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SYNTHESIS AND CHARACTERIZATION OF BORON- ACRYLATE/SBA15
POLYMER COMPOSITES

SUMMARY

Materials with a pore size ranging from 2 nm to 50 nm are called mesoporous
materials. Alumina, carbon, metal oxides, such as silicates are the most important of
these materials. Since its discovery in the early 1990s, studies with mesoporous silicas
have been increasing day by day. These materials have different classifications such
as SBA-n, MCM-n, FDU, KIT, have different pore geometries, lattice structures, and
pore sizes. SBA-15, which is the abbreviation of Santa Barbara Amorphous, is formed
by hexagonal arrangement of large pores from 4.6 nm to 30 nm. SBA-15 is not only
large porous but also thermal, mechanical and chemical resistant.

SBA-15 has attractive features including the regular porous structure of silica, high
pore volume, high surface area, and avalibility surface modification. Benefiting from
these advantages, SBA-15 has been extensively applied in variety of different fields
such as catalysis, adsorption, nanoreactors, chromatography, nanotechnology, metal
ion extraction, drug delivery systems, and sensors. Nanoreactors are the material
structures with internal cavities, which create exclusive confined nanoscale
surrounding for chemical reaction. The surface modification of porous silicas allows
both the chemical and physical properties of these materials to be modified and thus
used in many different fields. Modification of mesoporous silicas is generally achieved
by bonding organic functional groups to the surface of the material using
organosilanes. During the procedure, mesoporous silicas form functional groups on
the outer, inner or both surfaces.

Organic modification of mesoporous silica materials is generally carried out by two
basic synthetic strategies. One of them is direct synthesis and the other is grafting
method. In the direct synthesis method, silica precursor is added to the synthesis
medium while the silica material is synthesized. After calcination, the surface is
functionalized. In the grafting method, after the silica material is obtained, the desired
modification precursor is added under appropriate conditions. It is important that the
mesoporous materials have silanol (Si-OH) groups for the adhesion of organic groups
to the surface. After filtration, washing and drying, organically modified mesoporous
silica is obtained.

Researchers who was used these ordered mesopores as nanoreactors to adsorb
monomers or graft initiator from nanopores surface, following synthesize mesoporous
organic-silica composite materials via conventional radical polymerization (CRP) or
controlled/living radical polymerization (CLRP), such as reversible addition-
fragmentation chain transfer (RAFT), atom transfer radical polymerization (ATRP) ,
reverse ATRP, surface-initiated (SI) ATRP, activators regenerated by electron transfer
(ARGET) for ATRP, etc. CRP which is extensively used to synthesize polymeric
materials in industrial scale is simplest method.
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In this thesis, monomer named as boron acrylate (BAc) was synthesized by
esterification method. The synthesized product was characterized by FT-IR and H-
NMR methods.

For the chemically bonded polymer to the SBA-15 surface, the surface needs to be
functionalized. For this purpose, the modification is carried out by grafting (post
synthesis method) using 3-trimethoxy silylpropyl methacrylate (TMSPMA). HCI was
used during synthesis in order to increase the silanol groups on the surface. The
resulting product was named M-SBA15.

In the next step, proper conditions were determined for free radical polymerization of
boron acrylate polymer. After that, three composites (PBxS) were prepared with M-
SBA15 (0.5 g, 1.0 g and 2.0 g) and boron acrylate (10 g). Characterization was
performed by using fourier-transform infrared spectroscopy (FT-IR), thermal
gravimetric analysis (TGA), solid state nuclear magnetic resonance (SS-NMR) (C),
scanning electron microscopy (SEM) and N adsorption/desorption, devices in order
to see the successful synthesis process of modification and polymerization and effect
of different amounts on the system.

Upon completion of the analyzes, the silica / polymer was etched with HF ageous
solution to remove silica part of material. The obtained polymers (ex-PB) was
remained in the SBA-15 pores. Thermal behaviours of these polymers were
investigated via differential scanning calorimeter (DSC) and TGA.

At the end of the analyzes, it was seen that hexagonal mesoporous silica (SBA-15) can
be modified successfully. Also, pBAc/SBA-15 composite can be successfully
synthesized by the free radical polymerization method. Thermal properties of boron
acrylate polymer obtained from the mesopores were improved compared to boron
acrylate polymer which was synthesized without SBA-15. As a consequence, SBA-
15 can be used as nanoreactor for FRP of BAC.
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BOR-AKRILAT/SBA-15 POLIMER KOMPOZITLERININ SENTEZ VE
KARAKTERIZASYONU

OZET

Gozenek boyutu 2 nm ile 50 nm arasinda degisen malzemeler mezogdzenekli
malzemeler olarak adlandirilmaktadir. Alumina, karbon, metal oksitler gibi cesitleri
olan bu malzemelerin en Onemlisi silikatlardir. 19901 yillarin  basinda
kesfedilmesinden itibaren mezog6zenekli silikalarla yapilan ¢alismalar her gegen giin
artmaktadir. SBA-n, MCM-n, FDU, KIT gibi farkli siniflandirmalara sahip olan bu
malzemeler farkli gézenek geometrilerine, kafes yapilarina ve gbézenek boyutlarina
sahiptirler. SBA-15 4.6 nm’den 30 nm’ ye kadar bliyiik gézeneklerin hekzagonal
dizilimiyle olusan SBA-15 (Santa Barbara Amorphous) adini iiretildigi Calirfornia
Universitesinin bulundugu bélgeden almistir. SBA-15 yalnizca biiyiik gozenekli
olmakla kalmayip ayn1 zamanda termal, mekanik ve kimyasal olarak da dayaniklidir.

Mezogozenekli malzeme sentezinin temel yapi tasi; pahali olmayan, termal kararliliga
sahip, kimyasal olarak inert, zararsiz ve yer kabugunda bolca bulunan silikadir.
Isitilarak kendi kendine birlesen zeolitik malzemelerin aksine mezogdzenekli silika,
MCM-41 sentezi icin katyonik yiizey aktif madde ve SBA-15 sentezi i¢in blok
kopolimerler gibi kendi kendini iliskilendirebilen molekiillerin varliginda
olugsmaktadir. Diizenli mezogdzenekli silikalar genellikle pH’1 ayarlanmis misel ylizey
aktif madde ¢ozeltisine bir silika kaynagmin eklenmesiyle sentezlenmektedir. Bu
sistem surfaktan-inorganik kompoziti olarak adlandirabilir. Bu kompozitlerin elde
edilmesi i¢in, inorganik madde tlizerinde etkisi bulunan noniyonik triblok kopolimerler
kullanilmaktadir.

SBA-15 sentezinde silika kaynag1 olarak yaygin olarak tetraetil ortasilikat (TEOS)
kullanilmaktadir. Mezoyapinin olugmas: i¢in surfaktan-inorganik ara yiizeyinde
hidrolize olmasi gerekmektedir. Triblok kopolimer inorganik malzeme tarafindan
cevrelenir. Bu haliyle malzemede gozenekten s6z edilemez. Mezogdzeneklerin
olusturulmasi i¢in siirfaktanin kimyasal veya termal yontem kullanilarak sistemden
uzaklagtirllmasi gerekmektedir. Kalsinasyon olarak adladirilan termal yontem kolay
olmasindan dolayi tercih edilmektedir. Sicaklik, pH, konsantrasyon, kurutma yontemi,
kullanilan kopolimerin cinsi gibi parametrelerin degismesiyle olusacak mezogozenekli
yapinin 6zellikleri degisir.

SBA-15, diizenli gozenekli yapisi, yiiksek gozenek hacmi, yiiksek ylizey alanmi ve
kolay fonksiyonlandirilabiliyor olmast gibi c¢ekici 0Ozelliklere sahiptir. Bu
avantajlardan vyararlanarak, SBA-15, kataliz, adsorpsiyon, nano-reaktorler,
kromatografi, nanoteknoloji, metal iyon ¢ikarma, ilag verme sistemleri ve sensorler
gibi ¢esitli alanlarda yaygin olarak uygulanmistir. Nanoreaktdrler, kimyasal reaksiyon
i¢cin 6zel kapal1 nano 6l¢ekli yaratan i¢ bosluklu malzeme yapilardir.

Gozenekli silikalarin ylizey modifikasyonu, bu malzemelerin hem fiziksel hem de
kimyasal 0Ozelliklerinin modifiye edilmesini ve bdylece bir¢ok farkli alanda

XXI



kullanilmasimi saglar. Mezogozenekli silikalarin modifikasyonu, genellikle organik
fonksiyonel gruplarin, organosilanlar kullanilarak malzemenin yiizeyine
baglanmasiyla saglanir. Islem sirasinda mezogozenekli silikalarin dis, i¢ veya her iki
yiizeyinde fonksiyonel gruplar olusturur.

Mezogozenekli silika malzemelerinin organik modifikasyonu genel olarak iki temel
sentetik strateji ile ger¢eklesmektedir. Bunlardan bir tanesi dogrudan sentez, bir digeri
ise agilama yontemidir. Dogrudan sentez yonteminde silika malzeme sentezlenirken,
sentez ortamina modifikasyon Onciisii eklenir. Kalsinasyon igsleminden sonra da yiizey
fonksiyonlandirilmis olur. Asilama yonteminde ise silika malzeme elde edildikten
sonra uygun kosullarda istenilen modifikasyon oOnciisii eklenir. Mezogozenekli
malzemelerin silanol (Si-OH) gruplarina sahip olmasi organik gruplarin yiizeye
tutunmasi i¢in onemlidir. Filtreleme, yikama ve kurutma isleminden sonra organik
olarak modifiye edilmis mezogdzenekli silika elde edilmis olur.

Mezogozenekli yapilari nanoreaktor olarak kullanan arastirmacilar, monomerleri veya
as1 baglaticityr nanoporlarin yiizeyinden adsorbe etmek icin gesitli polimerizasyon
yontemleri kullanmuslardir. Ornek olarak geleneksel radikal polimerizasyonu (CRP) ,
kontrollii /yasayan radikal polimerizasyonu (CLRP), tersinir katilma ayrilma transfer
polimerizasyon (RAFT), atom transferi radikal polimerizasyonu (ATRP), ters ATRP,
yiizeyden baglatilan ATRP (SI ATRP) gibi yontemler soylenebilir. Endiistriyel 6lgekte
polimerik malzemeleri sentezlemek i¢in yaygin olarak kullanilan CRP basit ve 6nemli
bir yontemdir .

Serbest radikal polimerizasyonu katilma polimerizasyonun en 6nemli tiplerinden
biridir. Genel olarak yiiksek molekiil agirligina sahip polimerler elde etmek i¢in sanayi
islemlerinde kullanilmaktadir. Kullanilan monomer ¢esitliligi genis aralikta olup, basit
deneysel kosullarda polimer veya kopolimer elde edilebilir. Bu tip polimerizasyonda;
polimerlesme ¢iftlesmemis elektron igiren elektriksel olarak notral serbest radikallerle
baslatilip doymamis monomerlerin zincir reaksiyonu vermesi ile olusur. Baslatici
radikaller genel olarak disaridan eklenen termal, elektrokimyasal veya fotokimyasallar
yontemlerle elde edilirken nadir durumlarda monomerlerin kendileri tarafindan da
tiretilebilirler. Serbest radikal polimerizasyonu tipik bir zincir biiyiime reaksiyonudur
ve biitlin zincir biiyiime reaksiyonlarinda oldugu gibi baslama, ilerleme ve sonlanma
olmak tizere ii¢ basamaktan olusur.

Bu tez calismasinda oncelikle boron akrilat monomeri (BAc) esterlesme yontemiyle
sentezlenmistir. Sentezlenen {riin FT-IR ve H-NMR yontemleriyle karakterize
edilmistir.

Bu tez kapsaminda yapilan sentezlerde ticari olarak satin alinan SBA-15 kullanilmastir.
Polimerin SBA-15 yiizeyine kimyasal olarak baglanmasi amaglandigindan dolay1
yiizeyin fonksiyonlandirilmasi gerekmektedir. Bu amagla modifikasyon islemi 3-
trimetoksi sililpropil metakrilat (TMSPMA) kullanilarak asilama yontemi ile
yapilmisir. Elde edilen iiriin M-SBA15 olarak adlandirilmistir. Yiizey modifikasyon
isleminin basarili olarak gergeklestirildigini gormek i¢in FT-IR ve TGA analiz
yontemleri kullanirak karakterizasyon yapilmistir. Yapilan analizler sonucunda
modifikasyon islemi basarili bir sekilde gerceklestirilmistir.

FT-IR sonucuna bakilarak M-SBA15 6rneginde, SBA-15’de bulunmayan C=0, C=C
ve —CH sinyallerinin varligi acikca goriilmektedir. Bu yeni pikler kullanilan silan
ajanindan kaynaklanmaktadir. TGA sonucu da bu sentezin basarili olarak
gerceklestigini destekler niteliktedir. SBA-15 6rneginde bozunma goriinmemesine
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karsin M-SBA15’de ise %14 civarinda bozunma goriinmesinin sebebi sisteme
baglanan organik yapidir.

Bir sonraki asamada ise elde edilen modifiye SBA-15 (M-SBA15) malzemesi ile
sentezlenen bor akrilat monomeri (BAc) serbest radikalik polimerizasyon metodu
kullanilarak sentezlenmistir. Sabit kosullar belirlendikten sonra, sisteme boron
akrilatin agirlikca %S5, %10 ve %20 olacak sekilde M-SBA15 eklenmistir. Farkh
miktarlarin sistem tizerindeki etkisini gormek amaciyla FT-IR, TGA, SEM, SS-NMR,
azot absorpsiyon/desorpsiyon analizleri yapilmuistir.

FTIR sonucunda karbonil piklerinin siddetinde artis goziikiirken, C=C pik siddetinin
ise azaldig1 goriilmiistiir. Ek olarak M-SBA15 de bulunmayan 1380cm™ dolaylarinda
goriilen yeni pik bize B-O bagmin varligindan bahsetmistir. Dolayisiyla bor akrilatin
SBA vyiizeyine baglanarak polimerizasyonun gerceklestigi sonucuna ulagilmistir.
Yapilan 13C katt NMR analizinde M-SBA15 ve PB10S ornekleri incelenmistir. SS-
NMR spekturumlarinda fonksiyonel organik gruplar tespit edilmistir. Iki sonug
karsilastirildiginda, PB10S’deki karbonil pikinin siddeti artarken, C=C bagina ait
karbonlarin pik siddetlerinde azalma goriilmiistiir. TGA analizi sonucuna %5’lik M-
SBA1S5 eklenerek hazirlanan kompozit malzemenin (PB5S) en fazla polimer miktar1
icerdigi sOylenebilir. M-SBA15 miktar arttik¢a polimer miktar1 azalmistir.

Numunelerin spesifik ylizey alani, ortalama gozenek genisligi ve toplam gozenek
hacim gibi 6zelliklerinde degisimin gozlenmesi igin azot absorpsiyon/desorpsiyon
analizi uygulanmistir. Analiz sonucunda da beklenildigi gibi modifikasyon ve
polimerizasyondan sonra SBA-15 degerlerine kiyasla azalma gozlenmistir. Sonuglar
bize en fazla polimer miktarinin PB5S malzemesinin gozeneklerinde oldugunu
sOylemektedir. Bu da TGA ve FT-IR sonuglariyla ortiigmektedir.

Morfolojik analiz icin SEM analizi yapilmistir. SEM sonucunda SBA-15 goriintiileri
literatiir ile benzerlik gostermektedir. Genel olarak SBA-15, bir¢ok altigen prizma kisa
cubugun birbirine baglanarak olusturdu§u uzun c¢ubuk benzeri yapilar sergiler.
Modifikasyon ve polimerizasyon islemlerinden sonra da solucan benzeri bu yapinin
bozulmadig1 sonucuna ulagilmigtir. Yizey piriizliliginde de gozle goriliir bir
farkliligin olmamasi, polimerizasyonun mezogozeneklerde gerceklestigini destekler
niteliktedir.

Analizlerin tamamlanmasmin ardindan elde edilen silika/polimer kompozit
malzemesinden silika HF kullanilarak uzaklastirilmistir. Islem sonucunda SBA-15
gozenekleri iginde kalan polimerler elde edilmistir. Yapilan FT-IR analizi soncunda
Si-O-Si bagina ait pikin yok oldugu ve elde edilen spektranin bor akrilat polimeri ile
cakistigr agikca goriilmektedir. Bu sonu¢ da bize silikanin ortamdan uzaklastigin
gostermektedir. Camsi gecis sicakligindaki degisim diffarensiyel taramali kalorimetre
(DSC) analizi kullanilarak tayin edilmistir.Boron akrilat/SBA-15 polimer kompozit
malzemesinde Tg degeri belirlenemezken, HF yikamasi sonrasinda tekrarlanan analiz
ile Tgdegerleri 70.76 °C (PB), 70.81 °C (ex-PB-5), 70.97 °C(ex-PB-10) ve 71.34 °C
(ex-PB-20) olarak bulunmustur. Yapilan TGA analizi sonucunda mezogdzeneklerde
olusan polimerlerin 1s1l kararliliklarinin daha yiiksek oldugu goriilmiistiir.

Yapilan analizler sonucunda TMSPMA ile fonksiyonlendirilen hekzagonal SBA-15’in
bor akrilatin serbest radikalik polimerizasyonu i¢in nanoreaktor olarak kullanilabilir
oldugu goriilmiistiir.
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1. INTRODUCTION

1.1 Literature Review

Mesoporous materials, which emerged in the early 1990s, have become the focus of
interest in an interdisciplinary research [1]. According to IUPAC, porous materials are
classified into three main groups based on their pore diameters: microporous ( <2 nm),
mesoporous ( 2-50 nm) and macroporous ( >50 nm) materials [2]. Porous silicates,
which are a large family of inorganic materials with open porous frames and large
surface area (including internal and external surfaces), are among the materials studied
in this field. FDU-n, KIT-n, M41S, MCM-n (Mobile Compositon of Matter), and
SBA-n (Santa Barbara Amorphous), which have different structure and pore diameter,
can be given as an important examples belonged to porous silicates [3]. Because of the
to having a large surface area and uniform and adjustable pore sizes and possibility for
surface modification, mesoporous silicates are highly preferred in variety of usage
areas such as waste water treatment, indoor air purification, catalysis, bio-catalysis,
drug distribution, CO. adsorption, bioanalytical sample preparation, membrane
development, nanoreactors etc. [4, 5]. Nanoreactors are the material structures with
cavities that used as a host at nanoscale for chemical and physical reaction. The cavities

of SBA-15 can be used as nanoreactors for incorporating species.

Polymer nanocomposites are also one of the most important fields of study. It has been
studied to investigate the effects of various inorganic materials, such as SiO,, on
improving the thermal and mechanical properties of polymers. Yu et al. (2012), the
surface of SBA-15 was functionalized with (3-Glycidyloxypropyl) trimethoxysilane
(GOTMS) and the material obtained was used in the preparation of SBA-15/PF
composite material. The composite material was prepared by in situ condensation
polymerization with phenyl, formaldehyde and SBA-15-GOTMS. As a result of the
analyzes, it was found that PF and SBA-15-GOTMS were chemically bonded to each
other, increasing Tg values and thermal stability of PF with increasing functionalized
silicate amount [7]. The effect of SBA-15 on pMMA / SBA-15 was also investigated



by Wei et al. (2013). In this study, composite material was prepared by free radical
polymerization method. The increase in the amount of SBA-15 increased the

molecular weight and the Tg value of the composite material [8].

The functionalization of mesoporous silicates using organic groups is one of the most
important studies in this field [6]. There are many case studies on this subject in the
literature. SBA-15s, which are functionalized with various binding agents, are
designed for use in different fields. In one of these, Thu, P.T.T et al. (2012)
investigated the ability of carbonyl functionalized SBA-15 to adsorb phenol in aqueous
solutions. The harmful effects of small amounts of phenol and derivatives on living
organisms are known. For this reason, various methods such as adsorption have been
developed for cleaning from aqueous solutions. As a result of the measurements, it

was found that there is a strong relationship between carbonyl bond and phenol [9].

Researchers was used the mesoporous silicates as a nanoreactor for absorbing the
monomers due to their high ordered structure. According to a article that was studied
by Chen, M. and friends (2017), MMA could be polymerized in the nanopores of SBA-
15 via ARGET ATRP method. Also, it was clearly indicated that silane modified SBA-
15 absorbed more MMA monomers than unmodified SBA-15. After HF etching
process, the obtained polymers, that was in the pores , was characterized by different
methods. As a result, it can be said that glass transition temperatures of PMMA (in
pores) was increased compared to common PMMA [10] . In the further study done
by same group (2018), SBA-15/polymer composite materials were prepared by surface
initiated (SI) ATRP. Brominated SBA-15 surface used as a initiator for the
polymerization with glycidyl methacrylate (GMA). Then the prepared materials was
used as macroinitiator for MMA polymerization. The grafting of polymers was
controlled by time. With the increasing time, more polymers can added to the surface
of SBA-15 [11].

Boron compounds have been used in many materials because of their high thermal,
mechanical and antibacterial properties. It is a known fact that it is used to increase
thermal resistance, especially in the glass and ceramic industry. Boric acid has been
used as flame retardant since the 1800s. When borates start to deteriorate under the
influence of heat, the surface is covered with glass. As a result, the gas inlet and outlet
are prevented and thus the progress of combustion is prevented [12]. There is also

evidence in the literature that inorganic borates carbonize during combustion and stop
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burning [13]. In the light of this information, various boron compounds have been
synthesized and studies in this field are continuing. Boron acrylate is an example of
these synthesized materials. Polymerization of said monomer by free radical method
was studied and homopolymer and copolymer with styrene were synthesized.

Monomer reactivities were also calculated [14].

1.2 Purpose of Thesis

The objective of the present work is showing the posibility of free radical
polymerization (FRP) of boron acrylate (BAc) in the mesopores of SBA-15 which
was used as nanoreactor. For this purpose, surface of SBA-15 is modified with silane
coupling agent for covalent attachment of polymer chains. Investigation of the effects
of different amounts of modified SBA-15 particles on FRP of BAc on structural and
morphological properties, and the nanocomposites and thermal properties of polymers
was the other objective of this study. Also, change on thermal properties of boron
acrylate polymer in the pores compared to conventional boron acrylate polymer was

examined during this work.






2. THEORICAL PART

2.1 Porous Materials

As a general definition, porous material is a solid body containing hollow spaces in
the form of cavities, channels or pores [15]. Porous materials have attracted great
interest since sixties result in using in a wide variety of scientific and technological
applications. Porous materials include many materials ranging from inorganic

compounds (eg alumina silicates) to biological membranes and tissues [1].

Porous materials have been used in many fields of application in the scientific and
industrial fields, such as molecular separation, heterogeneous catalysis, adsorption
technology or optoelectronic materials, selective absorption, gas storage, sensor and
electrode materials due to the properties of narrow distribution of pore size, high
surface area, good corrosion resistance, high stability, and tunable pore structure and

possibilty of modification [16-22].

The materials can be divided into various classes according to their pore distribution.
For example, they may be classified as ordered and irregular porous materials to the
pore distribution in the material, while they may also be classified as uniform and non-

uniform sized porous materials to the size distribution of the pores[22,23].

But generally, they are classified basen on pore size according to the International
Union of Pure and Applied Chemistry (IUPAC) as:

. Microporous having pore diameters of <2 nm,
. Mesoporous having pore diameters between 2 nm - 50 nm,
. Macroporous having pore diameters of greater > 50 nm.

Mesoporous structures are existing by a broad class of materials including silica, metal
oxides and hydroxides, metal salts, carbon, hybrid materials, organic structures and

many others. Figure 2.1 [24] shows the examples of different types of porous materials.
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Figure 2.1 : Microporous zeolite (a), Mesoporous silicate (b) and Macroporous
ceramic (c).

2.2 Mesoporous Silicates

Porous materials impressed the researchers due to commercial interest in their
applications in various field. In literatures, there were a diversity of reports including
patents about structurally different porous materials. The desing and modification of
porous substances for different application is still arousing interest for the scientist
[25]. Zeolitic materials are the best known examples for micropores materials. In
despite of advantages of having microporous structure, for bulky reactant molecules,

accessing to pore system of some materials as zeolitic materials is inhibited [26].

To overcome this limitations of this type of materials, studies have been focused on
the new field of mesoporous molecular sieves, beginning in 1990 by Japan [27]. The
pore diameters of these newly developed solids have been changed in 2-50 nm called
as mesoporous range. This type of materials also have uniform pore size distribution,
that make them suitable for diffusion processes of bulky molecules to internal pores
[28].

An advancement began in 1992 with the development by the Mobil Oil Company of
the class of ordered mesoporous silica named as the M41S family. This new family of
materials has attracted the attention of many researchers for their unique features such
as their highly ordered structures, uniform pore sizes, thermal stability and high

specific surface areas [29].



After six years old in 1998, the SBA family, a new member of highly ordered
mesoporous materials, was produced at the University of California, Santa Barbara.

The silica nanoparticles containing pores were arrayed hexagonally.

In addition, scientists from numerous countries (e.g Japan, Korea, China, UK, Canada)
have contributed much to the mesoporous families. For example, the KIT series from
a Korea scientist, and the FDU series by Prof. Zhao ’s group in Fudan University have

been extensively investigated [1].

2.2.1 Types of mesoporous silicates

Since microporous materials cannot be used in larger molecular applications,
mesoporous materials have attracted considerable attention in researches and practical
applications in recent years. The main types of mesoporous materials are M41S, SBA-
n, HMS, FSM, FDU and MSU. They all have different pore size or pore structure.

2.2.1.1 M41S family (MCM)

the M41S materials have pore diameters from approximately 2 to 10 nm. This class of
material having very large surface areas, ordered pore structure, and well-defined pore

size distributions[ are the main properties of this classof material [29].

The synthesis of ordered mesoporous silicas (OMS) of the M41S family by sol-gel
method based on the use of surfactants was first reported by Kresge and coworkers.
[30]. For the formation of M41s family, alkyl ammonium surfactants and TEOS or
sodium silicate could be used in basic medium. Self-assembling surfactants have been
used as structure directing agents. The diameter of the pores can be controlled by
varying the length of the template molecule [31].

The M41S is the generic name for a variety of MCM (Mobile Composition of Matter)
types of materials, the numbers after MCM are used to distinguish various types.
MCM-41, MCM-48 and MCM-50 are the most known members of M41S family.
Schematic representation of different structure belonged to different class is shown in
the Figure 2.2 [32].

MCM-41 is the most attractive and studied member of this group, due to its
controllable pores between 1.5 and 20 nm, wall thicknesses of 1-1.5 nm, and a surface

area of approximately 1200 m?/g [32].



Figure 2.2 : () MCM-41 (hexagonal), (b) MCM-48 (cubic), and (c) MCM-50
(lamellar with the presence of surfactant molecules between lamellae).

2.2.1.2 SBA-n family

SBA-n family (Santa Barbara Amorphous) is the other best known and important
group of mesoporous silicates. SBA materials have specific pore structure and have
been prepared with surfactant in acidic medium [33]. When some members of this
family such as SBA-11 (cubic), SBA-12 (hexagonal, 3D), SBA-15 (hexagonal, 2D)
and SBA-16(cubic) were synthesized by Zhao and friends in 1998 in acidic medium
with using non-ionic surfactants that have polyethylene oxide units, some of them as
SBA-1, SBA-2 and SBA-3, were synthesized using cationic surfactants [33-36]

SBA-15 with uniform pore sizes up to ~ 30 nm is the main SBA structure and gained
a lot of attention because of its features such as having the highest hydrothermal

stability and high specific surface area [37].

The advantage of using nonionic triblock copolymer instead of low molecular weight
surfactants gives thicker silica walls with larger pore diameters. The mainly difference
between MCM-n and SBA-n materials is coexistence between mesopores and

micropores. SBA-n provides this property [38].

2.2.1.3 Others

There are different kinds of mesoporous silica family. Other members of the
mesoporous silica family include MSU, HMS, FSM, KIT (Korea Advanced Institute
of Sci. & Tech.), FDU (Fudan University) , PMO, CMK, and AMS (anionic surfactant
template mesoporous silica) obtained by producing different surfactants under
different conditions [39-41].

The pore systems of HMS and MSU materials resemble the worm-like structure,

unlike the MCM-41, which has a regular hexagonal structure. However, although they
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have the same pore volume and surface area as MCM-41, pore diameter distributions
are wider [39]. KIT is a three-dimensional irregular mesoporous material with short
worm-like channels of the same width and interconnected completely irregularly [39-
41].

Other families of mesoporous silicas are e.g. MSU, KIT, FDU and AMS where the
materials are synthesized with variations in e.g. synthesis conditions and surfactants.

2.3 SBA-15

SBA-15, with uniform tubular channels is one of the most widely studied mesoporous
silica that is 2D hexagonal and amorphous type . It can be readily prepared over a wide
range of uniform pore size from 4.6 up to 30 nm [32]. It consists of micropores and
mesopores within its uniformly distributed mesoporous structure as shown in Figure
2.3. The pore walls of these type of materials are thicker that is compared to other
type of mesoporous silica (3 — 6 nm). Therefore, these materials show high thermal
and hydrothermal stability (up to 850 °C) [18]. The synthesis conditions affect the

properties of pores.

While micropores are derived from the PEO (polyethylene oxide) of the surfactant, the
mesopores materials are synhesized by using PPO (polypropylene oxide). In addition,
the lengths of these two blocks affect the pore wall thickness, amount of the micro-
pores and meso-pores. Like pH, temperature or swelling agents parameters could
affect the properties of channels. Many researchers are investigating SBA - 15
substances or preparing new materials with SBA-15, because the synthesis is fast and
rather inexpensive [46,47].

2.3.1 Synthesis

SBA-15 synthesis is generally carried out in two stages. The first step is the self-
regulation process of the silica source and copolymer. The second step is to remove

the copolymer from the structure.

In the typical synthesis of SBA-15, triblock copolymer or nonionic triblock copolymer
as the structure-controlling template agent, tetramethyl orthosilicate (TMOS),
tetraethyl orthosilicate(TEOS) or tetrapropyl orthosilicate (TPOS) as silica source are
used [48,49].
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Figure 2.3 : Structural representation of SBA-15 material.

microporous
silica walls

Zhao et al. (2000), regular hexagonal structure and 30 nm pore size SBA-15 in a
strongly acidic environment (pH~1) synthesized using amphiphilic triblock
copolymer. They observed that when the pH value is greater than isoelectric of silica
(pH 2-6), gel formation does not occur as silica precipitation [48]. They observed that
irregular or amorphous silica is formed at neutral pH (pH=7). Nevertheless, Cui et al.
(2005) developed SBA-15 synthesis in the range of 2-5, which is above the isoelectric
point of silica. Cui et al. Suggested that pre-hydrolysed TEOS would interact with the
template agent when pH <3 to form a mesophase under acidic conditions [50].

The removal of the template, which is the second step in the synthesis of SBA-15, is
very important for obtaining the desired porous structure. Calcination is a conventional
method for removing the template from the structure. In order to investigate the
properties of the porous structure formed after calcination, some researchers focused
on the calcination behavior during the de-stenciling process. Kleitz et al. (2003), the
SBA-type silica materials by calcination process of the removal of the template and
the change in the structure with calcination examined the various analysis methods
[51]. The overall synthesis method of SBA-15 are given in the Figure2.4 [29].

2.3.2 Surface modification

When organic and inorganic blocks are combined, the new material should have
functional diversity of organic group at the same time it can gain the some important
properties (e.g. hermal stability) from inorganic ones. Beacause of this kind of

possibilities, this subject is more attractive for scientist.
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Figure 2.4 : Formation of SBA-15 by structure-directing agent.

Funcitionalizaton of the pore surfaces of an inorganic matrix by the addition of organic
chemicals extends considerably the range of materials that can be used.

There are two general methods for chemical surface modification of mesoporous silica
via covalent bonding of organic molecules. The first method is called as post-synthesis
procedure which grafts organic groups onto the surface of mesoporous silica. The other
method is co-condensation procedures which introduce organic groups onto the
surface of mesoporous silica when mesoporous silica frame is formed from silica
sources [52,29] .

2.3.2.1 Co-condensation method

Process of direct functionalizaton, which is the other name of co-condensation, uses
the organotrialkoxysilane (R’-Si(OR)z3) as silica sources. Depending on the desired
type of the mesoporous material, synthesis process could be accomplished neutral,
acidic or alkaline medium. The two reason of using organosilane are contributing to
the silica network and being substitution of the silanol groups on the backbone with

the functional groups of the organosilane. To obtain porous solid, removing of
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surfactant template is neccesary. Calcination or chemical extraction are the two ways
to remove the template. The criteria for choosing the method depends on the nature
of the organic groups, surfactant and the process being followed [53, 54]. The shematic

represantaion of co-condensation method is given in the Figure 2.5 [29].

TEOS e

+ H.(az‘l , OH.laql
—

®)-SioR)

extraction / calcination

Figure 2.5 : Surface modification by direct synthesis method.
2.3.2.2 Grafting method

Grafting is another method used to modify mesoporous materials. It is also known as
the “ two - step ” synthesis method. This process is achieved by grafting of the

functional organic groups on the surface and pore wall of a silica material [29].

This method, usually after removal of the surfactant, mesopore surfaces by binding to

the functional molecules of the previously prepared mesoporous structure means post-
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synthesis modification (Figure 2.6) [29]. Mesoporous silicas have surface silanol (Si-
OH) groups present at high concentrations and act as suitable attachment points for
organic functionalization, as in amorphous silica [55, 56]. Surface modification takes
place by silylation reaction of (R’0)sSiR (orgonosilane) , or less frequently cCISiR3
(chlorosilane) or HN(SiRz3)3 (silazanes) with silanol groups. [57, 58]. Silylation is
typically carried out by one of the following reactions shown in eq. 2.1, eq. 2.2 and
eq. 2.3 [59]:

=Si-OH +Cl-SiRs ——»  =Si— OSiRs+ HClI (2.1)
=Si-OH+R’-SiRs ——  =Si — OSiRs+ HOR’ (2.2)
=Si - OH +HN(SiRs), ——  =Si— OSiR3+ NHs (2.3)

P/E;\OHP/?;}?HO/ ?S\OH

Figure 2.6 : Surface modification by post-synthesis method.

Grafting method have some advantages comparing wtih the co-condensation method.
First of all it has the very easy procedure. The vacuum oven for drying mesoporous
materials is a device that can be found in almost any laboratory. The solvent used in
the second step is a conventional organic solvent such as benzene, toluene, xylene,
cyclohexane. If polar solvents such as THF, dichromethane, chloroform which donot
react with orgonasilane, they can also be used. The temperature of grafting can be
made at room temperature or solvent reflux temperature, depending on the precursor
[60].
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Selecting the appropriate precursor simplifies the grafting reaction. The choice of graft
precursor can be varied to include an active group capable of reacting with silanol
groups such as silane coupling agents, phosphorous esters, alkyl halides or metal
halides[1,18,60-62].

The structure and arrangement of the mesoporous material can be maintained even
after grafting. The control of the pore size and structure is relatively simple because
the reaction takes place on the surface of the mesoporous silica prepared previously.
Therefore, it is a suitable method for studies in which the pore size and structure are
known and only the effect of the modification is investigated. In addition, the amount
of grafted organic groups can be achieved by controlling the amount of free silanol
groups on the surface [1, 18, 60-62].

2.4 Free Radical Polymerization

Free radical polymerization is one of the most important types of addition
polymerization. In general, it is widely used in industrial processes to obtain polymers

of high molecular weight.

Most of polymers can be obtained under simple experimental conditions. In this type
of polymerization; polymerization occurs when free radicals containing unpaired
electrons are initiated and the unsaturated monomers give chain reactions. To initiate

the radical generally thermal, electrochemical or photochemical methods can be used.

Free radical polymerization is consists of three steps: initiation, propogation and

termination.

2.4.1 Initiation

The initiator; are compounds which undergo homolytic degradation as a result of
various methods and yield radicals with higher activity than monomers. Radicals must
react with saturated monomers and break the double bond present in the monomer to
form a new radical active center and remain stable for long enough to form an active

radicalic center [64].

Although there are variety of chemical, thermal, redox, and photochemical methods
using to decompose two radicals from initiator. Azobisisobutyronitrile (AIBN) or

benzoyl peroxide (BPO) are the most known and used chemical initiator that are used

14



in free radical polymerization (FRP). The chemical structure and decomposition of
two main initiators are shown in the Figure 2.7 (AIBN) and Figure 2.8 (BPO) . Two
radicals and N2 gas are formed in the result of decomposition of AIBN. During
decepomsiton of BPO two different types of radicals can be formed: benzoic acid and
benzene radicals. When benzoic acid radical is exposed to further decomposition, CO-

gas can be produced beside benzene radicals [ 65].

CH; CH; CHj CH;

HyC—C—N=N—C—CH; —= HC— * N=N + --:lj—cm
: CN CN

Figure 2.7 : Chemical structure and decomposition of AIBN.
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Figure 2.8 : Chemical structure and decomposition of BPO.

Figure 2.9 shows the initiation step for FRP. In the figure, “I” represents the chemical
intiator, “M” represent the monomer unit, “R-” is used to represent the free initiator
radicals while “M-” represent the monomer radicals. After generation of radicals , the

second the addition of a monomer to the primary radical “R-” to yield the chain radical.

I » 2R
(Primary Radical)
R-+M > M-
(Monomer) (Formation of Active Center)

Figure 2.9 : Initation step of FRP.

15



2.4.2 Propogation

It is the step in which a growing polymer chain is formed by the rapid addition of
monomers to the active center formed by the reaction of the free radical with a

monomer (Figure 2.10).

During polymerization, most of polymerization time is spent to increase the chain

length, or as other name propagation [66].

MZ' L MS' ;M’ M4. i;

M, L My
(Growing Polymer Radical)
Figure 2.10 : Propogation step of FRP.
2.4.3 Termination

In the termination step, the bimolecular reaction of two radicals occurs to give a dead
polymer, meaning that propagation of active chains ceases. Typically two mechanisms
dominate the termination step (Figure 2.11): coupling and disproportionation.
Coupling is the process by which two growing chains combine to give a polymer with

the initiator fragment at the ends of the polymer.

Another process is disproportionation. In disproportionation mechanism, a hydrogen
atom on the beta carbon of one growing chain is abstracted by another growing chain.
This process results in a polymer with an unsaturated end group at one end plus a

polymer with a saturated end [67].

My* + Myy'—» M+  (Recombination or Coupling)

My + My — M, + M, (Disproportionation)

Figure 2.11 : Termination step of FRP.
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3. EXPERIMENTAL PART

In this thesis, commercial SBA-15 was modified with 3-(Trimethoxysilyl)propyl
methacrylate (TMSPMA). Modified silica was used for the free radical polymerization
(FRP) with synthesized boron acrylate monomer. Synthesized materials characterized
by FT-IR, TGA, SEM and N2 absorption/desorption. After characterization, to observe
thermal behaviours of grafted polymer , silica part of copolymer was etched with HF.
Obtained polymers was characterized with FT-IR, TGA and DSC.

3.1 Materials

SBA-15 (99%, Sigma Aldrich), anhydrous toluene (>99%, Merck), 3-
(trimethoxyslyl)propyl methacrylate (TMSPMA) (98%, Sigma Aldrich), hydrochloric
acid (HCI) (37%, Merck), acetone, distilled water, diethyl ether (Carlo Erba), ethanol
(>299%, Merck), acetone (>99%, VWR Chemicals), hydrofluoric acid (HF) (48%,
Merck) , boric acid (99%, Merck), dimethyl-1,3-propanediol (neopentyl glycol) (99%,
Abcr), 2-hydroxyethylmethacrylate (HEMA) (Organik Kimya), hypophosphorus acid
(50% wi/w aqueous solution, Abcr), 2 methylhydroquinone (MeHQ) (99%, Abcr), and
2,2’-Azobis(2-methyl-propionitrile) (AIBN) (98%, Acros Organics), hydrofluoric
acid (HF) (48%, Merck)

3.2 Synhthesis of Samples

3.2.1 Synthesis of boronacrylate monomer (BAc)

BAc monomer was synthesized as described previously [63] by esterification reaction.
In first step, unhydrous toluene, aquous hypophosphorous acid, neopentyl glycol and
boric acid were added into two-necked round bottom flask equipped with Dean-Stark
apparatus and condenser at room temperature. Reaction mixture was stirred and,
temperature was increased to 125 °C. After removing two equivalents of water by
azeotropic distillation, liquid mixture was cooled down room temperature. Beginning
of the second step, MeHQ and HEMA were added into flask. Temperature was

increased again to 130 °C. Reaction was continued until to obtain one equivalent of
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water. To get the colorless liquid product, vacuum distillation process was carried to
remove solvent. The whole reaction route was represented in Figure 3.1. Monomer
was charactezied by H-NMR and FT-IR.

0
OH

H /\/OH

— o) B HO OH
+  wo” Sow T /X\
H HsC
CH3 CH;

Toluene
- H,0

0
0 CH,
/
H /\/D—B\
— 0 o) CHs
H CH,

Figure 3.1 : Synthesis of boron acryalte monomer (BAc).
3.2.2 Modification of SBA-15 surface

The surface of SBA-15 particles were functionalized using TMSPMA.. 1g of dried
SBA-15 dispersed in 11ml HCI (2M) was treated in ultrasonic for 10 min in 250 ml
two-necked round bottom flask. 80 ml of unhydrous toluene was added into flask and
stirred for 30 min. Then, solution was allowed to refluxe at 120 °C for 4 hour under
nitrogen atmosphere. The pre-mixed solution of 1.25 ml of TMSPMA and 10 ml
toluene was added into flask drop by drop when mixture cooled down 40 °C. After 1
h of stirring at 40 °C, solution was refluxed again for 16 h at 120 °C under continuous

No.

The solid was isolated by filtration and washed with toluene, acetone and water,
respectively to remove the unreacted TMSPMA. The product was dried in vacuum
oven at 70 °C for 24 h. The obtained white powder samples was denoted as M-SBA15.
Schematic illustration of modification of SBA-15 was shown in Figure 3.2. When the

red dots refer to -OH, green dots refer to bonded silane agent.
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Figure 3.2 : Surface modification of SBA-15.
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Figure 3.3 : Polymerization of boron acrylate with M-SBA15.
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3.2.3 Polymerization of Modified SBA-15 with Boron Acrylate (BAc)

First of all, to obtain suitable polymerization conditions and for comparison boron
acrylate polymer was synthesized. For polymerization 100 ml schlenk tube was used.
Nitrogen-vacuum cycle was applied for 3 times. AIBN was added into well-mixed
toluene and BAc. For polymerization, sealed tube was immersed in 70 °C silicon oil
bath for 6h. After 6 h, the tube was cooled rapidly down to ambient temperature, and
the reaction mixture was diluted with methanol. The polymers were precipitated into

cold diethyl ether. Precipitated polymer was dried under vacuum at 40 °C.

In the seacond step,modified silica particles were first degassed under vacuum at to
remove moisture within the pores for one night. Desired amount of M-SBA15
dispersed in unhydrous toluene were added into well-dried tube. They were stirred for
45 min on magnetic stirrer under N2 atmosphere. Then, BAc monomer was mixed into
tube and followed with ultrasonic treatment for 1 h for guarantee that the mixed
reaction reagents were well-adsorbed into the nanopores of M-SBA-15. After adding
AIBN, the system was sealed up and placed in 70 °C oil bath for 6h.

At the end of the reaction, solution was diluted methanol. The product was
successively washed with methanol (x3 times), ethanol (x2 times) and water (x1
times). For washing process, mixture was sonicated for 5 min and this process was
followed by the centrifugation for 10 min. The decanted methanol solution was used
to get the homo-boronacrylate polymers (HB) which was polymerized each other
instead of polymerized with M-SBA15 in the medium. After evaporation of solvent,
homo-polymers was precipitated in cold diethyl ether. The insoluble part of polymers

was denoted as PBxS, and soluble part denoted as HB.

The used amounts of materials for reactions was given in detailed in Table 1. Also
given Fig 3.,and Fig. 4 belongs to schematic illusturaiton of polymerization of pBAc
sand PBXxS, respectively. In the Figure 3, orange wavy lines refers to bonded polymer
chain and grey wavy lines refer to homo boron acrylate polymer (HB).

3.2.4 Cleavage of grafted polymer from the mesopores

The grafted pBAc polymer was separated from the silica particles using hydrofluoric
acid (HF) according to the procedure described in Ref [10]. The pBAc in the
nanopores of the M-SBA15 was treated by chemical etching with a 5% HF aqueous

solution for 48 h, and then the suspended particles of pBAc were centrifuged, washed
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for three times and dried. For the three etching process, 0.5 g of samples (PB5S, PB10S
and PB20S) were used. The obtained products pBAC in PB5S, PB10S and PB20S are
marked as ex-PB-5, ex-PB-10 and ex-PB-20, respectively.

Table 2.1 : Synthesized samples.

Sample M- BAc Toluene AIBN  nsoluble Soluble

sBA1s (ml)  (ml) ) product product
PB - 9.62 48.10 0.17 - 6.10 g
PB5S 05 962 4810 0.7 0.53 g 457 g
PB10S 1.0 9.62 48.10 0.17 430¢g 431¢g
PB20S 2.0 9.62 48.10 0.17 2.09¢ 291¢
3.3 Test and Analysis

3.3.1 Fouirer transform infrared spectreophrometer (FT-IR)

To obtain FT - IR spectrums Nicolet FT-IR iS10 spectrometer was used. Resolution
mode was 4 cm™ . Sixteen scans were averaged for each sample in the range of 4000-
400 cm-1 at room temperature.

3.3.2 Thermal gravimetric analysis (TGA)

Analyses were performed with TA Q50 instrument. Nitrogen gas and air were used
during analysis at the heating rate of 20°C/min rising from room temperature to 800°C.
The weights of samples are between 6-15 mg.

3.3.3 Scanning electron microscopy (SEM)

The surface morphology of materials were investigated using a Fei Quanta FEG 200
scanning electron microscope, at an accelerate voltage of 30 kV.

3.3.4 Nuclear magnetic resonance (NMR)

1H-NMR, analys was performed with Agilent VNMRS spectrometer at 500 MHz.

Deuterated chloroform (CDCIs3) was used as solvent.
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3.3.5 Solid state nuclear magnetic resonance (SS-NMR)
Solid state nuclear magnetic resonance C13 (SSNMR C13) was performed with Varian

Unity Inova 500 MHz by applying 8 KHz magic angle spinning (MAS).

3.3.6 Nitrogen absorption/desorption

Nitrogen adsorption measurements were obtained using a Micrometrics Gemini VII
Version 3.03. Samples were degassed at 100 °C for 6 h before adsorption
measurements. The specific surface area was determined using the Brunauer-Emmett-
Teller (BET) method in the relative pressure range P/Po 0.05-0.3. The total pore
volume was calculated from the amount adsorbed at a relative pressure of 0.9. The
pore size and total pore volume were calculated using the Barrett-Joyner-Halenda

(BJH) method. For calculation of total pore volume, relative pressure was 0.99.

3.3.7 Differential scanning calorimeter (DSC)

Differential scanning calorimetry analysis was conducted with a Perkin Elmer
Diamond DSC. Analysis procedure is that heating from 50 °C to 170 °C under nitrogen

atmosphere with heating rate 10 °C/min.
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4, RESULTS AND DISCUSSION
This section of the thesis includes the results and discussion of characterization.

4.1 Synthesis of Boron Acrylate Monomer (BAc)

The structure of BAc monomer was determined by FT-IR and *H-NMR analysis. The
FT-IR spectrum given in the Figure 4.1. The characteristic peaks of 2960 cm™, 1718
cm?, 1636 cm™ and 1386 cm™ correspond to the band of -CH, C=0, C=C and B-O

respectively.

'H-NMR spectrum of BAc in CDCls is represented in the Figure 4.2. The observed
peak at 7.27 ppm is the characteristic peak of CDCl3. The peaks between 6.14 and 5.57
ppm corresponded to C=C-H protons. It proves the existence of acrylic group in the
monomer. The two different CH> protons are detected at the peak between 4.26 and
4.02 ppm. One signal of CH3 peak is observed at 1.95 ppm. The other signal of CH3
protons attached to cycling ring was recorded at 0.97 ppm. The both FT-IR and H-
NMR results are matched up with the results in reference [63]. So, it can be said that

BAc was synthesized successfully.

4.2 Characterization of Modifed SBA-15 and pBAc/SBA15 Composites

4.2.1 Structural Analysis

For the structural analysis of synthesized materials two test methods were used: FT-
IR and SS-NMR (*3C). Figure 4.3 shows FTIR spectras of the SBA-15, TMSPMA
and modified SBA-15 (M-SBAL15) with silane. SBA-15 M-SBA15 have the intense
broad signal at 1044 cm™ and 804 cm™ corresponded to the stretching and bending
vibration of Si-O-Si. Also The peaks at 3422 and 1636 cm™* corresponded to the
stretching vibration of O—H as mentioned in reference [11,69,70]. After modification,
new peaks are appeared in the spectra of M-SBA15. The existence of the peaks at 1718
cm corresponding to the C=0 (carbonyl group). Also, increasing intensity at 1636

cm* corresponded to the C=C stretching vibrations which was resulted from the
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grafted structure (TMSPMA). The new peaks suggest the accomplished modification
of silane agent (TMSPMA).
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Figure 4.1 : FT-IR spectra of BAC.
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Figure 4.2 : H-NMR spectra of BAc
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For the following FT-IR analysis of M-SBA15, PB5S, PB10S and PB20S is given in
the Figure 4.4. As shown in Figure 4.4, after polymerization with BAc, when intensity
of carbonyl peak of M-SBA15 was increased, the intensity of double bond was
decreased. Also, all composite materials (PB5S, PB10S and PB20S) have a signal at
1389 cm corresponded to B-O bond. All these are the prove that boron-acrylate/SBA-
15 polymer composites obtained succesfully. Also, it can be said that PB5S sample
contained the maxiumum amount of boron acrylate polymer compared to PB10S and
PB20S.

The solid state 3C MAS NMR spectrums shown in Figure 4.5 (M-SBA15) and Figure
4.6 (PB10S) provide information about the presence of organic functional groups
within the mesopores. In the Figure 4.6 resonance of the carbonyl group at ~ 170 ppm
and resonance of —CO at ~ 70 ppm are observed. The peak is around 135-145 ppm
that are responsible from double bond carbon atoms. Other carbon atoms located

around 20-30 ppm.

SS-NMR spectrum of PB10S illustrated in Figure 4.6, broadness of the peaks between
10-90 ppm is observed clearly. Although the exact chemical shifts were not
determined, it was obviously related with carbon bonds with boron acrylate polymer
which was appeared after polymerization of M-SBA15. Also, while carbonyl peak ( ~
160-175 ppm) was broading, the peak of C=C (145 ppm) double bond was

disappeared.
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Figure 4.5 : 1*C SS-NMR spectra of the M-SBA
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Figure 4.6 : 3C SS-NMR spectra of the PB10S.

Also, FT-IR analysis was utilized for the homopolymers. All homopolymers ( HB-20,
HB-10 and HB-5) had the same spectra as PB as (Figure 4.7). It shows the

polymerization was took place correctly in the presence of SBA-15.
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Figure 4.7 : FT-IR of homopolymers.
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4.2.2 Thermal properties of samples

Thermal behaviour of synthesized M-SBA15 and boron acrylate/SBA-15 polymer
composites (PBxS) was examined via TGA under nitrogen and air atmosphere. The
Figure 4.8 displays the TGA curves of samples which was analyzed under N2
atmosphere. Also, amount of residues at different temperatures is given Table 4.1. As
seen Figure 4.8, SBA-15 had the one decomposition stage below 100 °C due to the
absorbed humidity. After modification, the water loss of M-SBA15 decreased
providing the change of surface characteristics. Also, the residue about 66% at 800 °C
was the corroborating evidence for successful grafting of organic group to the SBA-
15 surface. As seen the curves of PB5S, PB10S and PB20S, the weight loss of sample
between 300-450 °C increased, corresponding to the decomposition of polymer
backbones. When the amount of M-SBA15 in the polymerization system was 0.5 g
(5%), 1.0 g (10%) and 2.0 g (5%), the loading amount of the polymer was the 11.73,
11.49 and 3.22 %, respectively. To increase the polymerization rate in the pore,
amount of adding M-SBA15 should be determined as 5%. In addition, it can be said
that thermal stability of M-SBA15 under nitrogen atmosphere were decreased with the
bonding of pBAc. To obverse the thermal stabilites of samples under air atmosphere
another thermal gravimetric analysis was carried out. The thermogram was given in
the Figure 4.9. In this figure it was clearly seen that thermal stability of M-SBA15 was
rised with increasng amount of grafted boron acrylate polymer when decompostion
took place under the air atmosphere. PB5S, which was contained high amount of boron
acrylate polymers in pores, showed higher oxidation resistance compared to other
samples. The reason of this rise should be the composed boron-oxide layers during

decomposition.

Table 4.1 : Residue (%) of sample at different temperatures under N2 atmposhere.

Sample 250°C 300°C 350°C 400°C 450°C 800 °C

SBA15 89.08 87.94 86.74 85.7 84.71 80.84
M-SBA 93.85 92.68 85.27 77.91 73.5 66.33

PB 60.97 43.75 18.79 5.12 4.86 2.34
PB5S 89.67 78.95 68.80 61.83 58.59 53.37
PB10S 91.72 85.66 74.58 66.65 63.19 57.32
PB20S 93.29 88.15 80.32 73.11 69.14 63.11
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4.2.3 Morphological Properties

Scanning electron microscope (SEM) was used for examination of the morphology of
SBA-15 during grafting polymer. As a result of SEM, SBA-15 images shown in Figure
4.10 carries the similar structure as mentioned in the literature. In general, the SBA-
15 exhibits long rod-like structures formed by the connection of several hexagonal
prism of short rods. After the modification and polymerization, its worm-like structure
did not deteriorate and preserved orginal structure. The absence of a noticeable

difference in surface roughness suggests that polymerization was took place in

mesopores.

Figure 4.10 : SEM images of SBA-15 (a), M-SBA15 (b), PB5S (c), PB10S (d) and
PB20S (e).

4.2.4 N2 absorption/desorption analysis

N2 absorption/desorption analysis was applied for the determination of specific surface
area, average pore width and total pore volume. Decrease in quantity of adsorbed N>
after grafting organic substance means the filling of the pores. According to result of
analysis, specific surface areas, total pore volumes and pore width of the samples are
illustrated in Table 4.2.

Silane-modified SBA-15 exhibit smaller specific surface areas, pore volumes, and

avarage pore width than unmodified SBA-15. These results to successful modification
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of SBA-15 with TMSPMA. After polymerization, it is expected decreasing in all
properties. M-SBA15 has the higher specific surface area, avarage pore with and total
pore volume than PB5S, PB10S and PB20S.

The most decline on the specific surface area, total pore volumes and avarage pore
widthis seen for PB5S. It means the most polymer chain was grafted to the surface of
mesopores of SBA-15. Also, there is not big difference between PB10S and PB20S.
This result is in good agreement with the both TGA and FTIR analysis.

After BAc polymerization in the pores of the SBA-15, the pore structural parameters
of the composites decreased compared to SBA-15 and M-SBA15. It is suggested the
absorption of monomer into the nanopores of the M-SBA-15 and polymerization
successfully. The most decline on the specific surface area, total pore volumes and
most pore size is seen for PB5S. It means more polymer chain was grafted to the
surface of mesopores of SBA-15. This result is in good agreement with the both TGA
and FTIR analysis.

Table 4.2 : Textural properties for samples.

sample Specific Surface Area® Avarage pore  Total Pore volume®
(m?/g) width® (nm) (cm®/g)
SBA-15 713.30 2.19 0.47
M-SBA15 484.92 2.18 0.13
PB5S 194.15 2.10 0.07
PB10S 251.50 2.15 0.10
PB20S 266.21 2.16 0.12

2 Determined by BET method.  Determined by BJH method.
4.3 Cleavage of Grafted Polymer

The amount of pBAc’s, which were obtained from the mesopores in PBxS, is listed
in the Table 4.3. For the highest amount of PB was collected from the PB5S. In the
given Figure 4.11, it was clearly seen that ex-PB’s possess the same characteristic
peaks with PB (boron acrylate polymer), and the characteristic peaks of Si-O-Si at
1044 cm™ disappeared, suggesting that the silica support had been removed

succesfully.
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Table 4.3 : The amounts of pBAc in the pores of PBxS.

Sample Soluble product
ex-PB-5 0.12¢
ex-PB-10 0.08 ¢
ex-PB-20 0.049
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Figure 4.12 : DSC curves for ex-PBs and PB.
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DSC and TGA analysis were also utilized for the investigation of the thermal
properties of obtained boron acrylate polymer in the pores. Figure 4.12 compares the
DSC curves of PB, ex-PB-5, ex-PB-10 and ex-PB-20. Glass transtion temperatures
were calculated as 70.76 °C, 70.81°C, 70.97 °C and 71.34 °C for PB, ex-PB-5, ex-
PB-10 and ex-PB-20, respectively. These calcuated Tg values showed similar values
with previously synthesized boron acrylate polymer in the reference [68]. The results
showed that there were minor differences between glass transtion temperatures. So, it
can be said that of confined polymerization didnot affect the glass transition

temperatures.
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Figure 4.13 : TGA curves of PB, HB-5, HB-10 and HB-20.
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Figure 4.14 : TGA thermograms of the PB and ex-PBs under N> atmposhere.
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Figure 4.13 shows the TGA curves of the PB and homopolymers which were not react
with the surface of SBA-15 for polymerization All samples have two decompositon
step. When first degradation step around 210-270 °C was resulted from weak head to
head linkages, the second step between 260- 410 °C represented of random chain

scission of the main chain of polymer.

Figure 4.14 is the representation of TGA curves of the PB and ex-PBs obtained from
mesopores. It can be observed clearly that the thermostability of ex-PBs were
improved significantly in comparison with PB. When thermal degradation of both ex-
PB-5 and ex-PB-20 started around 265 °C, decomposition of ex-PB-10 got start at 300
°C. Also ex-PBs had the only one decompositon step between 260 — 460 °C as a
comparison to HBs. This might indicated that the nanoconfinement effect playedan
active role in the polymerization proccess that reduced the chain termination.
According to these results, the mesopores of SBA-15 had significantly confinement
effects on BAc polymerization.
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5. CONCLUSION

The aim of this study is to polymerize the boron containing monomer in the mesopores
of SBA-15. In this study, BAc monomer was synthesized and used to polymerize by
free radical polymerization in the mesopores by grafting to method. It was the first
study that used BAc for the synthesis polymer/SBA-15 composite. For the covalently
attachment of BAc polymer chains to the surface of SBA-15, modification by post
synthesis method was utilized with TMSPMA. To get the furher information about the
pBAc in the pores, silica frame of SBA-15 was removed with usage of HF ageous

solution.

The structures of the monomer was characterized and confirmed with NMR and FT-
IR spectras. After polymerization with BAc, FT-IR and SS-NMR (*3C)
characterization method was utilized for the structural analysis of all samples (SBA-
15, M-SBA15, PB5S, PB10S and PB20S). Both generation and growth of the carbonyl
peak and reduction of C=C peak in the FT-IR spectrum were resulted from the
succesful synthesis processes. Rise on the decomposition rate was observed with
increase of organic substance in pores on the TGA thermogram. When the TGA
analysis repeated under air atmosphere, thermal stablities of composite was increased
with increasing boron acrylate polymers in pores. The presence of the chemicals shifts
of organic subtances on the 3C SS-NMR spectrums also confirmed the both
modification and polymerization process was accompolished. Distinct difference
between SBA-15 and PBxS was not seen on SEM images. It was indicated that most
polymerization took place in the pores. Textural properties as spesific surface area,
total pore volume and average pore width were determined via N2
absorption/desorption analysis. It can be seen textural properties of M-SBA15 and
PBxS showed decrease compared to SBA-15 as expected. These decline resulted from

the filling of the mesopores.

By the FT-IR analysis it was seen that silica frame was succesfully removed from the
composite. For the investigation of thermal properties, boron acrylate polymer in the

pores were characterized via DSC and TGA. There was not found the big difference
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between Tgyvalues of ex-PBs which were obtained from pores and BAc polymer (PB).
Thermostability of ex-PBs were improved significantly in comparison with PB.

As a consequence , it was found that utilizing of SBA-15 as a nanoreactor for the BAc
polymerization in the mesopores was possible. The most amount of polymer chain was
grafted to SBA in PB5S sample. Using the less amount (%5 w/w of BAc) of modified
SBA-15 had favourable effect on raise of amount of the boron acrylate polymers in
the pores. For the futher studies different paramaters or polymerization method will be
studied to increase the polymerization rate. Also, the effect of boron-acrylate/SBA-15

polymer composite in epoxy acylate on thermal properties should be investigated.
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