113].

2.4.1.5 Physical vapor deposition

This method is based evaporation or sublimation of the material and it is transferred
into a chamber in which nanoparticle or nanorod forms by nucleation growth on a
substrate. Various examples of the process have been described for the synthesis of
nanorods or nanowires of metal oxides, such as Ga,O3; nanowires [114] and ZnO
nanorods [115].

2.4.1.6 Synthesis of nanoparticles in microemulsions

Microemulsions are thermodynamically stable and homogenous dispersions
surfactant micelles [116]. Formation of the metal oxides or metals in these
microemulsions yields nanoparticles. In such system, the micellar cores behave as

nanoreactors to form nanoparticles in confined sizes.

Common surfactants studied are cetyl trimethylammonium bromide (CTAB),
pentaethylene glycol dodecyl ether (Triton-X), sodium bis(2-ethylhexyl)
sulfosuccinate (trade name, Aerosol OT or AOT ). The later is also useful for reverse
micelle systems. The method is especially useful for preparing metal nanoparticles
such as Cu [117] and Pt nanoparticles [118] using hydrazine or hydrogen as
reducing agents.

2.4.1.7 The Germ-Growth method

This method is a variation of the microemulsion process in which, first some seed

crystals are generated in the micellar cores and then, they are subjected to grow by
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following addition of the precursor and reactant [119]. One interesting example of
this process is preparation of Co,B nanoparticles by sequential addition of Co(ll) and

NaBH, to the micellar solutions containing Co seeds [120].

2.4.1.8 The precipitation methods

The precipitation method involves precipitation of metal or metal oxide nanoparticles
in aqueous or organic solutions containing capping and/or stabilizing agents. This
method is particularly useful for preparing metal nanoparticles or bimetallic alloys.
In fact, thermal decomposition of a suitable metal precursor in the presence of a

polymer is one of the oldest methods of preparing colloidal metals.

For instance, decomposition of Co,(CO)s under inert atmosphere at 130-170 °C in
ethylene glycol containng poly(4-vinylpyridine) as capping agent has been
demonstrated to give 45 nm of Co particles [121]. Decomposition of cobalt carbonyl

occurs according to the reaction (2.7) .

C0,(C0O)s — 2Co(s) + 8CO (2.7)

Various metal carbonyls have been used as precursor for preparing metal
nanoparticles. Since CO provides a reducing medium, metal carbonyls are preferred
to obtain metal particles with high catalytic activities. Smith and Wychick reported
that, the use of nitrogen-containing polymers such as copoly(styrene-4-vinylpyridine)

and copoly(styrene-N vinylpyrolidone) lead to formation of metal-clusters [122].

High-boiling mixture of trioctylphosphine and trioctylphosphine oxide has been used
as the reaction medium. This mixture was demonstrated to act also as passivating
agent and stabilizer for metal nanoparticles. Moreover, efficacy of this method has

been improved by using microwave assisted reaction system.

The precipitation process has also been utilized for preparing various metal oxides
and pigments in nanometer particle sizes [123].

2.4.1.9 Hydrothermal methods

Supercritical fluids exhibit almost zero surface tensions and have high solvating
abilities. For instance, the critical point of water is 374 °C (218 atm). Above this
point water (supercritical) becomes a powerful solvent and able to dissolve many

substances which are insoluble under ambient conditions. The reactions are
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performed under high-pressure in bombs or autoclaves and referred to as

“solvothermal processing”.

Advantage of the process is that, the resulting products are completely crystalline and

do not require post-annealing processes.

The process has been successfully employed for synthesis of nanocrystalline TiO,
which is an efficient photocatalyst for the oxidative decomposition of toxic
chemicals. Recently Cheng et al. developed a hydrothermal process for preparing
pure rutile and anatase crystallites from aqueous TiCl, [124]. They reported that,
rutile formation is favor in acidic conditions, while basic media favor anatase crystals

and NaCl reduces the average particle sizes.

This method generally yields nanocrystalline structures with high catalytic activities.
For instance, Gautam et al. described a solvothermal process using trioctyl phosphine
oxide as a capping agent for peparing monodisperse CdSe particles in 1-3 nm size
range [125].

2.4.2 Organic modification and stabilization of nanoparticle surfaces

Modification of nanoparticle surfaces with low molecular organic compounds or
with polymers is main goal for manufacturing of nanostructured composite materials.
Although classical surfactant stabilization methods of colloid chemistry is still being
used to some extend, modern material science technology needs more stable and
narrow size distribution of colloidal dispersions with permanent stabilities. This is
generally achieved mostly by attachment of organic molecules or polymers via

formation of covalent, ionic or coordinative bonds.

The term “core-shell” nanoparticle is generally used to describe bilayer nanoparticles
bearing polymers or organics tethered to surface covalently. The shell layer provides
compatibility of the nanoparticle substance with polymer matrixes, which is useful

for designing of high performance coatings [126].

2.4.2.1 Stabilization of nanoparticles in synthesis conditions

Stabilization of nanoparticles during their synthesis by wet chemical processes is
crucial not only for the stabilization but also for control of size distributions. This
control is based on steric stabilization induced by surface linked surfactant

molecules. The role and application of low molecular weight surfactants in the

28



synthesis of the nanoparticles have already been discussed in the section of
nanoparticle syntheses.

2.4.2.2 Stabilization with polymer ligands

Coating of nanoparticle surfaces with polymers may induce compatibility and much
different functionality. For instance, fluorinated polymer coatings give “non-stick”
surfaces, due to low surface tension of this type of polymers [127]. Surface coatings
with poly(ethylene oxide) impart water-solubility and biocompatibility which are of
interest for delivery of therapeutic agents and lowering the cytotoxicity of the
nanoparticles [128]. Polymers have been used as ligands for stabilization of
inorganic nanoparticles for many years [129].

® + — Stabilization

Short chain ligand
+

Nanoparticle precursor -
Nanoparticle + Short chain ligand

+ WlExchange

Ligand

- —e

® + w— In situ formation

—_—
Nanoparticle precursor

+
Polymer ligand

Nanoparticle + Polymer ligand

Figure 2.19: Schematic illustration of nanoparticle stabilization by polymer
ligands.

There appear two common routes for stabilization of nanoparticles by backbone-
functional and end-functional polymer ligands. In the first route, nanoparticles are
insitu generated in the micellar solution of the polymer ligands (Figure 2.19). In the
second route, surfactant stabilized nanoparticles mixed with the solution of polymer
ligands. In this case, preoccupied surfactants or low molecular weight ligands are

gradually replaced with the polymer ligands.
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Finke and coworkers reported that, poly(4-vinyl pyridine) ligands with average
molecular weights, M, :3500-55000 have little effect on stabilization of iridium
nanoclusters [130]. Polymer ligands with lower molecular weights, however provide
faster nanoparticle formation and better stabilization. Kinetic control of the particle
size and shape is best controlled by oligomers. Amphyphilic block copolymers are
especially useful for preparing nanoparticles. One block having affinity to the
nanoparticle surface localizes it and the other block affords solubility and steric

stabilization.

Generally, polymer-coated metallic nanoparticles are consired to be less reactive as
catalysis due to the polymer barrier. However, palladium nanoparticles prepared in
poly(styrene)-block-poly  (4-vinylpyridine) copolymer micelles have been
demonstrated to show comparable activities with those of naked palladium in the
Heck reaction [131]. This methodology has been largely used for preparing different
metal or metal oxide nanoparticles. Platonova et al. prepared Co nanoparticles (1 nm)
by decomposition of cobalt octacarbonyl in a polystyrene-poly(4-vinyl pyridine)
copolymer solution [132]. Synthesis of CoFe,0,4[133] and Fe3O,4 [134] nanoparticles
have been achieved using similar block copolymers.

2.4.3 Tailoring of nanoparticle surfaces with polymer brushes

Generation of polymer brushes on inorganic nanoparticle surfaces has been a key
issue in preparing nanocomposites and other nanostructured materials. This is
essential for the compatabilization of inorganics with organic matrixes. In principle,
common grafting protocols, grafting- onto, grafting-from and grafting-through can
be employed to generate surface grafts on nanoparticles. All of those need to create
linker or initiator groups covalently attached to the particle surfaces prior to connect
with prepolymers or to initiate graft copolymerization from the surfaces. Creating a
linker or initiator groups on preexisting nanoparticles is achieved by premodification
of the surfaces with suitable coupling agents. This is usually carried out by
pretreatment with silane coupling agents possessing trichlorosilane or
trialkoxysilane connecting with alkyl or aryl group with a suitable functional group.
Although silane coupling agents have been developed originally for surface
modification of silica surfaces, these agents have been demonstrated to be useful for
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also coupling of many other metal oxides such as TiO,, Al,O3, Fe,O3,Fes0, etc
[135].

Among those approaches, the grafting-from is mostly preferred method for
generation of dense grafts and controlled chain growths on the surfaces. General
experimental procedure of this approach involves immobilization of the initiator
molecule on the silica particle followed by surface initiated ATRP [15]. Grafting of
various styrene and acrylic monomers has been performed from the initiator-grafted
silica particle by ATRP. Incorporation of the initiator groups is crucial issue for
decoration of nanoparticle by SI-ATRP methodology. This is performed by reaction
with specially designed silane coupling agents bearing halo-alkyl groups as initiator
for ATRP.

(2-(4-Chloromethylphenyl)  ethyl)dimethylethoxysilane  (CPDS), (3-(2-bromo
isobutryl)propyl)  dimethylethoxysilane (BPDS), and (3-(2-bromopropionyl)
propyl)dimethylethoxysilane (BIDS) are common monosiloxane type coupling

agents possessing ATRP initiator groups as given in reaction (2.8).

0 0
I I I
CQHso-SiNOCHzm C,Hs0-Si /\/\OJ\](B C,Hs0-Si” >0

CPDS BIDS BPDS

Although these are mostly used for premodification of silica surfaces, some other

metal oxide surface might be also modified by siloxane type coupling agents.

Although less frequent, other controlled radical polymerization techniques, nitroxide
nediated polymerization (NMP) and RAFT methods have been used for generating
surface brushes on nanoparticle surfaces. It is important to note that, these two
techniques are based on chain transfer mechanism. Due to this fact, simultaneous
homopolymer formation is accompanied to the grafting and this sometimes reduces

the grafting yields considerably.

An interesting procedure for RAFT mediated grafting of styrene from silica surface
has been reported by Benicewicz et al [62]. They used a silane coupling agent
bearing dithioester function. By using silica-bound RAFT agent they were able graft
copolymerization of styrene and n-butyl acrylate at low monomer concentrations.

The low concentrations were determined to be useful to avoid gelation and inter-
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particle connections. There are only few papers describing successful grafting by
RAFT method.

Similarly, nitroxide moieties attached to nanoparticle surfaces do not give
satisfactory graft vyields in ordinary polymerization conditions. Parvole et
al.described an interesting nitroxide mediated grafting procedure based on
bimolecular approach of Riihe, in which both nitroxy groups and azo initiators are
sequentially introduced to silica surfaces [136]. Polymerization of n-butyl acrylate

was demonstrated to give satisfactory graft yields in these conditions.

2.4.3.1 Grafting from nanoparticle surfaces by ring opening polymerization

Under appropriate conditions, ring opening polymerization (ROP) techniques can be
utilized for surface grafting on nanoparticle surfaces. In an excellent work published
by Carrot et al, grafting of g-caprolactone has been achieved by ring opening
polymerization from amine functional silica surface using an aluminum alkoxide
catalyst [35]. ROP of epoxy groups have been achieved in the presence of aluminum
isopropoxide. by initiation from suitable hydroxy functional surfaces to introduce

poly(ethylene oxide) (PEO) onto silica nanoparticles.
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3. EXPERIMENTAL WORK

3.1 Materials and Chemicals
3.1.1 Monomers

Methyl methacrylate (MMA, 99%, Aldrich):

It was distilled prior to use.

Ethylene glycol dimethacrylate (EGDM, 99%, Aldrich):

It was distilled under reduced pressure prior to use.

2-Methyl 2-oxazoline (MeOX, 99%, Aldrich):

It was purified by distillation over CaHs.

Glycidyl methacrylate (GMA, 99 %, Aldrich)

It was used as purchased.

Methacrylic acid (MAA, 99 %, Aldrich):

It was used as received.

Divinyl benzene (DVB55, 55% mixture of isomers, technical grade, Aldrich):

It was used as received.

Tertiary-butylacrylate (tBA, 99%, Aldrich):

It was passed through a column containing basic alumina.

&Caprolactone (&-CP, 99 %, Aldrich):

It was distilled over CaH, under vacuum.

Glycidol (96 %, Acros):

It was distilled under reduced pressure, before use.
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Maleic anhydride (>99%, E. Merck):

It was used as received.

Styrene (St, 99%, Aldrich):

It was passed through a basic alumina column to remove the inhibitor before use.
3.1.2 Solvents

Dimethoxyethane (Acros):

It was distilled over metallic sodium before use.

Diethyl ether (98%, Carlo-Erba):

It was dried with calcium chloride and distilled over sodium wire.

Acetonitrile (98%, Aldrich):

It was distilled over CaH, before use.

Dichloromethane (J.T. Baker):

It was dried with calcium chloride and distilled over P,0Os.

Tetrahydrofuran (THF, 99.8%, J.T.Baker):

It was used as received.

n-Hexane (95%, Aldrich):

It was used without further purification.

N,N-Dimethyl formamide (DMF, > 99%, Aldrich ):

It was used as received.

Methanol (Technical):

It was used for the precipitation of polymers without further purification.

Toluene (99%, Aldrich):
It was dried with calcium chloride and distilled over P,0s.

Acetone (Technical):
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It was used for the precipitation of polymers without further purification.
3.1.3 Other chemicals

Dibenzoyl peroxide (DBPO, 98%, Aldrich):

It was recrystallized from ethanol.

CuBr:

It was freshly prepared by the procedure as described in the literature [137].

H-TETA (1, 1, 4, 7, 10, 10-hexakis [hexyl 1, 4, 7, 10-tetraazadecane]):

It was prepared by alkylation of triethylenetetramine with 1-bromohexane as
described in the literature [138].

N,N,N’ N"-Tetraethyldiethylenetriamine (TEDETA, 97%, Aldrich):

It was distilled before use.

N, N, N’,N’’, N’’-Pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich):

It was distilled before use.

2,2’-Azobis-(isobutyronitrile) (AIBN, 98%, Aldrich):

It was recrystallized from ethanol.

Triethylamine (TEA, 99.5 %, Fluka):

It was used as received.

Ethylene glycol (95 %, Aldrich):

It was used as received.

2-Bromoethanol (99%, E. Merck):

It was used as received.
Poly (N-vinyl pyrrolidinone) (MW: 15.000, Aldrich):

It was used as received.
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N,N’-Dicyclohexylcarbodiimide (DCC, 99%, Aldrich):

It was used as received.

Poly(ethylene glycol) monomethylether (Me-PEG, M, : 2000 and M,:5000, Fluka):
It was used as received.

Propargyl alcohol (99%, Aldrich):
It was used as received.
4-Pentynoic acid (99%, Aldrich):
It was used as received.

2-Bromoisobutyryl bromide (97%, Aldrich):

It was used as received.

TiO, nanopowders with 25-70 nm (Aldrich):

It was used as received.

Fumed silica with 200 + 25 m*g™ of BET surface area (Aldrich):

It was used as purchased.

Poly (methyl methacrylate-stat-butyl acrylate) (BASF):

The copolymer (in aqueous emulsion 60 % solid content) was isolated by

precipitation in acidified agueous solution.

Tin (1) 2-ethylhexanoate (Sigma, 95 %):

It was used as received.

Poly(ethylene glycol) monomethylether (Me-PEG, M, : 2000 and M,:5000, Fluka):

It was used as received.

Sodium azide (NaN3 > 99%, Merck):

It was used as received.
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Dodecyl amin (99%, Merck):

It was used as received.

Crystallized and lyophilized laccase (Fluka):

It was obtained from Fluka (Steinheim, Germany). (Lac; Benzenediol:oxygen
oxidoreductase; from Agaricus bisporus, E.C 1.10.3.2, powder, deep brown, 8.85
U/mg)

3.2 Instrumentation

3.2.1 Nuclear magnetic resonance spectroscopy (NMR)

1

H NMR measurements were recorded in CDClI3 with Si(CHs)4 as internal standard,
using a Bruker AC250 (250.133 MHz) instrument.
3.2.2 Infrared spectrophotometer (FT-IR)

FT-IR spectra were recorded on a Perkin EImer FTIR Spectrum One B spectrometer.

3.2.3 UV-Visible spectrophotometer

UV-Visible spectra were recorded on a Shimadzu UV-1601 UV-visible
spectrophotometer.

3.2.4 Thermogravimetric analyses (TGA)

Thermogravimetric analyses (TGA) were performed by Perkin Elmer instruments
Diamond TG/DTA Analyzer, with a heating rate of 10 'C /min under air atmosphere.
3.2.5 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) pictures of the composite films were taken by
JEOL JSM 6335 F using Field Emission.

3.2.6 X ray diffraction (XRD)

Nanoparticles were examined by X ray diffraction (XRD) using a D/max-yA
diffractometer (Cu K, radiation) at a scanning rate of 10° min* in the diffraction

angle range 26 = 10-90 °.
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3.2.7 Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) images were obtained by HR TEM, JEOL
JEM 2100. Scanning Electron Microscopy (SEM) pictures of the composite films
were taken by JEOL JSM 6335 Fusing Field Emission.

3.2.8 Dynamic light scattering (DLS)

The hydrodynamic diameters of nanoparticles in each step were measured by
Dynamic Light Scattering (DLS) (NanoS, Malvern Instruments, London, UK) in
acetone medium (1% (w/w). DLS was applied with an angle of 170° by using He—Ne
laser (4 mW) operated at 633 nm.

3.2.9 Optical photography

Particle shapes and sizes of the product were determined by optical photography
using an image analyzing system consisting of a microscope (XSZ single zoom
microscope), a CDD digital camera (TK 1381 EG), and a PC with the data analyzing
system Image-Pro Plus.

3.2.10 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) analyses were performed with a set up
consisting of a Waters 410 Differential Refractometer, a Waters 515 HPLC Pump
and an apparatus equipped with three Waters ultrastyragel columns (HR series 4, 3, 2
narrow bore), with THF as the eluent at a flow rate of 0.3 mL/min. Molecular
weights were calculated on the basis of a calibration curve recorded with mono

disperse polystyrene standards.

3.2.11 Fluorescence spectrophotometer

Fluorescence measurements were carried out using a Hitachi F-4500 fluorescence
spectrophotometer at room temperature.

3.2.12 Transmitted-reflected light microscope

Fluorescence image of the microscope were obtained using a Olympus Bx60
Transmitted-Reflected Light Microscope equipped with Nikon digital camera. It has
UplanFL 10X/0.30, UplanFL 20X/0.50, UplanFL 40X/0.75, UplanFL 100X/1.3 oil

objectives and all objectives have DIC optics.
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3.2.13 X-ray photoelectron spectra (XPS)

X-ray Photoelectron Spectra (XPS) of the samples were taken by SPECS PHOIBOS-
150 Electron Analyser equipped with a SPECS XR-50 X-ray source using
monochromatized Al Ko radiation (1486.6eV) for the excitation. Survey spectra
were recorded in 0 to 1200 eV range with pass energy of 80 eV. All the peaks were
referenced to a C1s signal at 285 eV. The pressure of the analyser chamber was 107
t010” Torr.

3.2.14 Environmental scanning electron microscopy (ESEM)

Shapes and sizes of the micelles were assigned by Environmental scanning electron
microscopy (ESEM) technique, using Philips — FEI XL30, ESEM-FEG instrument
operating at 5.00 kV in STEM mode.

3.3 Preperation Methods

3.3.1 Synthesis of 2-bromoethyl methacrylate (BEMA) monomer

Synthesis of BEMA was carried out by a new procedure as described in our previous
report [139]. In this procedure boron ester of 2-bromoethanol was reacted with
methacrylic acid in the presence of pyridine. The procedure is as follows: To a 250
mL volume of flask, there was added 75 g (0.6 mol) 2-bromoethanol, 12.37 g (0.2
mol) H3BO3 and 80 mL toluene. The flask was equipped with a Dean-Stark trap and
a reflux condenser. The mixture was heated at 150 °C and water removal was
completed within 3-4 h under continuous stirring. Then excess of toluene was
distilled off and recovered via reservoir of the trap. To the cooled mixture 50.9 mL
(0.6 mol) methacrylic acid, 0.1 g hydroquinone and 3 mL pyridine were introduced
and the reaction content was heated to 160 °C for 24 h. After cooling, the reaction
content was poured into 300 mL water. Organic phase was separated by a separatory
funnel and dried with Na,SO,. The monomer was isolated by distillation under
vacuum (112-114 °C /11 mm). The yield was 71.2 %.

'H NMR, (CDCls), &: 6.0 ppm (s, 1H, = CH; cis.), 5.45 ppm (s, 1H, = CH; Trans),
4.3 ppm (broad s, 2H, -COO-CH,-), 3.4 ppm (broad s, 2H, -CH,-Br), 1.8 ppm (s, 3H,
CHs3-C=C).
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In the FT-IR spectrum of the product typical C=0 stretching vibration of the ester
group appears at 1725 cm™. The other characteristic peaks associated with C=C, C-

O and C-Br stretching vibrations appear at 1638, 1160 and 814 cm™ respectively.

3.3.1.1 Synthesis of bromoethyl methacrylate based microspheres by suspension

polymerization

PBEMA microspheres were obtained by the following procedure: 1 g of commercial
poly(N-vinyl pyrrolidone) and 3 g Na,SO,4 were dissolved with 300 mL of distilled
water in a 1000 mL volume of three-necked flask equipped with a nitrogen inlet,
dropping funnel and a reflux condenser. Then 12.1 g (62.5 mmol) BEMA, 4.95 g (25
mmol) EGDMA, 16.25 g MMA (162.5 mmol), 45 mL toluene (porogen) and 0.160 g
(0.098 mmol) AIBN were added successively to the flask under nitrogen flow. The
flask was mounted in a thermostated-oil bath and temperature was adjusted to 60 °C.
The nitrogen stream was stopped and the system was closed. The reaction was
conducted under constant stirring rate (1000 rpm) for 12 h. The reaction content was
then, cooled and poured into 1 L of water and beaded product was collected by
filtration. It was washed with excess of water (5x100 mL) and dried at 40 °C for 24h.
The pearl-like bead product weighed 28 g. The product was fractionated by sieving
and determined to be mostly (85 %) in 125-420 my size range.

3.3.1.2 Determination of bromide content of the microspheres

A half gram of bead sample was introduced to 15 mL of methanolic NaOH solution
(20 %) and the mixture was boiled for 24 h under reflux condenser. The cooled
mixture was filtered and washed with water (3x10 mL). The filtrate and washings
were combined and made up 50 mL in a volumetric flask. Twenty five mL of this
solution was neutralized with nitric acid solution (65 %) (approx. 4 mL) and mixed
with 4 mL of AgNOs solution (1 M). The white precipitate was filtered, washed with
water (5 mL) and dried at 40 °C for 16 h under atmospheric pressure. Dry weight of
AgBr (0.073 £ 0.002 g) indicated a 1.55 mmol bromide per gram of the cross-linked
polymer.
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3.3.1.3 Surface initiated atom transfer radical polymerization of GMA from the
bromoethyl groups

To remove soluble impurities in the cross-linked microspheres, 12 g of the sample
was placed in a Soxhlet extractor. The extraction was performed using toluene (150
mL), in about 3 h. and dried. Meanwhile to a 100 mL volume of three necked flask
equipped with a nitrogen inlet and a reflux condenser, 0.44 g CuBr (3.1 mmol), 2.01
g ligand, H-TETA (3.1 mmol), 14 mL GMA and 14 mL toluene were charged and
stirred for 30-40 min to dissolve the copper salt under nitrogen flow. Two gram of
the bead sample was added to the flask, then the system was closed and reaction
mixture was gently stirred (to avoid mechanical disintegration) with magnetic bar
(400 rpm) at 60 °C for 24 h. The mixture was cooled, filtered, washed with toluene (2
x25 mL), acetone (2 x25 mL), and ethanol (50 mL) and dried under vacuum at room
temperature for 24 h. Dry product weighed 10.4 g. The bead particles were still in
spherical form. To inspect free homopolymer formation, the filtrate (before washing)
was added into 40 mL methanol. The precipitate was filtered and washed with water
(30 mL). Dried product weighed 0.28 g indicating approximately 1.87 % of free

homopolymer formation in the grafting process.

Kinetics of the surface grafting was performed at the same polymerization
conditions. For this purpose in each set of the experiments, 0.2 g of PBEMA sample
was employed as macroinitiator. The polymerizations were carried out in degassed
tubes using 43 +2 mg CuBr (0.31 mmol), 0.2 g (0.31 mmol) H-TETA and 2 g (13.7
mmol) GMA. At the end of predetermined times, the reactions were quenched and
the products were isolated as described above. The grafting degree, G (g per gram),
monomer conversion in grafting, p were defined (reaction (3.1)) as follows:
mg - m, mg - m,

G = - p =
m, mgma

(3.1)

Where, mG is mass of the graft copolymer, m0 is mass of PBEMA sample and
MGMA is mass of GMA used in the surface grafting process.

3.3.1.4 Synthesis of model initiator, bromoethyl acetate

To a 100 ml flask, there was added 3.6 mL (0.05 mol) bromoethanol and 4.3 mL

(0,06 mol) acetyl chloride. The mixture was stirred for 3h at room temperature and
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poured into 100 mL water. The organic layer was separated and washed with 100 mL
K2COs solution (1%) and dried with anhydrous MgSO, (0.5 g). Distillation of the
crude product (81 °C / 5 mm) gave 7.1 g (84.0 %) colorless liquid. 'H NMR,
(CDCl3), 8: 4.30 ppm (t, 2H, CH»-0), 3.50 ppm (t, 2H, CH,-Br), 2.05 ppm (s, 3H,
CO-CHg,).

3.3.1.5 The use of bromoethyl acetate as initiator for atrp of mma

A typical ATRP mixture containing CuBr (0.067 g, 0.47 mmol), H-TETA ( 0.31 g,
0.47 mmol), MMA (5 mL, 46.8 mmol) and 5 mL toluene was prepared in a 100 mL
round bottom flask under nitrogen atmosphere. The initiator, bromo ethyl acetate
(0.079 g, 0.47 mmol ) was added to the flask placed in an oil bath at 70 °C and the
reaction was conducted for 5 h. After removal of the copper catalyst via silica
column, the polymer was precipitated in n-hexane 30 mL, filtered and dried at 50 °C
for 12h under vacuum. The yield was 0,7 g (14.8 %). GPC trace of the polymer
revealed Mn: 18500 (Mw: 36000).

The same polymerization procedure was repeated using bromo methyl propionate
and benzyl bromide as ATRP initiators instead of bromo ethyl acetate. The
polymerization yields were determined to be 56.0 % and 96.0 % for the case of
benzyl bromide and bromo methyl propionate respectively. GPC traces of the
corresponding polymers indicated Mn: 30400 (Mw: 39500) and 45800 (Mw: 70000)
for the initiation with benzyl bromide and bromo methyl propionate respectively.

The initiation efficiencies (le) were estimated (reaction (3.2)) simply by the
relationship;

_ My, :([M]/[Il). p.M,

Lerr
M, M,

(3.2)

Where My, is theoretical molecular weight, Mn is number average molecular weight
determined by GPC. [M] and [I] are concentration of the monomer and initiator
respectively. P denotes the conversion and M, is molecular weight of the monomer
(MMA). From these data the initiation efficiencies of bromo ethyl acetate, benzyl
bromide and bromo methyl propionate were calculated as 0.08, 0.12 and 0.33

respectively.

42



3.3.1.6 Surface initiated ring-opening polymerization of 2-methyl 2-oxazoline
from the bromoethyl groups

One gram of the bead sample, 10 ml acetonitrile and 8.5 mL (0.1 mol) MeOx were
introduced to a 100 mL volume flask and nitrogen was flushed for 5 minutes. Then
the system was closed and the reaction was conducted at 110 °C by gentle stirring
(400 rpm) for 24 h. The mixture was cooled and poured into water. The bead product
was filtered, washed with water (3 x50 mL), ethanol (20 mL) and dried at 50 °C
under vacuum for 24 h. Dry product weighed 1.62 g.

The kinetic experiments were carried out in sealed tubes for each reaction time, using
0.2 g PBEMA sample, 3 mL acetonitrile and 2 mL of MeOx. The grafting was
monitored by mass increases of PBEMA samples. The grafting degrees were

assigned as described above.

3.3.1.7 Hydrolysis of polyoxazoline brushes

Dry sample with PMeOx surface graft (1 g) was mixed with 10 mL HCI solution (4.0
M) and boiled for 48 h. The mixture was filtered and washed with water several
times. Then the solid residue was digested in 20 mL NaOH solution (5 M) and left to
stand for 24 h. The product was filtered and washed with water (5x100 mL) and
dried under vacuum at 50 °C for 18 h. The dry product weighed 0.84 g.

3.3.1.8 Determination of amine content of the hydrolysis product

Dry sample of the hydrolysis product (0.2 g) was mixed with 5 mL HCI solution
(4.66M) and left to stand overnight. The mixture was filtered and 2 mL of the filtrate
was titrated with 0.1 M NaOH solution. The titer consumption (88.6 mL) revealed an

amine content of 5.75 mmol-g™.

3.3.2 Synthesis of P(S-DVB) micro-beads by suspension polymerization

P(S-DVB) resin was prepared in spherical bead form by crosslinking
copolymerization of styrene-divinyl benzene mixture (with 9/1 M ratio) in aqueous
suspension using Gum Arabic as stabilizer, according to the method given in the
literature [140]. The bead product was dried, sieved and 210422 um size of fraction

was used in further reactions.
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3.3.2.1 Acetoxy mercuration of P(S-DVB) beads

In a 250 mL three necked round bottom flask equipped with reflux condenser, first
21 g of P(S-DVB) (210-422 um) microspheres were wetted with 50 mL of dry acetic
acid and then 10 g HgO, 40 mL acetic acid and 20 mL acetic anhydride were added
to the reaction mixture. The reaction content was refluxed for 3 h at 120 °C and the
resulting mixture was poured into a large excess of water (1.0 L). The microspheres
were collected by filtration and washed with excess of water and alcohol (50 mL x
2). Air dried (the product was not dried in vacuum to avoid sublimation of the
mercury) microspheres product was weighted 27 g (28.6 wt % of mass increase).
These results revealed that maximum 12 % of styrene units (in mol mol™) have been

acetoxymercu rated.

3.3.2.2 Chlorine exchange reaction

In a 500 mL flask, mercurated microspheres (27 g) were mixed with 200 mL
saturated NaCl solution and shaken for 24 h at room temperature. Then, the reaction
mixture was filtered and collected microspheres were washed with excess of water
and alcohol (30 mL x 2) and dried under open atmosphere at room temperature for

24 h. The dry yield of the chloromercurated product was 26.2 g.

3.3.2.3 Reaction with 2-bromoacetyl bromide

The chloromercurated microspheres (25 g) were mixed with 50 mL of dioxane in a
250 mL flask and the mixture was shaken for 30 min in a continuous shaker. Then,
25 mL (123.8 mmol) 2-bromoacetyl bromide was introduced to the reaction mixture
and shaking was continued for 24 h at room temperature. The reaction mixture was
poured into iced-water and the microspheres were filtered off. The solid residue was
washed with (40 mL x 2) methanol to remove alcohol-soluble mercury bromide and

filtered. The dried product (Step 1) microspheres weighed 21.4 g.

3.3.2.4 Determination of the bromine content

The bromide content of the Step-1 microspheres was determined by simple titration.
For this purpose, 0.2 g of the bromoacetylated polymer was mixed with 10 mL
methanolic NaOH solution (5 M) in a 50 mL flask and refluxed for 4 h. The mixture
was filtered and washed with distilled water and the filtrate was transferred into a

volumetric flask and diluted to 250 mL with distilled water. The NaBr content of the
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solution was assayed colorimetrically by mercuric thiocyanate method [141]. This
analysis gave 0.84 mmol bromine per gram of the polymer.

3.3.2.5 Graft copolymerization of styrene from the supported P(S-DVB)

microspheres

In a 100-mL three-necked round-bottom flask fitted with nitrogen inlet, 59 (4.2
mmol) bromoacetyl functional microspheres product was swelled in 10 mL dry
toluene then 30 mL styrene (0.262 mol), 2.73 g (4.2 mmol) H-TETA and 0.6 g CuBr
(4.2 mmol) were added to the reaction mixture under nitrogen atmosphere. The
reaction was conducted at constant temperature (90 °C) under continuous stirring for
6 h. The reaction mixture was then cooled, diluted with THF and filtered. Vacuum
dried (at 60 °C for 24h) product (Step 2) weighed 12.5 g.

3.3.2.6 ATRP of GMA from the active chain ends of polystyrene brushes

To a 100 mL three necked round bottom flask equipped with a nitrogen inlet and a
reflux condenser, there was added 30 mL toluene and 6 mL GMA (45 mmol). Then
10 g of the Step 2 microspheres (with 3.36 mmol active chain ends) was introduced
to the flask and left in contact for 1.0 h to swell. To this mixture, 2.18 g (3.36 mmol)
H-TETA and 0.482 g CuBr (3.36 mmol) were added under nitrogen atmosphere. The
reaction was continued for 4.0 h at 60 °C under nitrogen atmosphere. The
microspheres were isolated from the mixture by filtering and washed with THF (4x
50 mL) to eliminate residuals. The product was dried under vacuum at room

temperature for 24h. The yield of the resulting material (Step 3) was 12.02 g.

3.3.2.7 Amino functionalization of grafted P(S-SVB) microspheres

The epoxy groups carrying P(S-DVB)-g-P(S-GMA) microspheres were aminated
with 0.5 M 1,6 diaminohexane solution (i.e., spacer-arm) at pH 10.0 and at 65 °C in a
reactor containing 10 g microspheres and was stirred magnetically for 5 h. After the
reaction, the spacer-arm attached P(S-DVB)-g-P(S-GMA) microspheres were
washed with distilled water. The microspheres were equilibrated in phosphate buffer
(20 mL, 50 mM, pH 7.0) for 6 h, and transferred to the same fresh medium
containing GA (20 mL, 0.5 volume % GA). The activation reaction was carried out
at 25°C for 12 h, while continuously stirring the medium. After the reaction period,

the microspheres were cleaned by washing sequentially with distilled water, acetic
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acid solution (0.1 M, 100 mL) and phosphate buffer (0.1 M, pH 7.0). The resulting

microspheres were used for the immaobilization of lipase.

3.3.2.8 Immobilization of lipase on microspheres

P(S-DVB)-g-P(S-GMA) and P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres
(5.0 g,) were equilibrated in phosphate buffer (50 mM, pH 7.0) for 2 h, and
transferred to the same fresh medium containing lipase (100 mL, 2 mg mL™).
Immobilizations of Rhizomucor miehei lipase on both microspheres were carried out
at 4 °C for 3 to 18 h, while continuously stirring the reaction medium. After this
period, the enzyme-immobilized microspheres were immediately transferred
ethylene diamine solution (5.0 mg mL™ ethylene diamine) in same buffer solution to
block the free reactive groups on both the microspheres. Physically bound enzyme
from the microspheres was removed by washing with a solution containing ionic
detergent (sodium cholate, 50 mM) and salt (NaCl, 1.0 M) at pH 8.0 for 2 h. The
amount of immobilized lipase on the P(S-DVB)-g-P(S-GMA) and P(S-DVB)-g-P(S-
GMA)-HMDA-GA microspheres were determined by measuring the initial and final
concentrations of protein within the immobilization medium and in wash solutions
using Coomassie Brilliant Blue as described by the Bradford [142]. A calibration
curve constructed with lipase solution of known concentration (0.05-0.50 mg mL™)

was used in the calculation of protein in the enzyme and in wash solutions.

3.3.2.9 Activity assays of lipase

The activity of free and immobilized lipase was determined by olive oil hydrolysis
[143]. A 100 mL olive oil emulsion was prepared by mixing olive oil (50 mL) and
gum Arabic solution (50 mL, 7 wt %, w/v). The assay mixture consisted of emulsion
(5 mL), phosphate buffer (2.0 mL, 100 mM, pH 7.5) and free enzyme (0.5 mL,
1.0mg mL™) or immobilized enzyme (0.1 g microspheres). Oil hydrolysis was
carried out at 35 °C for 30 min in a shaking water-bath at 150 rpm. The reaction was
stopped by the addition of 10 mL of acetone—ethanol solution (1:1, v/v). The
liberated fatty acid in the medium was determined by titration with 50 mM NaOH
solution. These activity assays were carried out over the pH range 4.0-9.0 and
temperature range 20—60 °C to determine the pH and temperature profiles for the free

and the immobilized enzymes.
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3.3.2.10 Determination of the kinetic parameters of the enzyme preparations

The Kinetic constants were estimated by the reaction of the free and immobilized
lipase on the P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres with tributyrin as
substrate (5- 50 mM) and titrating the reaction product, butyric acid with 50 mM
NaOH as described above. The experiments were conducted under the optimized
assay conditions. The apparent Ky and Vnax values for the free and immobilized
lipase were calculated from Lineweaver—Burk plots (reaction (3.3)) by using the

initial rates of the enzymatic reaction:
V= {Km/ Vinax [SI} + Ve (3.3)

Where, [S] was concentration of the substrate, v and V.« represented the initial and
maximum rate of reaction, respectively. K, was the Michaels constant. One lipase
unit corresponded to release of 1 umol fatty acid per minute under assay conditions.

The specific activity is the number of lipase units per mg protein.

3.3.2.11 Thermal and storage stability of the immobilized lipases

The thermal stabilities of the free and immobilized lipase on the P(S-DVB)-g-P(S-
GMA)-HMDA-GA microspheres were determined by incubation in substrate-free
phosphate buffer solution (50 mM, pH 7.5) at two different temperatures (55 and
65 °C) under continuous shaking at 150 rpm. At 15 min time intervals, the remaining

activities of the free and immobilized lipase were measured as described above.

3.3.2.12 Enzymatic synthesis of banana flavor esters

Industrially important esters (i.e., ethyl acetate and iso-amyl acetate; banana flavor
esters) were synthesized in screw-capped flasks (20 mL) using immobilized lipase on
the P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres (0.1 g) for both solvent-free
medium and non-aqueous medium. For solvent free system, the enzymatic
esterification reactions were carried out with various acetic acid / ethyl alcohol and /
or acetic acid : iso-amyl alcohol molar ratios (i.e., 0.25:1.0, 0.5:1.0, 0.75:1.0, and
1.0:1.0) containing of 20 uL distilled water) on an orbital shaker at 150 rpm and at
40-C and 55°C, respectively, for 24 h. For non-aqueous medium, ethyl acetate and
iso-amyl acetate synthesis reactions were carried out in n-hexane (15 mL) containing
50 mmol acetic acid and 100 mM ethyl alcohol and/or 50 mmol acetic acid and 100

mM iso-amyl alcohol with shaking at 150 rpm at 40 -C and 55 °C, respectively.
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Along the 24 h reaction, the amount of remaining acid was determined by titrimetric
method using 50 mM NaOH and phenolphthalein as an indicator. The conversion
(%) of esters was calculated based on the conversion of the acetic acid to esters after
a given time. The initial reaction rate was determined in the linear region. All of the
experiments were carried out in triplicate. The control experiments (no enzyme) were

performed and it was observed that ester yield is less than 2%.

3.3.2.13 Operational stability of immobilized lipase in ester synthesis

A batch-wise fashion was adopted to investigate the operational stability of the
immobilized lipase in ester synthesis using acetic acid: ethyl alcohol and/or acetic
acid: iso-amyl alcohol molar ratios 0.5:1.0. The activity was determined as described
above, and each reaction was terminated after 12 h reaction period. After any run, the
same enzyme immobilized on the P(S-DVB)-g-P(S-GMA)-HMDA-GA
microspheres were washed two times with 5.0 mL ethyl acetate or iso-amyl acetate
and reintroduced into a fresh medium, this being repeated up to 10 cycles for ester

synthesis.

3.3.3 Synthesis of PDVB microspheres via precipitation polymerization

PDVB microspheres were prepared by precipitation polymerization technique as
described in the literature [24]. For this purpose, AIBN (0.2 g, 1.22 mmol, 4 wt %
relative to DVB55) was added to the solution of DVB55 (11 mL, 76.8 mmol, 4 vol %
relative to total volume) and 274 mL acetonitrile in a dry 500 mL volume of three-
necked flask equipped with a mechanical stirrer and a nitrogen inlet. The flask was
placed in thermostated oil bath and the temperature was adjusted to 70 °C. The
nitrogen flow was stopped and the reaction was conducted for 48 h at this
temperature under continuous stirring (32 rpm). The reaction content was cooled to
room temperature and polymer precipitated was filtered, washed with
tetrahydrofuran (20 mL), acetone (20 mL) and methanol (20 mL). The product was
dried at 45 °C under vacuum for overnight. The yield was 3 g (30 %).

3.3.3.1 Hydrobromination of PDVB microspheres

Hydrobromination was performed according to a procedure as described in the
literature [144]. PDVB microsphere (2g) was suspended using 80 mL n-heptane in
250 mL of round bottom flask and dibenzoyl peroxide (0.18g, 0.74 mmol) was added
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to the mixture under magnetic stirrer. Hydrogen bromide (HBr) was generated by
drop-wise addition of concentrated sulfuric acid (15 mL, 0.28 mol) to solid KBr
(59.5 g, 0.50 mol) in a separated vessel was introduced to the mixture by means of a
delivery tube. After 8 h, the generation of HBr was stopped and the stirring was
maintained for another 2 hours. The suspension mixture was filtered and product was
purified by washing with dichloromethane, methanol and diethylether before drying

in a vacuum oven at 40°C for overnight. The dried product was weighted 2.4 g.

The amount of bromine on the particles was determined by titration; the brominated
particles (0.1 g) were mixed with magnesium oxide (1 g, 25 mmol) and sodium
carbonate (0.5 g, 4.71 mmol) and fused at 550 °C for 10 h as described in the
literature [145]. Sodium bromide in the cooled mixture was transferred into 100 mL
volumetric flask by appropriate dilutions and washings and slightly acidified (pH: 5)
by adding nitric acid (%65). This solution was titrated with AgNO3 in presence of
sodium chromate as color indicator. This estimation revealed bromine content of

1.46 mmol/g.

3.3.3.2 Azidation of PDVB microspheres

Bromoethyl group on PDVB microspheres was converted into ethyl azide function
by condensation with NaNj. For this purpose, PDVB microsphere (1 g) was
suspended in 20 mL dimethylformamide and NaN3 (0.5 g, 7.7 mmol) was added to
the mixture. Then, 0.1 mL distilled water was added to enhance solubility of sodium
azide. The flask was closed and covered with aluminum foil to protect from light
exposure and shaken for 24 h at room temperature. The bead product was isolated by
filtration and successive washings with water (202 mL), methanol (20 mL) and

diethylether (20 mL) and dried overnight under vacuum at room temperature.

3.3.3.3 Synthesis of alkyne functional ATRP initiator

Initiator was synthesized by dropwise addition of 2-bromoisobutyryl bromide (1.5
mL, 12 mmol) to propargyl alcohol (0.68 mL, 11.5 mmol) and triethylamine (TEA,
1.65 mL, 11.9 mmol) solution in diethylether (50 mL) at 0 °C under a nitrogen
atmosphere. After addition, the reaction mixture was stirred overnight at room
temperature. The reaction mixture extracted with water and organic phase was dried
with Na,SO,4. The solution was concentrated and the crude product was purified by

column chromatography over silica gel eluting with hexane/ethyl acetate (10/1) to
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give the product as a colorless liquid (yield: 1.9 g, 85%). *H NMR (CDCls): 1.90 (s,
6H,), 2.47 (t, 1H,), 4.71 (s, 2H,)

3.3.3.4 Preparation of alkyne functional poly(ethylene glycol)

PEG (M;: 2000 g/mol, 3.0 g, 1.5 mmol) was dissolved in 25 mL of CH.Cl,. 4-
Pentynoic acid (0.22 g, 2.25 mmol) and DMAP (0.18 g, 1.5 mmol) were successively
added to the reaction mixture. After stirring 5 min at room temperature, a solution of
DCC (0.46 g, 2.25 mmol) in 15 mL of CH,CI, was added to the reaction mixture and
stirred overnight at room temperature. After filtration of the salt, the solution was
concentrated and product was purified by column chromatography over silica gel
eluting with CH,Cl,/ethyl acetate mixture (1:10) and then with CH,Cl,/ MeOH
(10:1). Finally, concentrated solution of alkyne-PEG was precipitated in diethyl ether
and filtered (yield: 2.81g, Mngpc: 2400 M,/M;: 1.08).

3.3.3.5 Preparation of alkyne functional poly(methyl methacrylate)

CuCl (66.8 mg, 0.67 mmol), PMDETA (97.2 xL, 0.67 mmol), alkyne functional
initiator (96 mg, 0.46 mmol), methyl methacrylate (5 mL, 46.6 mmol) and 5 mL
toluene as a solvent were placed in a Schlenk tube. Three freeze-pump-thaw cycles
were performed and the tube was stirred in oil bath at 80 °C for 20 min. At the end of
the reaction, the mixture was diluted with THF and the copper complex was removed
out by passing through a neutral alumina column. The diluted mixture was
precipitated in hexane and the solid was collected after filtration and dried at room

temperature in a vacuum overnight.

3.3.3.6 Synthesis of alkyne functional poly(tert-butyl acrylate)

A Schlenk tube was charged with CuBr (51.1 mg, 0.35 mmol), PMDETA (74.3 uL
0.35 mmol), alkyne functional initiator (73.1 mg, 0.35 mmol), tert-butyl acrylate (5
mL, 34.1 mmol). Three freeze-pump-thaw cycles were performed and the tube was
stirred in oil bath at 80°C for 40 min. After the given time, the mixture was diluted
with THF. Then the copper complex was removed out by passing through a neutral
alumina column, and THF was removed by rotary evaporation. The mixture was
precipitated in cold methanol/water (80/20 v/v). After decantation, the polymer was
dissolved in CH,ClI,, extracted with water and the water phase was again extracted

with CH,CI, and combined organic phase was dried over Na,SO,. Finally, the
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organic phase was evaporated to give alkyne functional poly(tert-butyl acrylate). The

polymer was dried for 24 h in a vacuum oven.

3.3.3.7 PEG grafted PDVB microspheres via Click reaction

PDVB microspheres (100 mg containing 1.45 x 10 mol azide groups) were
suspended in 4 mL of DMF in a Schlenk tube. Alkyne-PEG-2000 (0.7 g, 2.92 x 10™
mol), CuBr (20.94 mg, 1.45 x 10™* mol), and PMDETA (30.4 uL, 1.45 x 10 mol)
were added and the reaction mixture was degassed by three freeze—pump-thaw
cycles and left in vacuo. The mixture was stirred at 40 °C for 48 h. The solid was
separated from the mixture by centrifugation. The collected solid was redispersed in
DMF and separated by centrifugation. This purification cycle was repeated three
times for dilute acidic methanol solution and THF. After purification, the resulting
products were dried overnight under vacuum, and a sample of PEG grafted PDVB

microspheres (102 mg) was obtained.

3.3.3.8 PEG and PMMA grafted PDVB microspheres via Click reaction

PDVB microspheres (50 mg containing 0.73 x 10™ mol azide groups) were
suspended in 5 mL of DMF in a Schlenk tube. Alkyne-PEG-5000 (0.79 g, 1.46 x 10™
mol), alkyne-PMMA (0.78 g, 1.46 x 10™* mol), CuBr (10.45 mg, 0.73 x 10™* mol),
and PMDETA (15.2 uL, 0.73 x 10" mol) were added and the reaction mixture was
degassed by three freeze—pump-thaw cycles and left in vacuo. The mixture was
stirred at 40 °C for 48 h. The solid was separated from the mixture by centrifugation.
The collected solid was redispersed in DMF and separated by centrifugation. This
purification cycle was repeated three times for dilute acidic methanol solution and
THF. After purification, the resulting products were dried overnight under vacuum,
and a sample of PEG and PMMA grafted PDVB microspheres (60 mg) was obtained.

3.3.3.9 PEG and PtBA grafted PDVB microspheres via Click reaction

PDVB microspheres (50 mg containing 0.73 x 10™ mol azide groups) were
suspended in 5 mL of DMF in a Schlenk tube. Alkyne-PEG-5000 (0.79 g, 1.46 x 10™
mol), alkyne-PtBA (0.73 g, 1.46 x 10 mol), CuBr (10.5 mg, 0.73 x 10 mol), and
PMDETA (15.2 pL, 0.75 x 10™ mol) were added and the reaction mixture was
degassed by three freeze—pump-thaw cycles and left in vacuo. The mixture was

stirred at 40 °C for 48 h. The solid was separated from the mixture by centrifugation.
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The collected solid was redispersed in DMF and separated by centrifugation. This
purification cycle was repeated three times for dilute acidic methanol solution and
THF. After purification, the resulting products were dried overnight under vacuum,

and a sample of PEG and PtBA grafted PDVB microspheres (70 mg) was obtained.

3.3.3.10 Enzyme adsorption and desorption experiments

Adsorption of laccase enzyme on the different types of microspheres was studied at
various pHs in sodium acetate (1 mL, 0.05 M, pH 3.5-5.0). The enzyme initial
concentration was 10 mg/mL in each corresponding buffer. Adsorption experiments
were conducted for 120 min at 25 °C on orbital shaker. The equilibrium adsorption
time was determined to be 120 min with pre-experiments. The amount of adsorbed
laccase on the three types of microspheres was determined by following the initial
and final concentrations of protein within the adsorption medium using Coomassie
Brilliant Blue with crystalline bovine serum albumin (BSA) as standard [142]. The
experiments were performed in replicates of three and the samples were analyzed in
replicates of three as well. For each set of data present, standard statistical methods
were used to determine the mean values and standard deviations.

Laccase was removed from the microspheres (after adsorption) by washing in % 10
PEG and 1.0 M (NH,4)2SO;, (desorbing buffer) for 90 minutes at 25 °C [146].

The desorption ratio of laccase was calculated by using the following expression;
Desorption ratio= (enzyme released/adsorbed enzyme on microspheres)x100
Activity Assays: Laccase activity was assessed by measurement of enzyme oxidation
of 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) at 427 nm
(e=3.6x10°cm™' M™") [147]. The reaction mixture contained either free or
immobilized enzyme in, 300 uL of 1 mM ABTS and 0.1 M Na-acetate buffer (pH
4.5). 1.0 Unit (U) of enzyme activity is defined as the amount of enzyme that
oxidizes 1 umol ABTS in 1 min. Specific activity is expressed as U/ mg-protein per
mg support matrix.

Zeta Potential Analysis: Zeta-Meter 3.0+ (with Zeiss DR microscope, GT-2 type
quartz cell, molybdenum cylinder anode, and platinum rod cathode electrode) was
used for the zeta potential analysis by using sodium acetate buffer (pH 4.5, 0.1 M) as
an environment. The microspheres (0.5 mg/mL) were suspended in the buffer by
stirring overnight. In electrophoresis, the particles are moved by applying an electric

field across the system. Microspheres were timed for both directions of the applied
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electric field. The value of zeta potential as signed to dispersions was the average of
the data obtained from 6 experiments. The applied voltage during the measurements
was varied in the range 20-30 mV [148]. The zeta potential of microsphere
suspensions was estimated from measured electrophoretic mobilities by employing
the Smoluchowski equation. Electrokinetic charge densities were also calculated
according to Saka et al [149].

3.3.4 Surface adsorption of poly(2-hydroxypropylene maleate) on SiO, and TiO,

nanoparticle and its thermal curing

PHPM polyester was prepared by stepwise condensation of maleic anhydride with
glycidol as reported by our group before [150]. A 10 % solution of the polymer (M,
= 13800 g/ mol) in dimethoxyethane was used in the adsorption experiments.
Encapsulation of the nanopowders was achieved by surface adsorption of PHPM
from acetone solution and followed curing as described for the microparticles. The
nanopowder samples (6 g) were mixed with acetone solution (20 mL) of PHPM
(22.3 % wi/w) and stirred for 15 min. Thereafter, acetone was removed by rotary
evaporator and the residue was heated at 180 ‘C for 30 min for crosslinking of the

polyester adsorbed.

3.3.4.1 Adsorption and thermal crosslinking of the polyester on the

microparticle surfaces

To investigate the adsorption behavior of PHPM, a series of the polyester solutions
(in 7.2-116 gL™ concentrations) were prepared in acetone. 10 mL of these solutions
were mixed and stirred with 1.0 g of dry pigment powders in micron sizes (100-210
um) for 1 h at room temperature. The mixtures were filtered by suction and dried at
70 ‘C under vacuum overnight. The samples were then cooled to room temperature
and weighed. Non-adhered portions of the polyesters remaining in the filtrates were
estimated by weighing the residues, after evaporation of the solvent. The samples
were then cured at 180 ‘C for 30 min in an oven for thermal crosslinking of the
polyester adsorbed onto the particle surfaces. The samples were cooled and placed in
a Soxhlet extractor to remove any soluble polyester residue. The samples were dried

under vacuum at 50 'C for 6 h.
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3.3.4.2 Estimation of polyester adsorption on the microparticles by Langmuir
isotherm approach

The equilibrium adsorptions, qe (per gram of pigment) were calculated by the

(Co — C)
following relationship: ge = W , Where ¢y is the initial polyester content of the
0
acetone solution, c is polyester content of the acetone solution at the equilibrium and

Wy denotes the weight of the pigment sample.

The data collected were used to build up plots of 1/ge vs 1/Cg plots (Langmuir plots),
where ge and Cg denote the equilibrium adsorption and equilibrium concentration,
respectively. The maximum adsorptions were estimated from the intercepts of the
plots.

3.3.4.3 Surface initiated polymerization of g-caprolactone from the nanoparticle

surfaces

The cured sample (5 g), 16 mL of redistilled e-Caprolactone (0.144 mol) and 10 mL
dimethoxyethane were charged in a 100 mL flask after 5 times of empty-fill cycles
with dry nitrogen. To the mixture, 0.2 mL of tin (1) 2-ethylhexanoate was added with
a hypodermic syringe while stirring and the temperature of the bath was adjusted to 80
°C. The reaction was continued for 8 h at this temperature. The mixture was cooled
and precipitated in 100 mL ethanol, filtered, and washed with ethanol (2 x 30 mL).
Then, superficially dried samples were suspended in acetone (40 mL) to remove free
PCL. The acetone was removed by centrifugation (3000 rpm, 5 min). The samples
were redispersed in acetone and centrifuged again. The resulting gel-like samples
were then dried under vacuum at 50 "C for 6 h and stored in tightly closed bottles. Dry
weights were found 6.5 g and 6.1 g for the samples with SiO; and TiO,, respectively.

3.3.4.4 Preparation of polymer nanocomposite films

Commercial (methyl methacrylate-stat-butyl acrylate) copolymer (5 g, approx. 50 %
MMA) was dissolved in 50 mL of acetone. The organically modified nanoparticles
(0.5 g) were mixed with 10 mL of the above polymer solution. The mixtures were
sonicated at 20 KHz (with 40 % power out) for 5 min. The pigment dispersions
obtained were stable and no precipitation or phase separation was observed within

three days of standing at room temperature. The dispersions were then applied onto
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polished glass surfaces by means of film maker (Sheen Automatic Film Applicator)
to give composite films with 60 um of wet thickness. The surface films were left to
stand under atmospheric pressure for 24 h at room temperature. The films were
detached from the glass surfaces by hot water and dried at 40 °C overnight. The free-

standing composite films were used for the surface characterizations with SEM.

3.3.5 Synthesis of Zn(NH3)4(OH); solution

Fifty mL of 10 M KOH solution was added drop wise to 150 mL of ammonia
solution in a 250 mL Erlenmeyer flask mounted in ice-bath while stirring. To this
solution, there was added 50 mL of 4.5 M ZnCl, solution. The resulting clear
solution was transferred into a volumetric flask and diluted to 250 mL, so as final
concentration of Zn(l1) to be 0.9 M.

3.3.5.1 Preparation of zinc oxide nanoparticles

Zinc oxide nanoparticles in different sizes were prepared by mixing 20 mL of 0.9 M
Zn(NHj3)4(OH); solution with appropriate quantities of ethanol solution of 1 M
dodecylamine(10- 80 mL). 40 mL ammonia solution (25%) was added to
dodecylamine solution prior to addition to the zinc tetramine hydroxide solution. The
reaction mixture was stirred at 1000 rpm in glass beakers open to air atmosphere. An
air stream was bubbled through the mixture. The clear became opaque in a few hours
by evaporating ammonia. The reaction was conducted for 18 h. The white precipitate
was filtered, washed with water (2x30 mL), ethanol (2x20 mL) and dried at 40 °C

under vacuum for overnight.

3.3.5.2 Preparation of poly(methyl methacrylate-b-glycidyl methacrylate)

Standard copper mediated ATRP polymerization technique was employed for
preparing the block copolymer, P(MMA-b-GMA) . The first block, PMMA was
generated as follows: To a 100 mL round bottom flask 10 mL MMA (94 mmol),
0.134 g CuBr (0.94 mmol), 0.195 mL PMDETA (0.94 mmol), 0.137mL ethyl 2-
bromo iso-butyrate (0.94 mmol) and 20 mL toluene as a solvent were added under
nitrogen flow. The flask was mounted in a thermo stated-oil bath and temperature
was adjusted to 80 °C. The nitrogen stream was stopped and the system was closed.
The reaction was conducted under constant stirring rate (1000 rpm) for 25 min. At

the end of the reaction, the mixture was diluted with THF, filtered and the filtrate
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was chromatographed through neutral alumina to remove the copper complex. The
polymer was isolated by precipitation into n-hexane (50 mL per 10 mL solution),
filtered and dried at room temperature under vacuum overnight. GPC traces of the
polymer showed a molecular weight, M,: 8450 g/mol and polydispersity index, PDI:
1.06.

Block copolymer with PGMA was prepared by a similar procedure in which using

above PMMA was employed as macroinitiator.

Thus, 4 g PMMA (0.47 mmol) , 4 g glycidyl methacrylate (0.28 mmol), 0.68 g CuBr
(0.47 mmol), 0.097 mL PMDETA (0.47 mmol) and 20 mL toluene were charged to
a 100 mL volume of round bottom flask under nitrogen flow. The flask was mounted
in a thermo stated-oil bath and temperature was adjusted to 60 °C. The reaction was
conducted for 1h. Resulting block copolymer was isolated similarly. GPC trace of
the block copolymer precipitated in n-hexane revealed a molecular weight of M,
:11200 g/mol) and PDI 1.134.

3.3.5.3 Encapsulation of zinc oxide nanoparticle with the block copolymer

Zinc oxide nanoparticles were encapsulated using by reaction the block copolymer
(P(MMA-b-GMA)) in toluene solution. For this purpose, 1.67 g block copolymer
was dissolved in 20 toluene and 0.25 g ZnO nanoparticle was dispersed in this
mixture. The flask was equipped with reflux condenser and the reaction was
conducted at 100 °C for 24 h. ZnO nanoparticles coated with the block copolymer
were isolated from the mixture by centrifugation. To remove unbound polymer and
other impurities the product was redispersed in toluene and in THF and isolated by

centrifugation similarly. The product was dried under vacuum at 60 °C for overnight.

3.3.5.4 Preparation of polymer nanocomposite films

Commercial (methyl methacrylate-stat-butyl acrylate) copolymer (0.5 g, approx. 50
% MMA) was dissolved in 5 mL of acetone. To this solution polymer encapsulated
ZnO nanoparticles (0.09 g) were added and the mixture was stirred for 15 min. The
mixtures was then sonicated at 20 KHz (with 40 % power out) for 2 min. The
resulting dispersions were stable and no precipitation or phase separation was
observed upon standing three days at room temperature. The dispersions so obtained
were then applied onto polished glass surfaces by means of film maker (Sheen

Automatic Film Applicator). The composite films (with 60 um of wet thickness)
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were left to dry under atmospheric pressure for 24 h at room temperature. The
freestanding composite films were detached from the glass surfaces by hot water.
After drying at 40 ‘C for overnight, they were used for the surface characterizations
with SEM.
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4. RESULTS AND DISCUSSION

4.1 Bromo Ethyl Methacrylate Based Hairy Functional Polymers

In this study, Synthesis and cross-linking copolymerization of 2-bromoethyl
methacrylate (BEMA) in aqueous suspension is described for preparing bromoalkyl
functional microbeads (125-420 um). Highly transparent microspheres with
accessible bromoethyl group density of 1.55 mmol-g® were prepared. The
bromoethyl functions of the bead polymer were then, employed as initiation sites for
surface initiated polymerization of either ring-opening polymerization of 2-methyl
oxazoline or atom transfer radical polymerization of glycidyl methacrylate

respectively (reaction 4.1).
I Suspensmn

‘_‘ \/\)\ Hydrolysns ‘_g\ . [ ! ?nr

4.1.1 A new method for preparing bromoethyl methacrylate monomer

The monomer, 2-bromoethyl methacrylate (BEMA) was prepared in high purity by a
new synthetic procedure as described recently by our group [139]. The procedure
involves acidolysis of 2-bromoethyl borate with methacrylic acid. 1H-NMR
spectrum of the monomer in Figure 4.1 shows isolated methyl group signal at 1.8
ppm. Protons of the double bond exhibit symmetrical doublet in 5.45-6.0 ppm range
as expected. Proton signals of -COO-CH2- and -CH2-Br groups are observed as
triplets at 4.3 and 3.4 ppm respectively. Three protons of CH3-C=C group gives a
sharp singlet at 1.8 ppm. Having bromoethyl function, the monomer offers many
transformation possibilities and can be considered as key monomer for preparing

various functional polymers. Comparing with the commercially available monomer,
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vinyl benzyl chloride constituting with a mixture of meta and para isomers, this
monomer has advantage of the purity and higher reactivity of the bromoalkyl
function.
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Figure 4.1: 'H-NMR spectrum of the monomer, bromoethyl methacrylate
(BEMA) in CDCls.

4.1.2 A suspension polymerization recipe for synthesis of bromo ethyl functional
micro-beads

Cross-linked PBEMA microspheres were prepared by suspension polymerization
methodology using MMA as diluting co-monomer to adjust bromoethyl group
density of the resulting polymer. EGDMA was chosen as cross-linker and AIBN was
employed as primary radical source. The polymerization and chemical structure of

the resulting polymer is depicted in reaction (4.2).
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In principle, proper selection of the stabilizer is critical issue in suspension
polymerization to obtain perfect spherical beads. The particle shape may also affect
on thickness and homogeneity of the graft layer, when the product is employed as

solid macroinitiator in the surface initiated ATRP.

In the present work, various polymers; poly(vinyl alcohol), Gum Arabic,
poly(styrene-alt-maleic acid) and poly(N-vinyl pyrrolidone) (PNVP) were studied
for stabilization of the suspension droplets of the monomer mixture in water.
Experiments were conducted at various oil/water volume ratios with different stirring
rates (500-1000 rpm). Except for the case of PNVP, the products obtained were
amorphous gels or irregular beads in different sizes. Although, poly(styrene-alt-
maleic acid) was successfully employed in our previous works, for preparing fine
microbeads of GMA-MMA copolymer [151], this stabilizer did not work in the
present case, most probably due to its increasing hydrophobicity of the stabilizing
polymer by partial condensation of the carboxylate function with bromoethyl groups
of BEMA. Changing the stabilizer ratio and stirring rates were not helpful and the
resulting solid particles obtained were irregular. The experiments with Gum Arabic
gave similar amorphous products.

Table 4.1: The recipe for suspension copolymerization of BEMA yielding
transparent microspheres.

BEMA (monomer) 12.1 g (62.5 mmol)
EGDMA (cross-linker) 4.95 g (25 mmol)
MMA (co-monomer) 16. 25 g (162.5 mol)
Toluene (porogen) 45 mL

Poly(N-vinyl pyrrolidone) (stabilizer) 1g

Water (continuous phase) 300 mL

AIBN (radical initiator) 0.160 g (0.098 mmol)
Stirring Rate 1000 rpm
Polymerization temperature 60 °C

Reaction Time 12 h

Appearance of the product Colorless microspheres
Particle Size 125-420 pm
Accessible bromine content 1.55 mmolg™

The stabilization with PNVP gave colorless microspheres in relatively narrow size
distributions (125-420um). The recipe for the suspension polymerization procedure
with PNVP is given in Table 4.1. Optical photography of the dry product in Figure
4.2 shows nearly spherical beads with smooth surfaces.
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The fraction in 210-420 pum size range was employed for the surface initiated
polymerizations in the following studies. Bromide content of this product was
determined to be 1.55 mmol-g™. Considering with the initial molar composition of
the monomer mixture in the suspension polymerization process, the theoretical
bromide content must be 1.88 mmol-g™. Therefore, the practical bromide content
accounts for about 82.5 % of the theoretical amount. Obviously, the remainder of the
bromide is embedded in the cross-linked matrix and remains inaccessible in further

reactions.

0?0 o
D

Figure 4.2: Optical photoimage of cross-linked PBEMA microparticles prepared
by suspension polymerization using PNVP (1 % ) as stabilizer.

4.1.3 Surface initiated ATRP from the bromoethyl groups

Since alkyl halides are well-known initiators for ATRP of acrylic and styrenic
monomers, the bromoethyl groups on the beaded polymer surface were considered
useful for creating polymeric surface brushes. Among controlled / living
polymerization techniques, ATRP is especially useful for grafting from solid surfaces
[8]. Negligible quantity of free-homopolymer formation is main advantage of surface
initiated ATRP, in addition to nearly controlled chain growth in the grafting process
[53].

This strategy has been employed successfully to generate surface grafts on solid PS
or on inorganic pigment particles in micron or nanometer sizes [33, 54]. In the
reported procedures, the surface grafts have been generated by ATRP from haloalkyl
functions onto the surfaces. Common approach for incorporation of ATRP initiator
groups onto solid particles involves esterification of surface hydroxy groups with 2-
bromo isobutyryl bromide [3, 152]. Selective hydrolysis of the ester linkages after
ATRP is useful for harvesting and analyses of the graft chains. However, hydrolytic
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instability of this linkage is not desirable, especially when the graft chains are
considered as functional group carriers. In this respect, utilization of a suitable co-
monomer bearing haloalkyl function in preparing spherical bead polymer might be
useful to generate surface brushes linked to the surface by non-hydrolysable covalent
bonds. Perhaps vinyl benzyl chloride is the only haloalkyl functional monomer
commercially available. Its cross-linked polymer has been reported as solid initiator
for ATRP of dimethyl amino ethyl methacrylate [153].

However, cross-linked copolymer of this monomer (Merrifield resin) has been
demonstrated to be too slow in surface initiated ATRP, due to less initiation
efficiency of the chloromethyl group [154]. It was concluded that, bromoethyl groups
on PBEMA microspheres could be used as efficient initiating sites for grafting by SI-
ATRP, without necessity of surface modification.

Starting from the beaded polymer with known density of surface initiator groups is
an apparent advantage of this approach. And also non-hydrolysability of the linkages

between the graft chains and microspheres is an additional advantage of this material.

GMA [s] Br (43)
> n
Br Br ATRP CuBr.L o %

In conjunction with this, ATRP of GMA was studied in order to test radical initiation

efficiency of the supported bromoethyl groups. The reaction was carried out with
CuBr catalyst at 60 °C as depicted in reaction (4.3). This procedure resulted in 420 %
graft yields within 24 h, indicating efficiency of those groups in initiation of ATRP.
GMA was chosen for grafting monomer, due to numerous chemical transformation

possibilities of the epoxy group on the graft chains [8].

In order to test radical generating ability of the bromoethyl function, bromo ethyl
acetate was synthesized as a model compound by reacting bromoethanol with acetyl
chloride. This compound was employed as initiator for ATRP of MMA at 70 °C in
toluene (using constant [monomer] / [initiator] / [CuBr . L]: 100/1/1 ratios). For
comparison of its initiation efficiency with those of the well known ATRP initiators,
the polymerization was repeated with bromo methyl propionate and benzyl bromide

in the same conditions. After 5 hours of the polymerization, the resulting polymers
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were isolated. The initiation efficiencies were assigned simply by ratio of the
theoretical to the practical molecular weights inferred from the GPC traces. These
experiments revealed initiation efficiencies 0.08, 0.12 and 0.33 for bromo ethyl
acetate, benzyl bromide and bromo methyl propionate respectively. These results
showed that the initiation efficiency of bromoethyl acetate is less than that of bromo
methyl propionate, but comparable with that of benzyl bromide.

Epoxy
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Figure 4.3: FT-IR spectrum of PBEMA microspheres before (a) and after surface
grafting with GMA (b).

FT-IR spectrum of GMA grafted resin (Figure 4.3-b) exhibits methacrylate ester
vibrations at 1725, 1255 and 1150 cm™ associated with stretching vibrations of
carbonyl, CO-O and COO-C bonds respectively. These bands appear also in the IR
spectrum of the starting microspheres (Figure 4.3-a), but their intensities are
significantly higher in the spectrum of grafted resin. The specific oxirane bands of
the PGMA brushes, which are different from those of the base material, appear at
3054 (shoulder) and 908 cm™ and these represent C-H and C-O stretching vibrations
of the epoxy ring respectively.

Semi-logarithmic plot of the conversion-time data of the grafting with GMA (Figure
4.4) implies nearly first order kinetics (regression factor, R = 0.98) with a rate
constant of k = (6.6 + 0.04) x10° s*. The graphic reveals a constant radical
concentration in the graft copolymerization of GMA in these conditions. The slope of
the curve however, increases beyond 24 h indicating somewhat greater rate constant

at high conversions. This must be due to heterogeneity of the grafting at the earlier
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stage of the reaction. Increasing lengths of the graft chains at higher conversions

provide quasi-homogenous conditions and slightly higher polymerization rates.

0 5 10 15 20 25
Time (h)

Figure 4.4: First order kinetic plot for the surface initiated graft copolymerization
of GMA on PBEMA microspheres by ATRP.

Since the grafts are not detachable from the surface, we are unable to make a precise
estimation for the rates of the chain growths and polydispersities. Considering the
heterogeneity of the reaction, the surface grafting of GMA is not expected to proceed
in thoroughly controlled fashion. Nevertheless, it is fact that initiation of ATRP of

GMA from the bromoethyl groups on the solid microspheres is possible and provides
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reasonable graft yields.

(eV)

CKIL OKLL

Br 3d

] v I v ) v ) v ] v I v
1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 4.5: Full scale XPS of PBEMA microspheres before (a), and after surface
initiated grafting with GMA(b). The window shows 3p and 3d core
levels of the bromide on the PBEMA microspheres.
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XPS technique was also employed in order to follow the changes in surface
characteristics of the microspheres by the grafting process. Figure 4.5-a clearly
shows core levels of the elements in PBEMA microspheres. Thus, the main elements,
carbon and oxygen, exhibit binding energies for C 1s and O1s core levels at 285 and
534 eV respectively. These elements show also Auger KLL peaks at 1000 and 979
eV respectively. The typical bromine peaks in PBEMA are observed at 73 and 186
eV for Br 3d and Br 3p core levels (see window in Figure 4.5). However, after
grafting with PGMA, these peaks become almost invisible (Figure 4.5-b).
Considering with livingness of ATRP process, the chain ends of PGMA brushes
must carry bromine atoms. Absence of the two peaks in the XPS must be due to

dilution of the bromines by increasing volume of the microspheres in the grafting.

4.1.4 Surface initiated ROP from the bromoethyl groups

In the last part of the study, the bromoethyl groups of the PBEMA microspheres
were also employed as initiator for ring opening polymerization (ROP) of 2-methyl
oxazoline (MeOx) as given in reaction (4.4). Alkyl halides are known to polymerize
also oxazoline monomers [155]. Since polymer of MeOx is precursor for linear
polyethyleneimine, its grafting from the surface of PBEMA microspheres allows
preparing amine functional surface grafts. The grafting in this study was simply
achieved by heating cross-linked PBEMA sample with MeOx in the presence

acetonitrile as solvent at 110 °C.

Q 11o°c O_(_ Hydrolysis @
Mer J\ NH\/a:,OH (4.4)

The mass increase in the reaction product indicated 62 % of grafting yield. FT-IR
spectrum of the product in Figure 4.6-b clearly shows carbonyl stretching vibration
band of the N-acetyl group at 1630 cm™, indicating presence of poly(N-acetyl
ethyleneimine) grafts in the resulting product. Comparing with FT-IR spectrum of
starting bead product in Figure 4.6-a, the characteristic bands originating from C=0
and C-O vibrations of the methacrylate ester groups remain unchanged at the same

positions.
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Figure 4.6: FT-IR spectrum of PBEMA microspheres before (a), after surface
grafting with MeOx (b), and its hydrolysis product with
poly(ethyleneimine) brushes(c).

Kinetics of the ring opening polymerization of MeOx is first order with a rate
constant of k = (7.2 £ 0.01) x107 s™as inferred from slope of the straight line
(regression factor, R = 0.993) in Figure 4.7. As a result, the successful grafting in
both cases implies sufficient reactivity of the bromoethyl groups of PBEMA
microspheres for surface initiated ATRP of GMA and ROP of MeOx.
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Figure 4.7: First order kinetic plot for the surface initiated ring opening
polymerization of MeOx at 110 °C.

The microspherical product with PMeOx surface grafts were then subjected to acid
hydrolysis. However, the original procedure of Jeong et al. [156] given for hydrolysis

of linear PMeOx did not result in complete hydrolysis. The complete hydrolysis of
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the PMeOx grafts however, was achieved by boiling with HCI solution (4.0 M) for
48 h and following neutralization with NaOH solution.

FT-IR spectrum of the hydrolysis product in Figure 4.6-c does not show the carbonyl
vibration at 1630 cm™ that indicates removal of the acetyl groups by hydrolysis. New
peaks originating from stretching and plane bending vibrations of the amino groups
appear respectively at 3250 and 1560 cm™. The unchanged C=0 and C-O vibrations
of the methacrylate ester groups in this spectrum implies selective hydrolysis of the
acetamido groups in the PMeOx grafts to give PBEMA-g-polyethyleneimine

structure.

Acid titration of this product revealed an amino group density of 5.75 mmol-g™. By
assuming full hydrolysis of the N-acetyl ethyleneimino groups of the graft chains,
this corresponds to a 65 % of the grafting, in the ROP of MeOx which is slightly

greater than the one estimated by the mass increase (62 %).
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Figure 4.8: Full scale XPS of PBEMA microspheres before (a), and after grafting
with PMeOx and hydrolysis product of the later (c). N 1s core level
centered at 402 eV is given (inset).

Moreover, transformation of PMeOx surface grafts was also evidenced by XPS using
Al Ka as excitation source. The sample possessing PMeOx surface brushes exhibits
typical N 1s core level at 402 eV in its XPS (Figure 4.8-b). This peak appears at the
same position after hydrolysis as expected (Figure 4.8-c). Presence of the nitrogen
core level peak is also evidence for occurrence of the grafting with MeOx and

successful hydrolysis yielding poly(ethyleneimine) brushes.
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Unexpected sodium peaks appeared at 1074, 500 and 66 eV in Figure 4.8-c
(corresponding to Na 1s, Na KLL and Na 2s levels respectively), are due to the
contamination of NaOH solution used for neutralization of the acid-hydrolysis
product. Retaining of the sodium even after successive washings with water might be
due to reduced hydropohilicity of the poly(ethyleneimine) chains after neutralization
with NaOH solution. Thereby, some trace of NaOH remains in the collapsed graft

chains.

To inspect variation of the surface characteristics and shapes of the PBEMA
microspheres in the surface grafting processes, SEM pictures of the products were
taken and compared with that of the starting material (Figure 4.9).

Figure 4.9: SEM images of the bare PBEMA microspheres (a), and their surface
grafted counterparts with PGMA (b), and PMeOx (c).

Figure 4.9-a shows spherical PBEMA microparticles with smooth surface. The size
enlargement of the particles is observed after grafting with PGMA while retaining
the bead shapes, as seen in Figure 4.9-b. The reason for the roughness of the particle
surfaces is unclear, but this might be due to high grafting with GMA.. In the case for
the sample with PMeOx surface grafts, the SEM picture (Figure 4.9-c) shows a slight
increase in diameters of the particles and the surfaces as smooth as the virgin

particles.

4.2 Synthesis of P(S-DVB) microbeads with epoxy functional brushes as enzyme

carrier

Functional hairy poly(styrene-b-glycidylmethacrylate) (P(S-GMA)) brushes were
generated by grafting from bromoacetylated poly(styrene-divinylbenzene) (P(S-
DVB)) microspheres via surface initiated-atom transfer radical polymerization, (SI-
ATRP). Two different approaches for the covalent immobilization of lipase onto

microspheres were studied for the first time, direct immobilization of lipase to the
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polymer brushes via their epoxy groups and immobilization of lipase via
glutaraldehyde coupling after attachment of spacer arm (Hexamethylendiamine
(HMDA)) to the polymer brushes.

The covalent immobilization of the lipase on microspheres after spacer-arm
attachment and glutaraldeyhde coupling was found to be the most effective that of
direct binding method. In this case, a maximum value of the immobilized enzyme
activity 498.5 U.g™ was found with an enzyme loading of 27.6 mg per gram support.
Thermal and storage stabilities were found to increase upon immobilization on the
P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres. Finally, esterification reactions
have been performed to produce ethyl acetate and iso-amyl acetate in solvent-free
system and in n-hexane using lipase immobilized P(S-DVB)-g-P(S-GMA)-HMDA-
GA microspheres. The immobilized lipase was effectively reused in successive batch
runs in solvent-free system for iso-amyl acetate synthesis and the activity lost was
only 21% after 10 cycles.

4.2.1 Properties of the functionalized microspheres

The crucial task in surface initiated ATRP is generation of the initiation sites on the
solid surface. This can be carried out either by surface modification with suitable
reagents possessing haloalkyl functionality or by preparation of the solid support
using appropriate functional co-monomer. The linkage between solid core and
initiator group is also important. Non-hydrolysibility of this linkage is preferable
when the resulting functional material is to be processed under harsh conditions.
Attachment of the initiator groups by ester linkage is common approach and has been
widely employed by many authors [54, 157]. However, hydrolysis of this bond
chemically or enzymatic means deters the use of this approach when the hairy carrier
polymer is considered to recycle and reuse.

Taking these into consideration, in this work, the initiator group was introduced to
the solid core by an alternative way in which chloromercurated surface of the P(S-
DVB) microspheres was reacted with bromoacetyl bromide. The resulting
bromoacetyl group was utilized as initiating points. Since the initiator group is being
connected with the support and graft chains by C-C linkages, any leakage of graft
chains from the support is avoided. This makes the material recyclable and reusable.
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The length of the graft chain is also important to increase mobility of the graft chains
and rate of the reactions as well. The reaction rates of the functional groups increase
by increasing distance from the bead core as evidenced by many authors and this has
been termed as spacer chain effect. Taking peculiarities of the spacer chain, first PS
was grafted to the P(S-DVB) resin and P(GMA) was then introduced by followed
ATRP from terminal bromoalkyl groups of the PS grafts (reaction 4.5).

Step 1. Preparation of P(S-DVB) microspheres

= =
Suspension
Polymerization
+ > P(S-DVB)
Gum arabic, DBPO
=

90°C
% 10 crosslinked
P(S-DVB) microspheres

Step 2. Br- end functionalization of P(S-DVB) microspheres

2-bromoacetyl
1- HgO + CH3COOH bromide
ps-Dvg) ——p (P(s-DVB)}-HgCl ————p  (P(S-DVB) Br
2- Sat. NaCl sol.
0

Step 3. Generation of polystyrene (PS) brushes on P(S-DVB) microspheres by SI-ATRP (4.5)

= o
Toluen Br
Br + + Cu()Br/H-TETA ——> N
1 90 °c

Step 4. Grafting of P(GMA) as a second block on the microspheres via terminal bromo-
alkyl groups on the PS block

Cu(l)Br / H-TETA
Br  Toluen 60°C

GMA

P(S-DVB)-g-P(S-b-GMA) microspheres

The chemical transformations in each step were followed by monitoring
characteristic bands in FT-IR spectra of the products (Figure 4.10). In the spectrum
of P(S-DVB-Br) (the product of Step 1; Figure 4.10-a) bearing bromoacetyl groups,
typical stretching vibration band of the carbonyl (C=0) group is observed at 1719
cm™ as a weak band. Apparently, low intensity of this band is due to low density of
this group in the structure. Also, a very weak band associated with C-Br vibration is
observable at 795 cm™. After grafting with PS (i.e., P(S-DVB)-g-PS; the product of

71



Step 2; Figure 4.10-b) the later becomes almost invisible which can be ascribed to its
consumption by utilization in the grafting with styrene. However, the carbonyl band

vibration at 1719 cm™ becomes also invisible, due to the decreasing percentage of

L '\(

this group.
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Figure 4.10: (@) P(S-DVB)-Br (the product Step 1; P(S-DVB)-Br); (b)
polystyrene grafted (S-DVB) (the product Step 2; P(S-DVB-g-(PS)-
Br); (b) the second block P(GMA) grafted on to the first styrene
block (the product of Step 3; P(S-DVB)-g-P(S-GMA) and (d)
Spacer-arm attached P(S-DVB)-g-P(S-GMA)-HMDA.
After additional grafting with GMA, typical methacrylate ester vibrations are
observed at 1725, 1255 and 1150 cm™ (which are associated with stretching
vibrations of carbonyl, CO-O and COO-C bonds respectively) (the product of Step 3;
Figure 4.10-c). The typical bands arising from the epoxy functionality are not
discernible around 1000 cm™, because this region is overcrowded contains many
bands. Nevertheless, the shoulder around 1170 cm™ can be ascribed to C-O-C
stretching vibration of the epoxy group. However, decreasing intensity of this band
after modification with the amino compound implies that this band comprises also
the vibration of glycidylic ether group. Another change is observed at 3100-3500 cm’
! range can be considered as O-H vibration band arising from ring opening of the

epoxy function (Figure 4.10-d). The FTIR spectra of P(S-DVB)-g-P(S-GMA)-
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HMDA have also the characteristic N-H amine stretching bands at between 3500 and
3300 cm™ (the bands more broadened and expended after attachment of 1,6

diaminohexane) and 1600 cm™.

Scanning electron microscopy (SEM) micrographs presented in Figure 4.11 shows a
smooth surface structure of the P(S-DVB)-g-P(S-GMA)-HMDA microspheres. The
non-porous surface properties of the microspheres would reduce diffusion limitation

of the substrate and product during enzymatic hydrolysis and esterification reactions.

Figure 4.11: Scanning electron micrograph images of P(S-DVB)-g-P(S-GMA)
microspheres.

The specific surface area of the P(S-DVB)-g-P(S-GMA) microspheres was measured
by BET method and was found to be 12.3 m? g™ microspheres. The amount of epoxy
groups on the P(S-DVB)-g-P(S-GMA) microspheres was determined to be 0.18
mmol per gram g microspheres. The amino group content of the P(S-DVB)-g-P(S-
GMA)-HMDA microspheres was fond to be 0.32 mmol g microspheres,
respectively.

4.2.2 Immobilization of lipase on the P(S-DVB)-g-P(S-GMA) based
microspheres

Polymer brushes offer certain advantages over other materials as they are covalently
anchored to the substrate providing excellent mechanical stability and present high
surface area template with functionality controllable by monomer type and brush
length. The epoxy groups of P(GMA) coated onto styrene grafted P(S-DVB)-g-P(S)
microspheres, (i.e., P(S-DVB)-g-P(S-GMA)), were converted into amino groups by
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the reaction with 1,6 diaminohexane, P(S-DVB)-g-P(S-GMA)-HMDA. The aim was
to determine an efficient relationship between enzyme and support by moving the
enzyme away from the surface of the microspheres, via incorporation of spacer-
arms. Lipase was then covalently immobilized on both P(S-DVB)-g-P(S-GMA) and
spacer-arm-attached and glutaraldehyde activated P(S-DVB)-g-P(S-GMA)-HMDA

microspheres.

A- Direct immobilization of Lipase

(o)
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B- Immobilization of lipase after spacer-arm attachment and glutaraldehyde activation

Spacer-arm attached microspheres

(4.6)

(GA‘-)

(GA actwatlon)

immobilization

GA activated microspheres Lipase immobilized microspheres

In the direct method in the reaction (4.6), lipase was immobilized on the P(S-DVB)-
g-P(S-GMA) microspheres via a coupling reaction between the free amino groups of
enzyme and epoxy groups of the support. In the case of P(S-DVB)-g-P(S-GMA)-
HMDA-GA microspheres (S), the coupling reaction between amine groups of the
enzyme and aldehyde groups of the supports, could be considered via shift base

formation. Glutaraldehyde can readily react with amino groups; therefore, the
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aldehyde group content should be close to the amino group content on the
microspheres. The -SH groups of lipase can also react with glutaraldehyde after the
amine groups have been used. It is important to note that -NH, groups are more
liable than -SH groups to react with glutaric dialdehyde. Most proteins contain many
lysine residues, usually located on the protein surface (i.e., exposed to the aqueous
medium) because of the polarity of the amine group.

In addition, lysine residues are generally not involved in the catalytic site, which
allows moderate covalent linkage to preserve protein conformation and thus
biological activity [158]. In addition, the attachment of spacer-arm (i.e., 1,6-
diaminohexane) to the P(S-DVB)-g-P(S-GMA) microsphere surface could prevent
undesirable side interactions between large enzyme molecules and support. In this
way, more areas for the immobilized lipase could become accessible to lipid
substrate. The attachment of the spacer-arm was resulted an increase in the apparent
activity of the immobilized lipase with respect to the enzyme immobilized via the
direct epoxy groups coupling. The maximum lipase immaobilization capacities of the
P(S-DVB)-g-P(S-GMA) and P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres
were 19.3 and 27.6 mg g™, respectively. The retained activity yield of the lipase
immobilized on the spacer-arm-attached microspheres was about 84.8%, and it was
62.1% for the enzyme immobilized through epoxy groups. The measured specific
activity of the free lipase was 21.3 U mg protein™. The specific activity of lipase
immobilized on P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres was 498 U g™
microspheres. Without spacer arm, the lipase, in attempting to maximize its contact
with the surface, could lose its active conformation, and consequently, low specific

activity (255 U g™* microspheres) results.

The spacer-arm attached P(S-DVB)-g-P(S-GMA)-HMDA microspheres itself
possessed good enzyme immobilization capacity 27.6 mg protein g™ microspheres.
However, the relative of the immobilized lipase on spacer-arm attached and
glutaraldehyde activated support was about 22.7% higher than that of the lipase
immobilized directly on the P(S-DVB)-g-P(S-GMA) via epoxy group coupling. The
improvement could be attributed to the physical and chemical changes that occurred
as a result of the spacer-arm attachment and glutaraldehyde activation. Recalling
that the spacer-arm and coupling agent (i.e., HMDA and glutaraldehyde,

respectively) have six- and five-carbon length and it should act as an extra total
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eleven-carbon spacer length in this immobilization method. Thus, the external
hydrophobic amino acid residues on the enzyme molecule could not interact too
much with hydrophobic polystyrene surface as compared to direct coupling of lipase
on the microspheres surface. By incorporating the eleven-carbon spacer-arm on the
P(S-DVB)-g-P(S-GMA) microspheres, a decrease in the surface hydrophobicity also

resulted to further contribute to the improvement in lipase immobilization.

All these factors resulted in better immobilization of lipase on the spacer-arm
attached microspheres. In this respect, the polystyrene chain would contribute to a
higher hydrophobicity of P(S-DVB)-g-P(S-GMA) but the effect would be off set by
the amino groups of spacer-arm, which is hydrophilic in nature. As reported
previously, too strong hydrophobic functional group should also be avoided as it is
reported to be responsible for significant loss of lipase enzymatic activity [159].
Therefore, the rest of the immobilization study was carried out using the P(S-DVB)-
g-P(S-GMA)-HMDA-GA microspheres.
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Figure 4.12: Effect coupling duration time on the immobilization efficiency of
the lipase on the P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres.

The effects of enzyme coupling time on the immobilization capacity were studied
with P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres and are presented in Figure
4.12. An increase in the coupling duration time led to an increase in the
immobilization efficiency (from 9.6 to 27.6 mg g microspheres) but this
relationship leveled off at around 12.0 h. Further increase in the coupling duration

time (up to 18 h) did not lead to a significant change in the immobilization capacity.
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4.2.3 Effect of pH and temperature on the free and immobilized lipase activity

The effect of pH on the activity of the free and immobilized lipase on the P(S-DVB)-
g-P(S-GMA)-HMDA-GA was studied at 40 -C in the pH range between 4.0 and 9.0.
The optimum pH of free lipase was 7.5, which corresponds closely to the optimum
found for immobilized lipase, which is 8.0 (Figure 4.13). The pH profile of the
immobilized lipase also closely follows that of free lipase. This shift depended on the
method of immobilization as well as the structure of the matrix. It should be noted
that the shift to neutral and basic region of the optimal pH upon immobilized could
be expected as a result of the diffusional constraint of the support retaining a higher
concentration of enzyme product, fatty acids, on the surface of the microspheres that

immobilized lipase present.
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Figure 4.13: Effect of pH on the activity of free and immobilized lipase on the
P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres; the relative
activities at the optimum pH were taken as 100% for free and
immobilized lipase, respectively.

It should noted that additional interaction of the support with enzyme due to the
presence of amino functional groups on the spacer arm might have also reduced the
sensitivity of enzyme to less alkaline pH. This charged group would have better
interactions with the hydrophilic sites on the lipase molecule while the hydrophobic
sites were still available for catalyzing the esterification reaction. As previously
reported, the hydrophobic sites of the lipase molecule are mainly responsible for the
catalytic activity [160-162]. The changes in the activity profile of the immobilized

enzyme compared to free enzyme could probably be attributed to the stabilization of
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lipase molecules resulting from multipoint covalent attachment on the surface of the
hydrophobic/hydrophilic microspheres, which limited the transition of enzyme
conformation against the change of pH. Other researchers have reported similar

observations upon immobilization of lipase and other enzymes [163, 164].

The effect of temperature on the free and immobilized enzyme activity was
investigated in phosphate buffer (0.1 M, pH 7.5) in the temperature range 20—60°C.
The apparent temperature optimum for free enzyme was about 40°C, while that for
the immobilized enzyme and the form stabilized by immobilization was about 45°C
(Figure 4.14). In the literature, most immobilized lipases exhibited higher optimum
temperature values than their free counterpart [165, 166].
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Figure 4.14: Effect of temperature on the activity of the free and immobilized
lipase on the P(S-DVB)-g-P(S-GMA)-HMDA-GA microspheres; the
relative activities at the optimum temperature were taken as 100% for
free and immobilized lipase, respectively.

The multi-point covalent attachment of the lipase molecule on the microspheres
surface via glutaraldehyde coupling could reduce the conformational flexibility of
the enzyme and might result in higher activation energy for the molecule to
reorganization to a proper conformation for the binding to its large substrate (i.e., oil
olive). Thus, the immobilized lipase showed its catalytic activity at a higher reaction

temperature compared to that of the free counterpart.
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4.2.4 Kinetic parameters of the free and immobilized lipases

The K, value was known as the criterion for the affinity of enzymes to substrates,
and the lower value of K, represented the higher affinity between enzymes and
substrates. In this work, kinetic constants of free and immobilized lipase, i.e. Ky, and
Vmax values were determined by using tributyrin as substrate. The activities of the
free and immobilized lipase for various concentrations of the substrate (5-50 mM)
were plotted in Lineweaver—Burk plots, and K, and Vmax Values were calculated from

the intercepts on x- and y-axis, respectively.

The kinetic data for hydrolysis of tributyrin was fitted to the Michaelis-Menten
equation. For the free and immobilized lipase the apparent K, values were found to
be 22.7 and 34.3 mM, respectively. The K value of immobilized lipase was the
same order of magnitude, and was only 1.15 times higher than that of the free
enzyme. The Vmax values for the free and immobilized lipase were calculated as 23.4
and 20.3 U mg™ enzyme, respectively. The Vyax Value of the immobilized enzyme

decreased about 1.5-fold compared to the free enzyme.

These results indicated that the presented immobilization method changed the
reaction velocity and substrate affinity of the R. miehei lipase. Several reasons can
account for the variations of the V.« values of the enzyme upon immobilization
[167, 168]. These variations are attributed to several factors such as the covalent
attachment of the enzyme molecule on the microspheres surface might have induced

an inactive conformation to the enzyme molecules.

It should be noted that the immobilization process does not also control the proper
orientation of the immobilized enzyme on the support. This improper fixation and/or
the change in the property of the active sites might hinder the active site for binding

of substrates (i.e., tributyrin) to the immobilized lipase molecules.

The efficiency factor » can be calculated (reaction (4.7)) from the maximum reaction
rates of the immobilized enzyme over that of the free counterpart:

N = Vimmobilized /Viree 4.7)

where Vimmonilized @Nd Viree Was the reaction rate of the immobilized and free enzyme,
respectively. From this calculation, nano-structured microspheres-enzyme system

provided an efficiency factor of 0.87 for the immobilized lipase. The ratio Amax/Km
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defines a measure of the catalytic efficiency of an enzyme—substrate pair. In this
study, the catalytic efficiencies (Amax/Km) Of the free and immobilized lipase were
found to be 10.3 and 5.9, respectively. The catalytic efficiency of lipase was

decreased about 1.7-fold upon immobilization.

Lipases have a higher level of hydrophobicity than conventional proteins, and the
total percentage of hydrophobic amino acid residues (i.e., lle, Leu, Val, Met, Tyr,
Phe) in lipases isolated from various microbial sources is varied between 28% and
33% [163]. The lipases have inherent affinity toward hydrophobic media, and the
hydrophobic / hydrophilic nature of the di-block polymer grafted and aminated
supports could provide a proper micro-environment for lipase, and thus, reasonable
retained immobilized lipase activities were obtained with the presented support-
enzyme system. The retained lipase activity was obtained up to 84.8% in this study,

and is comparable with the related literature [169, 170].

4.2.5 Thermal stability of the free and immobilized lipase

The effect of temperature on the stability of the free and immobilized lipase is shown
in Figure 4.15. The pattern of heat stability indicated that a smaller rate of thermal
inactivation was observed for the immobilized lipase on the P(S-DVB)-g-P(S-
GMA)-HMDA-GA microspheres than that of the free enzyme. At 55 °C, the free
enzyme lost about 78% its initial activity after 120 min of heat treatment, while the
immobilized enzyme showed significant resistance to thermal inactivation (lost about
17% of its initial activity in the same period). At 65 °C, the free lipase lost all its
initial activity after 75 min heat treatment. Under the same conditions, the

immobilized lipase retained about 41% of its initial activity.

As in this figure, the free enzyme at 55 and 65 °C led to a steep loss of catalytic
activity compared to immobilized counterpart, which is typical of most enzymes
[171], whereas a marked enhancement of thermal stability was achieved with
enzyme immobilization since no activity decay was observed after 60 and 15 min
exposure at 55 and 65°C, respectively. These results suggest that the thermostability
of immobilized lipase becomes significantly higher at higher temperature. If the heat
stability of enzymes increased upon immobilization, the potential application of these

enzymes would be extended.
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Figure 4.15: Thermal stability of the free and immobilized lipase at two different
temperatures.

4.2.6 Enzymatic activity in banana esters synthesis

The biosynthesis of esters is currently of much commercial interest because of the
increasing popularity and demand for natural products amongst consumer [172]. The
activity of the immobilized lipase was investigated on the basis of the esterification
of ethanol and iso-amyl alcohol with acetic acid to produce banana flavours (i.e.,

ethyl acetate and iso-amyl acetate).

The enzyme activity was defined based on the percentage of acid conversion. The
optimum temperature for the synthesis of ethyl acetate from ethanol and acetic acid
by immobilized enzyme, the esterification reaction was carried out at different
temperatures (35-65°C) and 1/4 acid: alcohol molar ratio. The effect of temperature
on esterification reaction was presented in Figure 4.16. For ethyl acetate production,
maximum ester synthesis activity was observed at 40-C with 1/2 acetic acid: ethyl
alcohol molar ratio. On the other hand, the temperature from 35 to 55°C, there were
remarkable increase in the amount of synthesized iso-amyl acetate and after 55-C the
ester synthesis yield decreased. Only 7% and 13% conversions were observed at
65°C for ethyl acetate and iso-amyl acetate, respectively. This may be due to the

thermal denaturation of enzyme.
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Figure 4.16: Effect of temperature on the enzymatic production of ethyl acetate
and iso-amyl acetate using immobilized lipase on the P(S-DVB)-g-

P(S-GMA)-HMDA-GA microspheres.

The effect of acid to alcohol molar ratio (i.e., acetic acid: ethyl alcohol, and acetic
acid : iso-amyl alcohol molar ratio (i.e., 0.1:1.0, 0.25:1.0, 0.5:1.0, 0.75:1.0, and
1.0:1.0) at optimal temperatures for each individual ester was investigated using
immobilized Rhizomucor miehei lipase in a solvent-free system. As seen in Figure
4.17, the highest amount of ethyl acetate was synthesized (19.7%) with 1/4 acetic
acid: ethyl alcohol molar ratio. On the other hand, the amount of synthesized iso-

amyl acetate increased from 13.4 to 39.7% with increasing acetic acid to isoamyl

alcohol molar ratio from 0.1:1.0 to 0.75:1.0 molar ratio.
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Figure 4.17: Effect of acid: alcohol ratio on the ester synthesis activity of the

immobilized lipase.
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As shown in Figure 4.17, the molar ratio of acid: alcohol was further increased, the
conversion (%) decreased, and it could be due to the inhibition of the lipase activity
by high acetic acid concentration. As previously reported, in the lipase-catalyzed
esterification reaction, the first step consists of the preferential binding of the acid
molecule to the enzyme molecule [169]. At high alcohol molar ratio, the high level
alcohol concentration may promote the binding of alcohol molecules to the
immobilized lipase, during the first reaction step, competing with the acetic acid. As
a result, a decrease in the amount of bound acid occurs. Thus, this situation would
lead to a decrease in the reaction rates, since the reaction will be limited by the
amount of acid in the vicinity of the enzyme [173].

The synthesis of ethyl acetate by immobilized Rhizomucor miehei lipase was also
studied in non-aqueous medium. The ethyl acetate and iso-amyl acetate synthesis
experiments were carried out under 1:2 acid/alcohol molar ratio for both
esterification reaction. The amount of synthesized ethyl acetate and iso-amyl alcohol
was 34.6 and 59.3% in the presence of n-hexane. The amounts of the synthesized
ethyl acetate and iso-amyl alcohol were increased in the presence of n-hexane
compared to solvent-free systems. As reported previously, the presence of an organic
solvent can shift the equilibrium towards ester synthesis by a total transfer of ester
into the organic phase [171, 174]. Similar results related to the increment in the
amount of ester synthesized in organic medium were reported in literature earlier.
For example, Karra-Chaabouni et al. [175] produced ethyl valerate and hexyl acetate
in hexane, heptane and solvent-free medium. They found remarkably higher ester
yield in both hexane and heptane medium than those obtained in the absence of

organic solvents.

4.2.7 Operational stability in esters synthesis

In general, enzymes are difficult to be recovered and reused. Therefore, the
reusability of an immobilized enzyme is of key importance for industrial
applications, and an increased stability could make the immobilized enzyme more
advantageous than its free counterparts. In this study, the immobilized lipase on P(S-
DVB)-g-(S-GMA)-HMDA was repeatedly used as the biocatalyst for the

esterification reactions and subsequently recovered and reused.
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Figure 4.18: Operational stability of immobilized lipase during ethyl acetate and
iso-amyl acetate synthesis. The same enzyme microspheres were
used for each batch during repeated use.

As seen in Figure 4.18, the activity of immobilized enzyme slightly decreased as the
number of reuses increase.The same activity values for iso-amyl acetate synthesis
were obtained within the first 3 cycles. In this case, the activity retention of the
enzyme immobilized for iso-amyl acetate synthesis was found to be slightly better
than that of the ethyl acetate synthesis. As seen in this figure, immobilized enzyme
was retained 47% and 79% its initial activity during synthesis of ethyl acetate and
iso-amyl alcohol after 10 cycles of use, respectively, possibly resulting from the
inactivation of lipase upon use. This result showed that lipase immobilized on the
nano-structured microspheres could be used successfully for industrial applications
requiring long-term reaction stability. Thus, this immobilization method led to

increased enzyme reusability.

4.3 Modification of poly(divinylbenzene) microspheres by hydrobromination-
Click chemistry protocol and their protein adsorption properties

Hydrophobic and/or hydrophilic polymer grafted poly(divinylbenzene) (PDVB)
microspheres were synthesized by the combination of hydrobromination and the
click chemistry processes. First, PDVB microspheres, prepared by precipitation
polymerization, were azide functionalized by successive hydrobromination and

azidation processes. Alkyne functional polymers, namely poly(methyl methacrylate)
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(Alkyne-PMMA) and poly(tert-butyl acrylate) (Alkyne-PtBA), and poly(ethylene
glycol) (Alkyne-PEG) were prepared by atom transfer radical polymerization
(ATRP) and esterification reaction, respectively. Finally, azide functionalized
microspheres were coupled with alkynylated polymers with high efficiency by
copper catalyzed azide-alkyne click reactions. . Finally, use of microspheres as the
support matrix for the reversible protein immobilization via adsorption is
investigated. The system parameters such as adsorption conditions (i.e., enzyme
concentration, medium pH) and desorption were studied and evaluated with regards

to the biocatalytic activity and adsorption capacity (reaction 4.8).
? Enz?m,e s Enzyme
g m} K 5 ) T Desorption

.:pn\ra Microsphere @ Triazale Ring PEG S BMMA or PBA ‘Agaricus bisparus lnceass

(4.8)
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-

4.3.1 Synthesis of PDVB microbeads by precipitation polymerization method

and its azide functionalization

Nearly monodisperse (~2.5 pm), spherical PDVB beads were prepared by
precipitation polymerization technique and the residual double bonds on the surface
were activated to primary bromine by anti-Markovnikov addition of hydrogen
bromide according to the procedure described in the literature [144]. After the
reaction, the brominated particles with 1.46 mmol/g of bromine content (estimated
by titration method [176] were obtained. Ethyl bromide groups formed this way were
then converted into azide functions by condensation with NaN3z in DMF solution
(reaction (4.9)).

Br. Br N, N3

Br gr _NaNs
H,S0, DMF
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The magnified photo-images of the starting bead polymer and its derivatives
obtained by the modification in each steps show nearly perfect microspheres (Figure
4.19).

' & ‘oﬂ-- s' |

Figure 4.19: Optical microscope image of PDVB (a), brominated PDVB (b),
azide functionalized PDVB microspheres (c).

The chemical transformations in each step were monitored by FT-IR spectroscopy.
Typical stretching vibration band of the vinyl groups is observed at 1628 cm™ and
other peaks at 1405, 1014 and 989 cm™ are associated with plane and out of plane
deformation bands of =C-H group (Figure 4.20).After addition of HBr, these peaks
are almost invisible in the FT-IR spectrum, indicating high yield of transformation in
this step. A new peak appeared at 1172 cm™ can be ascribed to C-Br stretching
vibration. In the FT-IR spectrum of azidated sample this peak disappears completely
and characteristic vibration band of N3 group is observed as a sharp peak at 2100 cm”
! These results establish occurrence of the proposed transformation in each step and

presence of azide functions on the bead particles.

O—CH:CHz T
C=Coic c=
O—CH—CHz-Br
O—CH—CHz-Ns 4
N

f . T . T ' T
4000 3000 2000 1000

3

Figure 4.20: FT-IR spectra of bare PDVB, hydrobrominated PDVB and azido
functional PDVB spherical beads.
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4.3.2 Preperation of alkyne terminal polymers

Alkyne terminal PEG-2000 and PEG-5000 were successively prepared by a simple

esterification reaction between hydroxy terminal PEG and 4-Pentynoic acid. The

other two alkyne polymer, PMMA and PtBA, were obtained via ATRP technique by

using alkyne functional initiator. The results and conditions for the preparation of

alkyne functional polymers were summarized in Table 4.2.

Table 4.2: Preparation of alkyne functional polymers.

Polymer Method Time Conv.y Mntheew Mncre  Muw/M,
(min) (%) (g/mol) (g/mol)
Alkyne-PrBA* ATRP 60 32 4100 5130 1.30
Alkyne—PMMAb ATRP 20 35 3800 5400 1.20
Alkyne-PEG1®  Esterif.  overnight 75 - 5430 1.02
Alkyne-PEG2°  Esterif.  overnight 93 - 2440 1.02

*[M]o/[1]o/[CuBr]o/[PMDETA],=100/1/1/1, T = 80 °C
®In Toluene, [M]¢/[1]o/ [CuCl]o/[PMDETA]o= 100/1/1/1, T = 80 °C.
“Polymers were synthesized by the esterification reaction between 4-pentynoic

acid and poly(ethylene glycol) monomethyl ether at room temperature.

4 Determined by gravimetrically.
¢ Calculated by using M, meo = ( [M]o/[1]o X (%)

Conv. X 100 + My;)

"Determined by GPC based on polystyrene standards.

4.3.3 Grafting of the polymers onto surface via Click chemistry

The click reaction (reaction (4.10)) was performed using Cu(l) catalyst in DMF at

40 °C. After the coupling reaction, polymer grafted PDVB microspheres could be

easily collected by centrifugation. The catalyst and the excess polymers were

removed by washing DMF, dilute acidic methanol and THF.

DMF

PDVB-g-PEG/PtBA
PDVB-g-PEG/PMMA
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Polymer grafted microspheres were characterized by FT-IR (Figure 4.21), where a
reduction of azide vibration peak at 2099 cm™ was observed together with a
concomitant increase in at 1085 cm™ corresponding to the ether linkage of PEG
grafts. The absorptions of carbonyl groups of hydrophobic segments were also noted
at 1728 cm™. Comparison of the peak areas at 2099 cm™ before and after the click

reaction clearly indicates that most of the azide groups have successfully reacted.

%T (a.u.)

T T v T T T v T v T v T v
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'1 )

Figure 4.21: FT-IR spectra of azidated PDVB microsphere (PDVB-N3) (a),
poly(ethylene glycol) and poly(tert-butyl acrylate) grafted PDVB
microsphere (PDVB-g-PEG/PtBA) (b), poly(ethylene glycol) and
poly(methyl methacrylate) grafted PDVB microsphere (PDVB-g-
PEG/PMMA) (c) and poly(ethylene glycol) grafted PDVB
microsphere (PDVB-g-PEG) (d).

TGA analysis also confirmed the presence of grafted chains on microspheres surface
(Figure 4.22). Azidated microspheres exhibited additional 13 % weight loss that
corresponds to azide group decomposition. Grafting efficiency was calculated by
using percentage of this weight loss as 17 %, 20 % and 27 % for PDVB-g-PEG,
PDVB-g-PEG/ PtBA, and PDVB-g-PEG/PMMA respectively. Other evidence
obtained from TGA measurements is char yield calculated as 19.4 %, 30.1 %, and

31.9 % which changed proportionally with grafting efficiency.
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Figure 4.22: TGA traces of PDVB microspheres (a), azidated PDVB microsphere
(PDVB-N3) (b), poly(ethylene glycol) grafted PDVB microsphere
(PDVB-g-PEG) (c), poly(ethylene glycol) and poly(tert-butyl
acrylate) grafted PDVB microsphere (PDVB-g-PEG/PtBA) (d), and
poly(ethylene glycol) and poly(methyl methacrylate) grafted PDVB
microsphere (PDVB-g-PEG/PMMA) (e).

4.3.4 Protein adsorption

In this part, PDVB-g-PEG, PDVB-g-PEG/PtBA and PDVB-g-PEG/PMMA were
investigated as the platform for the reversible biomolecule immobilization via
adsorption. A. bisporus laccase was used as model protein to examine the adsorption
and desorption properties of modified microspheres. Finally, these microspheres
were evaluated in terms of protein adsorption capacities as well as activity retention

in the immobilized form.

Since pH influences the stability and conformational structure of proteins, this
parameter should be controlled during adsorption of enzyme to obtain reproducible
results. Figure 4.23 shows the amount of enzyme adsorbed onto microspheres at
different pH values. Close to the isoelectric point (pl) of A. bisporus laccase, at pH
4.0, the adsorption amount exhibits a maximum, which is a rather general
phenomenon in protein adsorption. Since the biomolecule do not have a net charge in
the pl the electrostatic repulsion between adsorbed protein molecules is at a
minimum. Hence, the proteins could attain closer packing on the surface of the

microspheres than those with a net charge.
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Figure 4.23: Effect of pH on the adsorptive amount of microspheres (Adsorption
buffer; pH 4.0, 50 mM acetate buffer; adsorption time: 2 h; T: 25 °C;
m (PDVB-g-PEG), e (PDVB-g-PEG/PtBA), A (PDVB-g-PEG/
PMMA)).
Another reason for the maximum might be due to from a higher structural stability
and therefore a smaller tendency to spread at the interface of microspheres at the pHs
closer to their isoelectric regions as also reported for the other systems [177]. Figure
4.24 presents the relation between enzyme concentration and adsorptive amount. As
can be seen, with the increase of enzyme, adsorption amount increases
correspondingly up to 10 mg/mL and less significant increase was obtained at 20
mg/mL. Comparison of the adsorbed amounts per g support for pH 4.0 shows that
the surface of PDVB-g-PEG /PMMA attracts more enzyme molecules (77.5 mg/g
support) as compared to PDVB-g-PEG (71 mg/g support) and PDVB-g-PEG/ PtBA,
(65 mg/g support). Higher adsorption capacity of PDVB-g-PEG /PMMA could be
explained by the presence of both PEG and PMMA on the surface that caused both
hydrophobic and hydrophilic interactions during the protein adsorption because of its
dual functionality while PDVB-g-PEG surface attracts protein molecules only by
hydrophilic interactions. In contrast, among all matrices, the lowest protein
adsorption to PDVB-g-PEG/ PtBA might be due to the branched structure of PtBA
that might prevent the good contact between the matrix and biomolecule and this

could affect the enzyme loading capacity as well as the biocatalytic activity.
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Figure 4.24: Effect of enzyme concentration on the adsorptive amount of
microspheres (Adsorption buffer; pH 4.0, 50 mM acetate buffer;
adsorption time: 2 h; T: 25 °C; m (PDVB-g-PEG), ¢ (PDVB-g-
PEG/PtBA), A (PDVB-g-PEG/ PMMA)).

In fact, the ability to immobilize proteins with high binding capacities on surfaces

while maintaining their activity is one of the most critical parameter for the
biotechnological applications [178]. Specific activities of the immobilized laccases
were shown in Table 4.3 after adsorption of 10 mg/mL and 20 mg/mL enzymes.
According to the data, higher specific activities were observed for all supports after
10 mg/mL enzyme loading process. The performance of adsorptive immobilized
enzyme is largely determined by the chemical and physical nature of carriers. The
density of the binding functionality is one of the important facts in non-covalent
binding. It affects the microenvironment of the carrier. The conformational flexibility
of the enzyme is mainly related to the number of links to the enzymes in the
microenvironment and loading capacity is depend on the number of binding sites
[179]. In our case, the highest adsorption capacity was obtained by PDVB-g-PEG/
PMMA, in contrast, replacing the PMMA with PtBA in the structure led to reduced
enzyme loading and activity because of the improper matrix structure that prevented
to protect the flexible biomolecule conformation for the efficient immobilization.
The highest specific activity was observed by using PDVB-g-PEG. It could be
explained by the fact that hydrophobic tails on the microspheres PDVB-g-PEG/
PMMA and PDVB-g-PEG/ PtBA could interact with each other via the hydrophobic
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forces at the polar reaction medium (acetate buffer). This could create a network like
assemblies that forced to lock the enzyme probably in improper conformation that
might cause a drop in the activity in contrast to PDVB-g-PEG in which a mild
microenvironment is available for the enzyme because of rather weak hydrophilic
forces. Additionally, PEGs and PEGylated surfaces are of extreme importance to the
field of biomedical engineering due to their ability to control biomolecular
interactions with device surface. They have been used to prevent biofouling in bio-
microsystems, tissue engineering applications, drug delivery, and cell patterning
[180]. It can be stated that all these properties might contribute to provide a
biocompatible surface and use of (PDVB-g-PEG) could be advantageous with regard

to the biocatalytic activity.

Table 4.3: Effect of enzyme loading on the biocatalytic activity of immobilized

enzymes.
Initial laccase Specific activity
Microspheres amount Unit.(mg protein)™.(g support)™
(mg/mL) ' '
PDVB-g-PEG 10 1.14
PDVB-g-PEG 20 0.76
PDVB-g-PEG/PMMA 10 0.46
PDVB-g-PEG/PMMA 20 0.39
PDVB-g-PEG/PtBA 10 0.26
PDVB-g-PEG/PtBA 20 0.21

PEG (10 %) and (NH,)2SO4 (1 M) were used as desorption agents to remove proteins
from microspheres. Approximately, 100 % desorption was observed for all matrices
when PEG and (NH,;),SO, were applied together during 90 min. It is clear that to
achieve almost fully desorption is important for the matrix regeneration due to the
possible reusability especially in industrial applications. It is also observed that PEG
alone desorbs 76 % whereas (NH4).SO,4 desorbs 95 % of adsorbed laccase for
PDVB-g-PEG/PtBA. However, the amount of laccase desorbed by PEG from the
PDVB-g-PEG/ PMMA was 80 % and it was 67 % by (NH,4),SO,. It can be stated that
in the case of PDVB-g-PEG/ PMMA, hydrophobic interactions were more effective
in the laccase adsorption as compared to (PDVB-g-PEG/PtBA [146]. Hence, PDVB-
g-PEG/ PMMA seem to be more efficient platform to attract the biomolecules via
hydrophobic forces that is important for the specific protein adsorption techniques
especially useful for the biomolecules with the hydrophobic natures. On the other

hand, due to the highest protein capacity, this microsphere might be a promising
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protein purification or removal media by further optimizations for adjusting the ratio
of surface functionalities according to the desired systems.

Zeta potential (ZP) is an indicator of the surface charge property of colloid or particle
in solution and varied depends on the surface potential and the thickness of electric
double layer. The degree of repulsion between charged particles in dispersion has
been indicated by zeta potential. High zeta potential shows stability of small particles
and resistance to aggregation. To further understanding the interaction of protein
molecules (laccase) and microspheres, their electrical property should be known.
Table 4.4 shows the ZP and electrokinetic charge densities for the microspheres
before and after enzyme loading and desorption in the presence of PEG and
(NH,;)2S0,. As can be seen from the Table, the ZP values were registered as negative
and electrically stabilized.

Table 4.4: Zeta potential and electrokinetic charge densities for the microspheres

before and after enzyme loading and desorption in the presence of PEG
and (NH4)2804

Zeta Electrokinetic charge
Polymer potential® density®
(mV) (C/Im")
PDVB-g-PEG Carrier -54.00+1.585 -47.00%107
Enzyme -77.89+1.36 -81.20x10°
loading
Desorption -58.79+0.54 -52.86x107
PDVB-g-PEG/ : 3
PtBA Carrier -88.64+2.66 -101.84x10
Enzyme 3
Ioadingb -101.02+2.99 -131.23x10
Desorption -92.2443.25 -109.71x10°®
PDVB-g-PEG/ . 3
PMMA Carrier -88.40+3.09 -101.34x10
Enzyme 3
Ioadingb -101.40+3.19 -132.24%10
Desorption -90.17+1.98 -105.12x10°

*All measurements were repeated 5 or 6 times.
®10 mg enzyme was loaded to each carrier

After enzyme loading as a result of adsorption, the ZPs were changed to more
negative values, indicating that loaded enzyme is negatively charged at the
operational conditions. It was also found that desorption of enzyme resulted in a
decrease in the ZPs. When the PDVB-g-PEG, PDVB-g-PEG/PtBA, and PDVB-g-
PEG/ PMMA carriers were compared with each other, PDVB-g-PEG, carrier was
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showed less negative zeta potential value because of its less negative charge on its
surface. This phenomenon was also verified by the calculation of electrokinetic
charge densities. Similar ZP values, after biomolecule desorption could be a good
indication of almost complete matrix regeneration which is important for the matrix

recovery.

4.4 A General Method for Organic Modification of Inorganic Nanoparticles

A novel strategy was developed for tailoring nanoparticle surfaces with poly (e-
Caprolactone) (PCL). Thus, a self-curable polyester, poly(2-hydroxypropylene
maleate) (PHPM) was adsorbed on the nanoparticle surfaces and heated to 180 "C to
give a crosslinked polyester layer with residual hydroxyalkyl groups on their
surfaces. Surface initiated polymerization (SIP) of e-Caprolactone from hydroxyalkyl
groups on the surfaces yielded core-shell nanoparticles with crosslinked core and
PCL shells (22.2-71.4 %) as depicted in reaction (4.11). The core-shell nanoparticles
were then employed in preparing the stable and the homogenous dispersions with
poly(methyl methacrylate-stat-butyl acrylate) solutions. An application of the
solutions onto glass substrates yielded uniform and nearly transparent free standing

films (40-60 um) with good homogeneity.

(1) Adsorption

(4.11)

T

Nanopowder (2) Curing 180° C
T

(3) rOP CTO

Nanopowder with
PCL Surface grafts

4.4.1 Surface adsorption of poly(2-hydroxypropylene maleate)

Stepwise heating of glycidol-maleic anhydride mixture gave unsaturated polyester
(reaction (4.12)) in moderate molecular weights, as described before [150]. The

resulting polyester with hydroxy groups in each repeating unit was demonstrated to
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be highly adhesive to the various substrates such as glass, metal or wood and
undergo rapid crosslinking upon curing at 180 “C.

5°c _
N7 o ﬁ v/

(o]
l 120° (4.12)
o\ ’Y*
0—cC c—0 n
& o

In the present work, this chemistry was employed in coating TiO, and SiO;
nanoparticles with crosslinked polyester, poly(2-hydroxypropylene maleate) for
further surface modification with poly(e-Caprolactone). In the first step, the self-
curable polyester was adsorbed on the nanoparticle surfaces from acetone solution as

illustrated in reaction (4.13).

OH

Adsorpsuon Ho
O ]L-(_\r — " > (4.13)

HO' OH

Nanopowder OH

In order to inspect adhesion capability of the polyester onto the nanopowders,
adsorption experiments were carried out with micropowders of TiO, and SiO,.
Experiments revealed that the equilibrium adsorption data obey Langmuir adsorption
isotherm. The maximum adsorptions were estimated from the intercepts of the linear
1/ge versus 1/Cg plots (Langmuir plots), where ge and Cg denote the equilibrium
adsorption and equilibrium concentration, respectively. The relevant data are
collected in Table 4.5.

Table 4.5: Adsorption of the polyester on microparticle surfaces.

Adsorption of the Weight loss of encapsulated pigment

Micropowder  polyester (g/g)? (by TGA at 400 °C)
TiO, 0.246 21.5%
SiO; 0.281 21 %

®based on Langmuir plots.
The maximum polyester adsorptions were determined to be 0.246 and 0.281 g per

gram of TiO; and SiO,, respectively. These values were also confirmed by TGA of
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the samples after polyester adsorption from PHPM solutions (3 g/10 mL acetone).
The thermograms taken under air atmosphere indicated the presence of 21-21.5 %
(w/w) of polymer layer, which decomposes around 390 ‘C. These values correspond

to 0.26 and 0.28 g of organic mass per gram of TiO, and SiO,, respectively.

4.4.2 Encapsulation of the nanoparticles by thermal crosslinking of the surface
adsorbed polyester

The self-curable polyester adsorbed nanoparticles were cured at 180 'C for 30 min as

xz
I I
=] (s}
] 180°C
— (4.14)
o Curing g ]

o
==

Crosslinked
Polyester layer

given in reaction (4.14).

OH
OH
Ol

OH

HO,
HO
[o}

This process resulted in encapsulation of the nanoparticles by crosslinked polyester
after curing process. Figure 4.25-b shows FT-IR spectrum of the silica sample with
adsorbed polyester. In this spectrum typical ester carbonyl and carbon—carbon double
bond vibrations appear at 1720 and 1640 cm™, respectively. Bare silica nanoparticles
show no peaks in this region (Figure 4.25-a). After curing of the sample, intensity of
the second peak decreases as shown in Figure 4.25-c. This implies the addition of the
hydroxy groups to the maleate double bonds while crosslinking of the polyester as
described before [150].

f a
b

L] v L] v 1
1800 1700 1600 cm™

Figure 4.25: FT-IR spectra of the fumed silica (a), the SiO, nanopowder with
adsorbed Poly(2-hydroxypropylene maleate) (PHPM) (b), the SiO,
nanopowder with cured PHPM capsules (¢) and encapsulated SiO;
nanopowder with Poly(e-Caprolactone) surface grafts (d) in 1600-
1800 cm™ range.
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Extents of crosslinking in the curing process were estimated by comparison of the
integral ratios of the two peaks in Figures 4.25 -b and -c. The percentage crosslinking

of the adsorbed polyester was assigned by the formula:

12 I 12
c=c _ c=C |/ g:c %100 (4.15)

Ig:O IC:O C=0
where, Ic=c denotes integral of the double bond vibration band at 1640 cm™ for the
cured samples, lc=o is integral of the carbonyl peak at 1720 cm  in the IR spectra of
the cured samples and superscript “zero” represents integrals of the corresponding
peaks for non-cured samples. This estimation revealed 18.7 % of double bond
consumption in the cured polyester adsorbed on the SiO, nanopowder. Since equal
percent of the hydroxy groups were involved in the crosslinking, the powder surface
contained residual hydroxy groups (81.3 %) and an equal percent of double bonds as

well.

Similar comparison of the integral ratios of those peaks in Figure 4.26 gave 28.6 %
double bond consumption in the thermal curing of the polyester adhered to TiO;
surface. Amounts of polyester adhered to the nanopowder surfaces were also

assigned by TGA of the cured samples.

b
[
\/_/ :
TiO2
] hd L
1700 1600 cm™

Figure 4.26: FT-IR spectra of TiO, nanoparticles, naked (a), with adsorbed
polyester (b) with cured polyester capsules (c) and with Poly(e-
Caprolactone) surface grafts (d) in 1600-1800 cm™ range.

To avoid char formation, the TGA measurements were carried out under air
atmosphere. TGA thermograms of encapsulated SiO, and TiO, nanoparticles given
in Figures 4.27 and Figure 4.28, respectively show that the polyester layer
decomposes around 390 'C under air atmosphere. In Figure 4.27, an average 2 % of

weight loss below 200 ‘C originated from humidity of the encapsulated silica
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nanopowders. Taking this into consideration, the portion of the crosslinked polyester
capsule must be at least 16 %, which corresponds to 0.19 g of organic part per gram

of the silica particles.
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Figure 4.27: TGA of the SiO, nanopowders with crosslinked polyester capsules
and with Poly(e-Caprolactone) surface grafts.

Practically no weight loss is observed for the case of TiO, nanoparticles within 50—
200 °C (Figure 4.28). Figure shows 12 % of weight loss for the TiO, sample
carrying cured polyester at the same heating rate (10 'C /min). This implies 0.136 g

polyester on the surface of 1 g of the starting TiO, nanopowder.
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Figure 4.28: TGA curves of the TiO, nanoparticles with crosslinked polyester

capsules (upper curve) and with Poly(e-Caprolactone) surface grafts
(lower curve).

XRD patterns of the resulting hybrid particles were the same as those of the virgin
nanopowders. Figure 4.29 represents XRD of pure and cured silica powders. The
broad signal at 23° (20) indicates amorphous structure of SiO, nanopowder in both

virgin and cured polyester.
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Figure 4.29: XRD spectra of virgin silica nanopowder (left) and silica
nanoparticle with cured polyester capsule.

Commercial TiO, nanopowder shows typical XRD pattern of rutile and anatase (20
%) mixture as indicated by the supplier (Aldrich) (Figure 4.30). The TiO, sample
coated with the crosslinked polyester shows the same XRD pattern. These results
indicate that the crystalline structures of the nanopowders did not change in the

thermal curing process at 180 °C
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Figure 4.30: XRD spectra of the commercial TiO, nanopowders showing rutile
and anatase crystalline structures, before (left part) and after curing
of the adsorbed polyester (right part).

4.4.3 Cationic ring opening polymerization of g-caprolactone from the residual

hydroxy groups

e-Caprolactone was polymerized from the surface of the nanoparticles via residual
hydroxy groups of the crosslinked polyester, using tin (1) 2-ethylhexanoate as
catalyst. Eight hours of the polymerization yielded appreciable quantities of PCL
hairy grafts on the nanoparticle surfaces, as inferred from the mass increases (ca. 30
% and 22 % for the case of SiO, and TiO, samples respectively). The organically
modified nanoparticles so obtained were well dispersible in toluene, acetone and
THF.
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TEM image of the silica with PCL surface grafts in the Figure 4.31 represents non-
spherical silica nanoparticles with visible organic layers around the particles. The
Figure shows that, 20-100 nm size of the silica particles are entrapped within
polymer stacks of 50-250 nm. Considering with few tents of microns for the sizes of
the starting fumed silica (as specified by the supplier, Aldrich), the observed sizes are

significantly small.

Most probably, the formation of smaller SiO, particles is due to the mechanical
disintegration of the starting particles, under sonication during the process. The
thickness of the surrounding organic layer seems not uniform; however it is

comparable with the dimensions of the inorganic species.

SiO2

100 nm X 50 nm
] [ ]

Figure 4.31: TEM micrographs of the Poly(e-Caprolactone)-shelled SiO,
nanopowders.

Similar organic layers are observable also in the TEM micrograph of TiO, sample
possessing PCL grafts (Figure 4.32). The picture on the right hand represents a
nearly spherical particle of 100 nm size having organic shell with a thickness of 7-9
nm. Smaller crystallites appeared around this particle implies possible disintegration
of the main particle by sonication.

The TEM image on the left hand shows similar small crystallites (15-40 nm) bundled
up in the polymer matrix. Thickness of the organic shell in this case is somewhat less
i.e. 7-9 nm, which is consistent with low graft density of PCL (22.2 %) for TiO;
sample. In comparison to the initial size of TiO; particles (50-70 nm), their sizes are
significantly small (5-20 nm), due to grinding effect of the sonication as in the case

for the silica sample.
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Figure 4.32: TEM micrographs of the Poly(e-Caprolactone)-shelled TiO,
nanopowders.

In addition, dynamic light scattering (DLS) measurements were performed on the
particles in order to inspect their size changes by the surface modifications in each
step. Figure 4.33-a shows that, the silica nanopowders with adsorbed PHPM have an
average hydrodynamic diameter of 125 nm. After curing their average particle size
(120 nm) remains almost the same (Figure 4.33-b). The similarity of the sizes of the
particles in both cases might be considered as evidence for non-existence of further
particle growth via interparticle crosslinking by the polyester bridges in the curing
process. Significant size growth (250 nm) is observed after graft copolymerization of

g-Caprolactone from SiO, nanoparticle surface as expected (Figure 4.33-c).
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Figure 4.33: DLS profile§ of the SiO, nanoparticles after PHPM adsorption (A),
cured at 180 C (B) and surface grafted with PCL (C).

Unimodal DLS curve for the PCL grafted sample implies absences of the free
homopolymer in the product. Taking densities of 1.146 and 2.6 for PCL and SiO;
respectively, increasing volume per nanoparticle implies 78 % percent of grafting

which nearly matches with the value assigned from TGA (71.4 %). Presumably the
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difference arises from the solvent, acetone used as dispersing medium for the DLS
measurements. Acetone is a good solvent for PCL and the surface grafts tend to take
expanded form rather than globular form in this solvent. Thus, apparent volume of
the nanoparticle increases more than that of the expected. These results inferred from

DLS are also in consistent with those of TEM pictures described above.

Similar progressive volume increases are observed in DLS of the surface modified
titania samples, as seen in Figure 4.34. PHPM adsorbed titania samples showed also
unimodal DLS curves indicating nearly narrow size distributions in each step. The
average particle size with PHPM adsorbed sample is in 25- 30 nm range before and
after crosslinking. Hence, volume of the particles does not change practically after
the curing process. Absence of significantly larger particles can be ascribed to non-
occurrence of particle growth by inter connection with the polyester adsorbed on the

particle surfaces. By introducing PCL surface grafts, their average particle size

increases from 30 to 40 nm. Similar estimation based on the final diameter of the
particles with titania core revealed a 27.4 % (w/w) grafting yield, which is slightly
greater than that assigned by TGA (22.2 %). This result is also in fairly consistent
with the particle dimensions observed in the TEM images described above.
Compared to the size of PCL grafted silica sample, small increase in the size of

titania is due to the low grafting yield as indicated by TGA measurements.
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Figure 4.34: DLS profiles of thoe Ti0, nanoparticles after PHPM adsorption (A),
after curing at 180 C (B) and after surface grafting with PCL (C).

Avoidance of particle growth by coalescence with the helps of surface polyesters
must be due to dispersing effect of the sonication and relatively less quantity of the

polyester employed for the adsorption. Amount of the polyester (0.223 g per gram)
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were chosen lower than maximumadsorption capacities (0.281 and 0.246 g/g for
SiO; and TiO; respectively), which were estimated from Langmuir plots (see Table
4.5). The use of PHPM in less quantity was considered to be crucial to avoid
remaining of the non-adsorbed free polyester. Proper selection of the polyester ratio
in combination with the sonication must be responsible for preventing undesired

particle growth in the encapsulation processes.

TGA of the nanoparticles with silica core and PCL shell indicates 51 % of weight-
loss, which corresponds to 1.04 g of total organic portion per gram of naked silica
nanopowder. Since 0.19 g of this quantity comes from PHPM, net weight of the PCL
must be 0.85 g per gram of bare silica.

Considering molar mass of the repeating unit of PHPM (172 gmol ™) and 18.7 % of
hydroxy group consumption in the curing process, the density of the initiating

hydroxy groups is calculated to be:

%x(1—0.187)=9><10_4 molg™

172

If all the hydroxy groups are assumed to be involved in initiation of the
polymerization, the number of e-caprolacone repeating units per initiation site would
be:

0.85/114

ox10° - 8.25

Where, 114 is molar mass of e-Caprolactone repeating unit.

Similar estimation for the core-shell nanoparticles of TiO; indicates 0.56 mmol of
initiating hydoxyl groups per gram of bare TiO,. TGA curve of these particles with
PCL shells shows 28 % mass loss indicating 0.389 g organic portion or 0.253 g PCL
per gram of TiO,. This reveals that 4 repeating units per hydroxy group take place on
the surface. The characteristics are collected in Table 4.6 for comparison.

In this study we have not attempted to increase the grafting degrees any further.
Since ring opening polymerization of e-Caprolactone from OH groups is living in
nature; the degree of grafting can be increased by continuing the polymerization

from the chain ends.
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Table 4.6: Some characteristics of the nanoparticles prior and after grafting with
PCL.

Characteristics SiO; TiO,
Hydroxyl group consumption in curing of the 0 0
PHPM adsorbed on the particle surface® 18.7% 286 %
PHPM content of the cured sample” 16 % 12 %
Total organic content of the particle 0 0
with PCL surface grafts® 51 % 28 %

g-caprolactone repeating unit per OH initiating site 8.25 4.0
Percentage grafting of PCL 71.4 % 22.2 %
% estimated from FT-IR spectra; ° from TGA.

4.4.4 Nanocomposite films

The PCL hybrids of the nanoparticles obtained were used for preparing composite
films with commercial poly (methyl methacrylate-stat-butyl acrylate) having good
film forming and adhesion capabilities. This was performed simply by mixing
acetone dispersions of the modified nanoparticles with acetone solutions of the base
polymer, so as final concentration of the nanoparticles to be approximately 15 wt %.
The mixtures were sonicated to give fairly stable and fine dispersions, so that no
phase separations were observed upon standing for over 6 h at room temperature.
The resulting dispersions were applied onto glass substrates by means of standard
film maker (60 um). The obtained dry films on the glass substrates were smooth and
nearly transparent. SEM pictures of the free-standing composite films given in

Figures 4.35-a and 4.35-b represent homogenous surfaces.

Figure 4.35: SEM pictures of free-standing poly (methyl metacrylate-stat-butyl
acrylate) composite films with SiO, (a) and TiO, (b) nanopowders.

Some solid nanosize dots appeared on TiO, composite films (Fig.4.35-b) might be
due to its less PCL content, in comparison to those of the silica containing films.
Nevertheless, no phase separation is observed in this case as well.
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4.5 Size Controlled Synthesis of Zinc Oxide Nanocrystallites and Generation of
Core-Sell Structures by Post Treatment with Glycidylmethacrylate Block

Copolymers

A novel, simple and convenient procedure was developed for size-controlled
synthesis of ZnO nanoparticles, using zinc tetramine complex as precursor. In the
procedure, ammonia of the zinc complex was gradually exchanged with
dodecylamine (DDA) in alcohol-water mixture to give ZnO nanoparticles with
surface tethered amine molecules. A series of nanoparticles was prepared using
various [DDA] /[Zn (Il)] ratios (1/3-1/15) by this method and they were
characterized by UV, FT-IR, TGA, DLS, PL and ESEM techniques. Those
investigations revealed that, the particle size is directly proportional to metal/ligand
molar ratio and proper choice of this ratio allows preparing nanoparticles in any
desired size. Unexpectedly, the room-temperature process presented gave 30-200 nm
size of rod like nanoparticles having hexagonal crystalline (Wurtzite) structure as
inferred from XRD. The reaction with poly (glycidyl methacrylate)-block-
poly(methlymethacrylate) in toluene resulted in encapsulation of the nanoparticles
by ring opening of epoxy groups of PGMA block with coordinated amino groups on
the particle surfaces. The core cross-linked hybrid nanoparticles with PMMA hairy
grafts so obtained did not show any fluorescence emission neither in UV region nor
in the visible range. Homogenous and stable dispersions of the core-shell
nanoparticles in acetone solutions of poly (methylmetacrylate-co-butyl acrylate)
were demonstrated to give nearly transparent and freestanding films (40-60 pwm) with

good homogeneities by casting on glass substrates.

4.5.1 Size-controlled synthesis of ZnO nanoparticles

Zinc tetramine complex is completely water soluble and known to be present in the

solution under equilibrium in reaction (4.16).

N\ heating
Zn (II) + 4NH3 J— Zn + 20H —= ZH(OH)2 + 4NH3 = 7n0O (4 16)
H,0 RN -H,0 '
H3N NH3

Obviously, the equilibrium is in favor of the complex in the presence of excess
ammonia. Easy removal of ammonia from the solution shifts the equilibrium to the

zinc hydroxide side, dehydration of which yields zinc oxide. Since ammonia itself is
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volatile at the elevated temperatures, the complex decomposes to give zinc oxide as
residual solid. Addition of some dodecyamine (DDA) to this system is normally
expected to establish new equilibrium in which some percent of ammonia ligand will
exchange with the non-volatile amine, DDA via simple disproportionation.
Therefore, in the presence of DDA the competitive reactions; 1) ligand exchange, ii)
zinc oxide formation occur simultaneously. In ordinary conditions, the first reaction
must be faster than the second one, if electron-donating behavior of the amino group

is equal or comparable with that of ammonia.

Additionally to avoid the differences originating from solubility behavior of
dodecylamine and ammonia, the reaction was performed in alcohol-water mixture
yielding homogenous solution. It was concluded that molar ratio of DDA to Zn(ll)
influences paramount effect on the particle sizes of zinc oxide generated by slow

evaporation of ammonia.

Zn(NH3)4(0H)2 + L —_— ZnL4(OH)2

Qﬂr
_’ ‘\
| + H,0
Zn(OH); ——> ZnO
-NH; S \

Dodecylamine (L) # NH:

W

nanoparticle

Figure 4.36: Schematic representation of size controlled ZnO nanoparticle
formation in aqueous alcohol solution by simultaneous ligand
exchange with DDA.

Therefore, this system is expected to give zinc oxide and zinc-DDA complexes
simultaneously. Similar disproportionation between zinc oxide and zinc-DDA will
result in formation of zinc oxide particles surrounded by partially ligated zinc (I1)
ions as depicted in Figure 4.36. To remove unbound DDA the crude product was

redispersed in toluene and THF and isolated by centrifugation successively.

FT-IR spectrum of the dried product (Figure 4.37) represents N-H stretching
vibration of the amino group at 3200 cm™ as broadband and a plane bending
vibration band of this group at 1660 cm™1. This result reveals that DDA remains

attached to zinc oxide particle surfaces by coordinating, even after washing with

106



toluene and THF. The other typical aliphatic vibration bands of DDA are observed
at 1375, 1450 and 1470 cm™, as expected.

— —T—T T —T
4000 3000 ¢em-t 2000 1000

Figure 4.37: FT-IR spectrum of ZnO nanoparticles bearing coordinating DDA
ligands before (a) and after encapsulation with PMMA-b-PGM (b).

TGA of the samples (Figure 4.38) represent mass loss between 15% - 49 %, which is
proportional to the L/M ratio of the feeding composition. Thus, the sample prepared

by L/M: 0.44 (mol/mol) represents 48.7 % mass lose around 300 °C, from which the

practical ligand to metal ratio (reaction (4.17)), N /Nzno is,

0.487 /185.3
/ = ————— =0415 (4.17)
ML MzZn0 = 7100.487) / 81

Where 185.3 band 81 are formula weights of DDA and ZnO, respectively. This value

is close to that in the feed composition, 0.44.
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Figure 4.38: TGA of the ZnO nanoparticles stabilized with coordinating DDA
ligands.
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The ligand/metal ratios estimated from TGA of the other samples nearly match with
the DDA/zinc molar ratios of the feed compositions (Table 4.7).

Table 4.7: Composition and size characteristics of the ZnO nanoparticles inferred
from TGA and DLS measurements.

Entry  [L)/[M] % massloss ny/nz,o  Av.P.Size v 1/3 Part. Size
(by TGA) (by DLS) <$> (by ESEM)
Vorgt Vzao
1 0.440 48.7 0.415 62.0 nm 31.6 nm 30-100 nm
2 0.222 32.3 0.210 78.8 nm 48.5 nm ND
3 0.150 24.2 0.140 168.2 nm 114.0 nm 110-280 nm
4 0.075 15.1 0.077 234.5nm 179.5 nm 170-300 nm

Highly symmetric unimodal curves in the DLS profiles imply narrow size
distribution of the nanoparticle samples. If we assume a close packing model for
ZnO, the ratio of the molecules at the surface of the particle as given reaction (4.18)

would be;

Where, Ns and N are the number of total and surface molecules respectively and n
designates the number of molecules located on the radius of the nanosphere.
In case n >>1, the ratio Ns /N = 3/n

If the particle shape cylindrical, this ratio (reaction (4.19)) would be;

2
Ng _27cnc+2nn (4.19)

N T n3c

Where c, denotes the number of molecules located alongside with height of the
cylinder.

If ¢ >> n, this ratio would approximate to Ns /N~ 2 /n

Then the number of ligand molecules per nanoparticle N, can be written in terms of
the surface ZnO molecules, Ns as follows; N = aNsg

Where, a denotes the number of ligand molecules per Zn atom at the surface of the
particle. Therefore (reaction (4.20)),
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3a  3ab N V]
N, =aNg = Ta -— = 3ab = = 3ab (] (4.20)

Where, r is diameter of metal oxide sphere and b is average distance between Zn
atoms. Diameter of ZnO portion should be:

[M]
=6ab —

L]
Average diameter of ZnO portion can be estimated by correlation of TGA and DLS
results. Dimensional fraction of the ZnO portion can be calculated from cubic root

mean of its volume fraction (reaction (4.21)).

1/3
<VZ—0> (4.21)
VOrg + VZnO

By multiplying with the particle size measured by DLS one can find the average

diameter of ZnO particles(reaction (4.22)).

v 1/3 v 1/3 I I
= —22 _)d or 2= <$> d = 6ab — (4.22)
VOrg + VZnO VOrg + VZnO ILI

In the case for cylindrical particles, the factor 6 must be exchanged with 4.
Therefore, if this mechanism is correct a plot of the ZnO particle size versus M/L
(mol/ mol) must a straight line with a slope of 6ab or 4ab. Figure 4.39 shows a linear
plot of ZnO particle dimension against M/L ratio with a slope of 14.5 nm and a
satisfactory regression factor, R= 0.9725. Linearity of this plot reveals that, ZnO
particle size can be controlled precisely by proper selection of ligand/metal molar

ratio.

200 =

R=0.9725
160 -

13
) d

120 4

Vzno
Vzno + Vorg

80

(

40 4

M/L (mol/mol)

Figure 4.39: A plot of ZnO particle dimension versus metal/ligand molar ratio.
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Interestingly, XRD pattern shown in Figure 4.40 represents hexagonal crystalline
structure (a =. 5.20658 A°, b= 3.24992 A°). The 20 values (31.767, 34.421, 36.252,
47.538, 56.592, 62.856, 66.372, 67.945,69.083, 72.566, 76.956, 81.384, 89.610° )
indicate typical Wurtzite structure of natural ZnO crystallites which is unusual,
because current belief suggests [181] that, nanocrystallinity is only attained by

annealing around 400 °C.

|
|

JJLL J JLJULJ ]

10 20 30 40 50 60 70 80 %0
Two-theta (deg)

Figure 4.40: XRD difractogram of ZnO nanoparticles prepared (L/M :0.44) by the
ligand exchange method at room temperature.

Although the hydrothermal method of nanoparticle synyhesis allows also preparing
crystalline nanoparticles in supercritical solvents [124], formation of crystalline
particles at room temperature is very exciting. Formation of crystalline ZnO in the
present case might be due to homogeneity of the reaction medium and template
effect of the coordinating amine molecule. UV-visible spectrum of the nanoparticle
sample (L/M: 0.44) showed a broad absorption band in 200-380 nm range, which

represents typical, UV screening effect of ZnO nanoparticles.

-n*

Figure 4.41: ESEM image of ZnO nanoparticle with L/M:0.44 before (A) and
after reacting with PMMA-b-PGMA (B) taken from acetone
dispersions.
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The crystalline structures of the nanoparticles are also observed in ESEM images of
the samples. Figure 4.41 shows rod-like nanocrystals of the sample with L/M: 0.44
(Entryl). The rod diameters are about 15-20 nm and the lengths are in 100-150 nm

range.

4.5.2 Encapsulation of the nanoparticles

The coordinating amino groups on ZnO nanoparticles were expected to react with
epoxy groups of the block copolymer, PMMA-b-PGMA. Multiepoxy functionality of
PGMA block was considered to result in encapsulation of ZnO nanoparticle core by
crosslinking reaction via amino groups. The reaction of ZnO nanoparticles (0.25 g)
with the block copolymer, PMMA-b-PGMA (6.7 g per gram of the nanoparticle

sample) was carried out in toluene dispersion at 100 °C for 24 h (Figure 4.42).

FT-IR spectrum of the product in Figure 4.37 (b) clearly represents a strong vibration
band of the carbonyl group at 1720 cm™ and a O=C-O vibration of the methacrylate
ester bond around 1150 cm™. This result implies covalent linking of the block
copolymer onto the nanoparticle surfaces. Generation of a crosslinked matrix by
reaction with complexed amino groups around ZnO core is interesting, because
nucleophilicity , hence electron donating ability of the amino groups must be reduced
considerably after coordination with Zn (11) ions.

\;/ Ay Qb
AN

Figure 4.42: Encapsulation of ZnO nanoparticles by reaction of coordinated
amino groups with epoxy groups of PMMA-PGMA block copolymer
in toluene.

This result suggests that, coordinated amino groups are still reactive enough to react
with epoxy groups of PGMA block at 100 °C. Moreover, DLS measurements of the
encapsulated nanoparticles indicate considerable increases in their sizes. Figure 4.43
shows DLS of ZnO nanoparticle with L/M:0.44 as a representative example. The
initial average size of the particle (62 nm) increases almost by a factor of four after

treatment with the block copolymer and becomes 212 nm.
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Av. Size = 62 nm Av. Size =212.15 nm
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Figure 4.43: DLS of ZnO nanoparticle sample (with L/M:0.44) showing size
increment after reacting with PMMA-b-PGMA.

This clearly indicates attachment of the block copolymer via its PGMA block.
Obviously, the resulting nanoparticles must have core-shell structures with ZnO
nanoparticles in the crosslinked core and linear PMMA chains at the outer side.
Fluorescence spectra of the nanopartcles before and after reacting with PMMA)-
PGMA block copolymer did not exhibit any emission band above 500 nm. The
complete suppression of the fluorescence can be ascribed to deactivating effects NH
and OH groups. The literature dealing with fluorescence emission of ZnO
nanocomposites with polymers is controversial. Du et al. reported that fluorescence
of ZnO nanoparticles in the visible range is completely fades in PMMA matrix and
yields only UV emission around 340 nm [182]. By contrast, Lu et al. reported an
intense fluorescence emission at 550 nm from ZnO/polymer nanocomposite films
obtained by polymerization of polyhydroxyethyl methacrylate in the presence of 3-
(trimethoxysilyl)propyl methacrylate capped ZnO nanoparticles [183]. In fact,
fluorescence phenomena of ZnO-polymer composites have not been well understood
yet. Interestingly, TGA curves of the core-shell nanoparticle samples recorded in
nitrogen atmosphere did not show marked mass loss up to 600 °C. For this reason,
we were not able to assign organic contents of the core-shell nanoparticles by TGA.
The mass losses detected were even lower than those of the pristine samples bearing
coordinated DDA molecules. This surprising result must be originated from the high
temperature stability induced by ZnO nanoparticles as it has already been reported by
Hong et al. [184].
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4.5.3 Film formation of ZnO core-shell nanocrystals

Two samples with L/M: 0.44 and 0.22 were employed for testing their film forming
abilities. This was performed by mixing 0.09 g encapapsulated ZnO nanoparticle
dispersion in acetone (5 mL) with 5 mL acetone solution of 0.5 poly(MMA)-stat-
poly(butyl acrylate). The mixture was stirred for 10 min at room temperature and

applied onto glass slides by standard film maker (60 um wet thickness).

: : - —
20kV X200 100pm _ 0000 1334 SEI

Figure 4.44: SEM picture of the cast film obtained from acetone dispersions of
encapsulated ZnO nanoparticles (L/M:0.44) in the presence of
PMMA-stat-PBA as matrix polymer.

The films pealed out in hot water were smooth and nearly transparent in appearance.
SEM Picture of the free-standing composite film derived from the nanoparticle
sample (with L/M:0.44) in Figure 4.44 shows fairly homogenous distribution of the
stains of ZnO nanocrystallites. Such an observation can be ascribed to good film
forming abilities of the polymer dispersions studied.
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5. CONCLUSION

Outcomes of the experimental work described in this dissertation can be

summarized as follows:

1- A new method is described for the synthesis of bromoethyl methacrylate

monomer.

e A procedure is presented for the suspension polymerization vyielding

bromoethyl functional microspheres (125-422 micron range).

e Bromo ethyl functions were employed for surface initiated-ATRP of glycidyl
methacrylate to give epoxy functional hairy grafts which are useful for further

functionalization.

e The bromoethyl function on the surface were also employed as initiators for
the ring opening polymerization of 2-methyl 2-oxazoline.

e Hydrolysis of oxazoline grafts yields linear poly(ethylene imine) brushes with

the retention of the particle shapes.

e Considering chelating ability of poly(ethylene imine) brushes this material

would be of interest for as chelating polymers.

2- P(S-DVB) microspheres were prepared and their surfaces were functionalize
with bromo acetyl groups serving as efficient initiation sites to generate PS-b-
PGMA brushes by ATRP method.

e The enzyme, lipase, was immobilized on the microspheres via epoxy groups
of the second block (498.5 U g™).

e The resulting enzyme was demonstrated to be reasonably fast in esterification
of the substrate, ethyl acetate due to homogenious conditions provided by PS

spacer chains.
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3- DVB microspheres (1-3 nm range) prepared by precipitation polymerization

method was functionalized with azido groups via hydrobromination of residual

double bonds and following substitution with NaN3.

A mixture of alkyne terminated polymers, PEG and PMMA or PtBA were
anchored to azide functional microspheres via click chemistry methodology

using copper as catalyst.

The resulting microspheres bearing hydrophobic and hydrophilic blocks were

demonstrated to have reversible protein binding abilities.

4- A general method was developed for surface modification and encapsulation of

preexisting SiO, and TiO, nanopowders.

This was achieved by adsorbtion of highly adhesive and self curable
polyester, poly(2-hydroxy propylenemaleate) and followed curing of the

surface adsorbed polyester at 180 °C for short term.

The residual hydroxy groups on the surface of encapsulated nanoparticles
were employed as initiation for ring opening polymerization of e-

Caprolactone.

The resulting core-crosslinked nanoparticles with poly(e-Caprolactone)
brushes were used for preparing nearly transparent free-standing films by

using poly(MMA-stat-BA) copolymer as dispersing medium.

5- A ligand exchange method was developed for size-controlled synthesis of ZnO

nanoparticles using zinc-tetramine complexes as a precursor.

In this protocol dodecylamine ligand was gradually exchanged with ammonia

at room temperature in alcoho- water mixtures.

TEM images and analysis (DLS,TGA) of the nanoparticles revealed that the

particle size is inversely proportional to L/M molar ratio.

Unexpectedly XRD of the nanoparticles revealed completely crystalline

wurtzite structure for ZnO.

The ZnO nanoparticles so obtained were reacted with poly(MMA-b-GMA) in
toluene solution resulted in core-crosslinked structures with linear PMMA

shells.
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e Neither the core-shell nanoparticles nor premature nanoparticles did show
florescence emission above 500 nm, most probably due to deactivation of the

excited states by N-H and O-H groups.

e The resulting core-shell nanoparticles were demonstrated to give homogenous
films by solvent casting from acetone solutions of poly(MMA-stat-BA)

copolymer.

Although surface initiated polymerization of various monomers from planar and
spherical surface was described before, Herein we described generation of robust
brushes linked to the surfaces with non-hydrolysible linkages. This behaviour will

expand the use of hairy graft polymers as reagent or catalyst carrier.

The newly developed ligand exchange methodology was demonstrated to provide
size controlled synthesis of ZnO nanoparticle. However, this methodology seems to
be generally applicable for preparing other nanoparticles of metal and metal oxides.
Entrapment of the nanoparticles via reaction of cordinated amino groups with epoxy
groups of the PGMA block is an important contribution which will find extensive use

for preparing various core-crosslinked structures.
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