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ABSTRACT

SYNTHESIS OF POLY(VINYLPYRROLIDONE) (PVP) GRAFTED SILICA AS
MATRIX FOR GENERATION OF PALLADIUM NANOPARTICLES AND
INVESTIGATION OF EFFECT OF GRAFT LENGTHS ON CATALYTIC
ACTIVITY

Tansu CAYLAN

Master of Science, Department of Polymer Science and Technology
Supervisor: Do¢. Dr. Murat BARSBAY

September 2019, 73 pages

The rationale of M.S thesis work is to investigate the effect of chain length of the
stabilizing polymer brushes attached to silica surface on the formation of metallic
palladium nanoparticles (NPs) and their catalytic activity. Poly(vinyl pyrrolidone) (PVP)
brushes forming a very thin shell was grafted from silica microparticles (Si@PVP) via
RAFT mediated graft polymerization method thus controlling the molecular weights and
structures of PVP grafts. Palladium (Pd) nanoparticles were formed in PVP stabilizing
matrix by gamma radiolysis of Pd(II) ions to yield Pd(0) decorated core-shell particles
(Si@PVP-PANP). Size Exclusion Chromatography (SEC) and Thermogravimetric
Analysis (TGA) results indicated the formation of PVP brushes with different molecular
weights on silica. Dynamic Light Scattering (DLS) and Transmission Electron Microscopy
(TEM) measurements revealed that increased molecular weight of PVP brushes sterically
blocked the particle growth and yielded more small Pd nanoparticles rather than fewer

large ones. SI@PVP-PANP having different PVP lengths and Pd sizes were evaluated for
[



their catalytic activity and reusability in the model reduction of 4-nitrophenol to 4-
aminophenol. It has been found that longer grafts are more effective in preventing NPs
from leaking into the solution through the PVP shell, even if nanoparticles (NPs) are
smaller in their presence, yet they allow the diffusion of reactants, resulting in more stable
catalytic activity in repeated measurement cycles. On the other hand, short grafts are not
sufficiently effective in preventing NP agglomeration and leakage. These findings are
particularly important for heterogeneous catalyst systems in that they show the effects of
surface-bound polymeric stabilizers on NP formation and catalytic activity.

Keywords: Surface modification, Silica micro-particles, RAFT polymerization, Palladium

nanoparticles.



OZET

PALADYUM NANOPARCACIKLARIN URETIiMIi iCIN MATRIS OLARAK
POLI(VINILPIROLIDON) (PVP) ASILANMIS SiLIKA SENTEZIi VE ASI
UZUNLUKLARININ KATALITIK AKTIVITEYE ETKISININ ARASTIRILMASI

Tansu CAYLAN

Yiiksek Lisans, Polimer Bilimi ve Teknolojisi Boliimii
Tez Damismani: Do¢. Dr. Murat BARSBAY

Eyliil 2019, 73 sayfa

Bu tez ¢aligmanin amaci, silika ylizeyine bagli stabilize edici polimer firgalarin zincir
uzunlugunun, metalik paladyum nanopartikiillerinin (NP'ler) olusumu ve katalitik aktivitesi
tizerindeki etkisini arastirmaktir. Cok ince bir kabuk olusturan poli(vinil pirolidon) (PVP)
firgalar, silika mikropartikiillerinden Tersinir Eklenme Parcalanma Zincir Transferi
(RAFT) aracili a1 polimerizasyonu yontemiyle asilanmis (Si@PVP), boylece PVP asilarin
molekiiler agirliklar1 ve yapilar1 kontrol edilmistir. PVP stabilize edici matris i¢inde
paladyum Pd(II) iyonlarinin gamma radyolizi ile metalik Pd(0)’a indirgenmesi sayesinde,
Pd nanopargaciklari ile dekore edilmis ¢ekirdek-kabuk formunda parcaciklar (Si@PVP-
PdNP) elde edilmistir. Biiyiiklik¢e Ayirma Kromotografisi (BAK) ve Termogravimetrik
Analiz (TGA) sonuglari silika tizerinde farkli molekiil agirliklarina sahip PVP fircalarmin
olustuguna yonelik sonuglar vermistir. Dinamik Isik Sa¢ilimi (DLS) ve Gegirimli Elektron
Mikroskopisi (TEM) olglimleri, artan PVP as1 uzunluklarinin, Pd nanoparcgacilarinin
biiyiimesini sterik olarak engelleyerek daha fazla sayida kiiciik Pd nanoparcaciklarinin

olusumuna sebep oldugunu gortermistir.



Farkli PVP uzunluklarina ve Pd nanopargacik boyutlarma sahip olan Si@PVP-PdNP
ornekleri, model olarak secilen 4-nitrofenol’iin 4-aminofenol’e indirgenme reaksiyonunda
katalitik aktiviteleri ve yeniden kullanilabilirlikleri agisindan degerlendirilmistir. Yiiksek
mol kiitleli polimer zincirlerinin asilandig1 yapilarda daha kiiciik nanopargaciklar olugsa
da, uzun as1 zincirlerinin bu nanopargaciklarin ¢ézeltiye sizmalarini sterik olarak dnlemede
daha etkili olduklari, ancak yine de reaktiflerin diflizyonuna izin vermeleri sayesinde
tekrarlanan 6l¢iim dongiilerinde daha kararli aktivite sagladiklar1 goriilmiistiir. Ote yandan,
kisa as1 zincirlerinin nanopargaciklarin aglomerasyonunu ve sizintisini dnlemede yeterince
etkili olmadiklar1 ortaya konmustur. Bu bulgular, yiizeye bagl polimerik stabilizatorlerin,
ozellikle heterojen katalizor sistemlerinde kullanimlarinda, nanoparcacik olusumu ve

katalitik aktivite lizerinde etkilerini gdstermeleri bakimmdan dnemlidir.

Anahtar Sozciikler: Yiizey modifikasyonu, Silika mikro-par¢aciklar, RAFT

polimerizasyonu, Paladyum nanopargaciklar.
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1. INTRODUCTION

In the past few decades, the development in synthesis of new materials in the nanosize
region resulted in revolutionary developments in science and engineering as these
materials present unique properties that are significantly different from those of their
bulk counterparts. Metal nanoparticles are one of the most versatile and promising ones
among the nanosized materials and can be used in many applications such as catalysts,
medicine, microelectronics, etc. [1]. Metal nanoparticle have been widely investigated
due to their enhanced reactivity by virtue of their intrinsic electronic and surface

properties and high surface area to volume ratio [2, 3].

Metal colloids are generally prepared via the reduction of precursor metal ions in
solution in the presence of a stabilizing agent [3]. Irradiation, using of chemical reducing
agents and thermolysis are among the most commonly used techniques [2, 4]. High
reproducibility and mild reaction conditions such as ambient temperature and pressure are
among the biggest advantages of radiolytic synthesis compared to other available methods.
Furthermore, hydrated electrons which are the main reducing agents formed during the
radiolysis process in the absence of oxygen enable any metal ions to be reduced to zero-
valent metal atoms. Under irradiation, the production of primary atoms occurs
independently and homogeneously as each ionic precursor is distributed uniformly and
reduced individually. This along with the elimination of excess chemical reducing agents
leads to the formation of highly stable and homogeneously dispersed nanoparticles.
Therefore, radiolytic synthesis of metallic nanoclusters has been attributed as an
environmentally benign and low-cost method for controlling the size and structure of

metal nanoparticles by precise tuning of nucleation and growth steps [5-7].

High reactivity of metal nanoparticles derives from active metal atoms on the surface
which possess high catalytic activity. However, particle stability against agglomeration
should be ensured by using suitable supports and stabilizers. Polymers having functional
groups such as —NH,, -COOH and -OH are commonly used as stabilizing materials for

many noble metals such as Au, Ag, Pt, and, of interest to this study, Pd. Palladium

1



nanoparticles have been widely exploited as recyclable and highly active catalysts in many
industrial applications due to their high activity in organic reactions such as Suzuki, Heck,
and Stille couplings [8, 9]. However, Pd nanoparticles have a high tendency to aggregation
to form palladium black which results in an increase in particle size and instability and
eventually, considerable loss of catalytic activity [10]. To enhance the stability of Pd
nanoparticles (NPs), polymeric support materials are mostly needed. In this work,
poly(vinylpyrrolidone) (PVP) has been selected as the stabilizing matrix since it was
reported as the polymer with the highest stabilizing effect on many metallic NPs in
comparison with other widely used stabilizers such as poly(acrylic acid) or poly(N-

vinylimidazole) [11].

In an industrial point of view catalysts should possess not only selectivity and high activity
but they also have to be cost-effective, stable, easily accessible and recyclable. Therefore,
solid state heterogeneous catalyst systems are preferred in accordance with the
requirements for industrial applications. Silica is an important solid support for
heterogeneous catalysts systems because of its abundant availability, high stability and
ease of modification of its surface. Surface modification by using functional group
immobilization ensures unique chance to tailor the interfacial properties of solid substrates.
It has been shown that by placing functional groups on silica, Pd nanoparticles are more
effectively stabilized and their recovery is increased [12-14]. Surface grafting is a versatile
method allowing covalent attachment of desired macromolecular chains on various
polymeric surfaces, membranes, silica, metals, nano tubes, etc. and it ensures long-term
chemical stability of the surface which cannot be attained by many other surface

modification methods [15].

The catalytic properties of metal NPs are commonly regarded as size- and shape-
dependent [16]. However, the characteristics of the stabilizing matrix on which the NPs
adsorbed also play a crucial role in their catalytic properties [17, 18]. Therefore,
establishment of a method yielding tailor-made and well-defined characteristics over the
stabilizing matrix is one of the key points to attain high and reproducible catalytic activity.
In recent years a great deal of research has been made to carry out surface modifications
in a controlled manner due to the fact that molecular weight, polydispersity, functionality,
chain structures and compositions of polymers which are of paramount importance for a
2



diversity of applications can only be adjusted through controlled polymerization
techniques. The reversible addition-fragmentation chain transfer (RAFT) polymerization
is regarded as the most versatile and effective mechanism among the other controlled
polymerization methods in tailoring the characteristics of the polymer chains. This method
is suitable for a wide range of monomers, solvents and initiators, and predictable
molecular weights and low polydispersities can be attained via this polymerization
technique [19-24]. Various polymers serving as stabilizing matrixes have been widely
used in chemical synthesis of metal nanoparticles. However, the role of their molecular
weight has been rarely concerned. Song et al. exhibited that the molecular weight of
stabilizing polymer plays a critical role in the shape control of metal nanoparticles (e.g.
nanospheres, nanowires) as a result of differences in adsorption effects and steric
hindrances [25]. The average size of Pd nanoparticles reportedly increases with
increasing molecular weight of the stabilizing polymer dissolved in solution [26]. Shimmin
et al., on the other hand, found that average particle size decreases with increasing polymer
molecular weight due to polymer's steric bulk in blocking particle growth [27]. These
contradictory studies examine the relation between the molecular weight of soluble, i.e.
free, stabilizing polymer in solution and nanoparticle size. To the best of our knowledge,
no study has been published on the relationship between the nanoparticle size and
molecular weight of the polymer chains grafted on a substrate potential to be used as a
heterogeneous solid catalyst system. In the present thesis, we varied the molecular
weights of PVP grafts on silica via RAFT polymerization and found out that lengths of the
grafted chains are an assistant factor to control the size and seed growth process of the

synthesized nanoparticles.



2. GENERAL INFORMATION

2.1. Surface Modification

Polymeric materials are used successfully in many different fields such as biomaterials,
electronic devices, packaging, coating, protective materials, composite and catalytic
applications [28]. In order to use these applications, some special properties such as
hydrophilicity, ionic charge, molecular adsorption, molecular permeability, roughness must
be acquired in addition to the chemical structures of the material [29]. Polymers generally
do not have these desirable properties in their compositions for these applications.
Therefore, by using surface modification techniques, valuable modified products can be
obtained.

Surface modification is defined as modifying surface of a material by providing physical,
chemical and biological changes, and the resulting product is different from the original
material surface. Some changes can be made on the surface with surface modification
without affecting their bulk characteristics. Surface modification by using functional group
immobilization ensures unique chance to engineer the interfacial properties of solid
substrates. When selecting the surface modification technique to be used, the compatibility
of the polymers with the prepared surface and their formation under different reaction
conditions should be noted. A detailed description of polymer surface modification

techniques can be categorized into three broad groups:

. physicochemical-based surface modifications based on covalently attaching
new compositions (molecules/elements/ions) on existing surfaces to produce
new polymer surface (e.g., UV-irradiation, self-assembly, grafting, coating,
etching, layer by-layer and Langmuir-Blodgett techniques) [30]

. mechanical-based surface modifications based on mechanical processing (in the
absence of chemicals) to modify the surface chemistry (e.g., roughening,
micromanipulation) [31]

. biological-based surface modifications based on biologically attachment to
existing surfaces to immobilize biomolecules and cells (e.g., physical

adsorption, physical entrapment and chemical or covalent attachment)



These sub-categories such as blending, coating, grafting, abrasive blasting, roughening and
curing result in producing new surface composition with desired properties [32]. This work
will promote surface grafting as a sub-category method of surface modification to improve
the properties of materials. Grafting method provides connection between two monomers
through covalent bonding, whereas polymerization is defined as forming polymer chains or
three dimensional networks by reacting monomer molecules covalently. Thus, combination
of both grafting and polymerization is an attractive and effective method to bond various
functional groups on the polymer and improve its bulk properties [33].

2.1.1. Graft Polymerization

Surface grafting is defined as the introduction of a polymer chain to the surface of a
substrate such as another polymer or an organic/inorganic material and many of the surface
properties can be altered by this method. A thin film can be obtained on the surface of
various substrates by some techniques such as spin casting, precipitation, polymer
adsorption, etc. [32]. However, among all these techniques, the significance of chemical
grafting is greater than others as it is an extremely versatile in terms of providing
remarkable properties such as high surface density, exact localization and stable grafted
structures on the material surface in controlled and easy manner [34]. Graft
polymerization provides the covalent attachment of a new polymer to an existing polymer
surface, and various functional groups such as carboxyl, hydroxyl, amine, halogens and
organosilane groups can be introduced to the structure [35]. The grafting method is
irreversible due to covalent attachment to the structure. The grafting of polymer brushes to
surface leads to a versatile tool for surface modification and functionalization. Controlled-
living radical polymerization techniques may also employed during the graft
polymerization technique [36-43]. By combination of these techniques with graft
polymerization, various surfaces can be modified by polydispersity polymers with the high
graft density [44].

In general, three approaches; the ‘grafting to’, ‘grafting through’ and ‘grafting from’
processes can be used for bonding of a polymer chain covalently onto a surface [45] as can

be expreesed in Figure 2.1.
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Figure 2.1. Techniques of "grafting to", "grafting though™ and “grafting from"[45].

‘Grafting to’ approach

The ‘grafting to’ technique is carried out by reaction between the end-group
functionalized polymers and supplementary functional groups on the surface, which leads
to formation of the tethered chains at the end of the reaction. The polymers can
be obtained by conventional, controlled radical, living and other polymerization
techniques. The main benefit of the 'grafting to' method over the other polymerization
techniques is characterization of polymer via physical and chemical methods before the
grafting. In addition, this grafting method does not require very complex synthesis
reactions, and in general it is a less compelling method. Nevertheless, an important lack of
this technique is that maximum thickness of the layers is low [46]. When the amount of
grafted chains increase in the ‘grafting to’ method, the new chains may not reach the
surface and polymer chains may not be able to tether to the solid surface adequately. Since
the polymer chains cannot  diffuse to the existing surface of the solid, ‘grafting to’ method

is defined as self-limiting process [47].

‘Grafting from’ approach

In the ‘grafting from’ method, the growth of the chains is provided from out of the surface
by the help of initiator groups. Proper initiator group is covalently connected to the solid
surface depending on polymerization mechanism chosen for grafting. With this method,

grafted polymeric structures with high chain density and high mass per unit area are



obtained and it is easy for monomer molecules to penetrate these structures [48].
Furthermore, this method has demonstrated its impact in preparation thick layers with
high-density polymer on the solid surface [49].

‘Grafting through’ approach

The other approach is ‘grafting through’ also known as a macro-monomer method. In this
method polymerization of the chain end groups which are present in pre-synthesized
macro-monomer structures is carried out. First, in this method, polymerizable groups at the
chain ends are polymerized and then molecular brushes are obtained as a result of these
polymerized structures [50]. After the appropriate polymerization technique is selected,
side chains can be synthesized and the desired and controllable cylindrical polymer brushes
can be achieved. The grafting density of each monomeric structure can also be controlled
[51]. Nevertheless, when the published studies are examined, ‘the grafting through’
method has some inherent disadvantages; molecular weight control and polymerization of
high molecular weight macro-monomers is poor and difficult. The conversion of the

obtained macro-monomers does not take place completely [52].

It is clear from such reasons that the 'grafting from' technique seems to be preferred among

the strategies to synthesize grafted molecular structures.

2.1.1.1. Surface Functionalization in a Controlled-manner

It is important to modify the surface properties of a polymer in accordance with tailor-
made specifications designed for target usages. Therefore, in recent years a great deal of
research has been made to carry out surface modifications under controlled polymerization
conditions. Polymers produced by controlled polymerization conditions have a wide
range of reasonable applications such as drug delivery, nanoparticle, bio-mineralization
applications, composite, memory devices, coatings, lubricants, adhesives designing and
many others [53]. In addition, the molecular weight, polydispersity indexes, functionality,

chain structures and compositions of polymers can be adjusted through controlled manner.

The living ionic polymerizations are able to produce polymers with well-defined

structures, such as pre-determined copolymer compositions, controlled molecular weights,



narrow molecular weight distribution, end-group functionalities, etc. However, ionic
polymerizations are only applicaple for a limited range of monomers and they are
susceptible to moisture, many acidic or basic compounds and carbon dioxide [54]. The
conventional free-radical polymerization, on the other hand, is widely used to prepare high
molecular weight polymeric structures with a wide range of functional monomers. Some
major advantages of free-radical polymerization technique are the relative insensitivity to
impurities, its adaptability under less stringent synthesis conditions and the multiple
polymerization processes present [55]. Unfortunately, some disadvantages of free
radical polymerization are there is no control of the molecular weight and the molecular
weight distribution, and the preparation of well-defined homo- or co- polymers with
functional groups is very difficult [56].

Therefore, it has been very promising to combine the benefits of ionic and conventional
free-radical polymerization techniques in one polymerization process to obtain polymeric
structures having different functional structures such as block, graft copolymers, stars,
brush, combs, and networks, end-functional polymers under suitable mild conditions [57].
In order to success this aim, it has been found that the use of controlled free-radical
polymerization (CRP) techniques are versatile and effective either for the synthesis of
homo- or co- polymers and for compounding polymers with varied solid surfaces like
silica micro particles via grafting [58]. The functionalization of a surface, namely silica in
this M.S. thesis, with well-defined functional polymers provides promising materials that

are at the interest of polymer research.

2.2. Controlled/living Radical Polymerization (CRP) Techniques

Control over all aspects of radical polymerization was considered almost impossible since
radical termination reactions occur during the conventional free-radical polymerization
process. However, there are now several methods for controlling the radical
polymerization. These methods are not promising only for academia; there are some
companies preferring products based on CRP in many high-value markets [59]. This part
briefly gives a summary of the evolution, classification, advantages and disadvantages of
CRP techniques and contribution of preparation of well-defined polymers with controlled

molecular weight distribution.



Controlled/Living Radical Polymerization (CRP) is among the most unprecedented
opportunity in chemistry and polymer science. CRP technique is used powerfully to
prepare many well-defined structures with precisely controlled structural parameters and
can be used to produce materials with new special properties [60].

Conventional free-radical polymerization process has many advantages such as
preparing high molecular weight polymers of many vinyl monomers, adaptability over a
large temperature range (-80 to 250 °C) under very mild reaction conditions, e.g.
tolarence to oxygen, etc. [61]. Unfortunately, site-specific functionality, molecularaweight,
molecular weight distribution (polydispersity), architecture of the polymer, and
composition cannot be controlled for the macromolecular structures via this method [59].
On the other hand, transfer and termination reactions are removed in the chain growth
process of ionic living polymerizations, i.e. anionic and cationic. Living polymerizations
lead to control the end functional groups and the formation of block polymers. Well-
defined polymeric structures with accurately controlled molecular weight and narrow
molecular weight distribution are attainable by using ionic living polymerization.
However, there are some drawbacks such as ionic living polymerization requires
stringent conditions and are limited usage of monomers, susceptibility of carbon dioxide,
moisture, some acid and basic compounds [62-64]. Therefore, it is desirable to obtain end-
functional and well-defined polymers by free radical means. Synthesis of homo- or co-
polymers, such as block, stars, combs, and gradient copolymers under mild conditions
for a large number of monomers has always been challenging in polymer science [65].
This is the main reason why we have witnessed a real historical development of
‘controlled/*‘living’ radical polymerizations (CRP) in academia and also in many new

industrial application areas since the late 1990s.

The term ‘controlled’ has been used for systems that control molecular weight and
molecular weight distribution [66]. The ‘living’ term refers the formation of well-defined
polymers having low polydispersities under conditions when chain transfer reactions are
repressed and an equilibrium between end-capped chains that are dormant and active
chains is provided in a radical polymerization [67, 68]. The term ‘controlled/living’ could
also define the unprecedented opportunity to obtain functional polymers with targeted
properties. CRP can be introduced as “a radical polymerization that can be stopped and re-

initiated under externally control” and the schematic representation is as follows in Figure



2.2 [54]. Equilibrium is provided between end-capped chains that are dormant, unable
to propagate or terminate, and the active species. The equilibrium must be moved
towards the dormant species and exchange between the two types of CRP reaction,
namely active and dormant species must be fast relative to propagation. CRP techniques
become more essential than conventional radical polymerization with property of having a

reversible activation process.

General CRP mechanism can be shown as follows;

activation

Dormant species —=  Active species + Capping agent (trap)
deactivation U
kp
monomer

Figure 2.2. A general controlled radical polymerization mechanism [54].

A number of CRP methods have been developed and three most important methods are
nitroxide mediated polymerization (NMP), atom transfer radical polymerization (ATRP)
and reversible addition fragmentation chain transfer (RAFT) polymerization. A
dynamic equilibrium between active propagating chains having a low concentration and
a predominant amount of dormant chains that are unable to propagate or terminate is
established for each of these methods to increase the lifetime of the propagating chains
[59]. Homo-polymers, graft, block, random, and different molecular shapes such as linear,
networks, cross-linked, branched, comb, star, brush polymer etc. have been successfully
synthesized via CRP methods [54]. The success of the CRP is shown with examples of
polymers with an unprecedented opportunity in materials design, different topologies,

compositions and functionalization at the following Figure 2.3.
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Figure 2.3. Various polymer architectures prepared using CRP [69].

The CRP methods have advantages of obtaining polymeric structures with narrow
molecular weights distributions, formation of block copolymers and low sensitive structure
against impurities. When the CRP reaction is took place, the main idea is to prevent
formation of bimolecular, irreversible termination reaction (in free radical polymerization).
Thus, number of growing radical chains must be reduced. Although the reaction becomes
slower than free radical polymerization, CRP method provides the good control of
molecular weight and very narrow molecular weight distribution [70]. Three main CRP
types, namely Atom Transfer Radical Polymerization (ATRP), Nitroxide-Mediated
Radical Polymerization (NMP) and Reversible Addition-Fragmentation Chain Transfer

Polymerization (RAFT), are explained in details below.

2.2.1. Atom Transfer Radical Polymerization (ATRP)

The atom transfer radical polymerization technique is one particular type of the CRP

techniques that have emerged for the treatment of polymers with the desired specific
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structures. The ATRP process is robust, versatile and convenient which provides

to prepare previously inaccessible well-defined polymeric materials [69, 71, 72].

As shown in Figure 2.4, the ATRP reaction begins with the activation of an alkyl halide
(or dormant species), R-X, by the reversible abstraction of the halogen by a low-
oxidation-state metal complex shown as M;"-Y/Ligand, to reversibly form active radical
species, Re, which initiates the polymerization. The halogen atom abstraction is reversible,
therefore, a dynamic equilibrium is provided between the active species (radicals) and the
dormant halogen-capped species. Since, the rate of deactivation, Kgec, IS Very large
compared to the rate of activation, Kkae, the polymer chains are predominantly in the
dormant state. The active radical species grow with the rate constant of propagation,
kp, and termination occurs, ki, similiarly to conventional free-radical polymerization.
However, the proportion of chains which have been terminated is considerably smaller
compared to that of the dormant species. The system, therefore, extremely resembles a
living polymerization [73].

kact
R-X +M#Y /Ligand = R+ + X-M#'.Y /Ligand

kdeact ¢ - Kt
@ -H‘\

monomer termination

Figure 2.4. Schematic representation of the ATRP process [73].

The long lifetime of the active polymer chains in CRP (and especially in ATRP) lead to
synthesis of precise macromolecules with predetermined molecular weights [73]. ATRP is
a very versatile technique for the synthesis of a wide range of polymeric structures
derived from different types of monomer such as styrenes, [74-76] (meth)acrylates [77],
(meth)acrylamides, acrylonitrile, [69, 78] dimethylaminoethyl methacrylate [79] and 4-
vinylpyridine except for the polymerization of vinyl acetate and acrylic acids. Recently,
interest in this method has increased because of property of realization of reaction of the
polymers to be synthesized at room temperature [80]. The main advantage of ATRP is
the inexpensive end group composing of simple halogens. However, there are some
limitations for ATRP technique. The catalyst must be used for the reaction for ATRP

technique. In addition, the catalysts should be removed or recycled at the final
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polymerization. Hence, ATRP may be more complicated and may not the best selection for
synthesis of polymeric structure because of the difficulty of obtaining high conversion
[81].

2.2.2. Nitroxide-Mediated Polymerization (NMP)

One of the widely used methods of controlled radical polymerization technique to obtain
the desired functional and complex polymer structures with well-defined is the nitroxide-
mediated polymerization (NMP). This technique was discovered by Dave Solomon in the
1970's and used by many researchers to provide control over the structure of the polymers
[82]. The NMP technique is generally defined as the easiest and historically the first
applied controlling radical polymerization method [83].

NMP is accomplished by combining monomer (M), radical initiator and nitroxide radical
[84]. NMP mechanism is based on a reversible termination mechanism with the
propagating polymer radical by the combination of nitroxide, acting as a control agent, to
form alkoxyamine active sites as the predominant species. This dormant functionality
results in regenerating of the propagating radical and the nitroxide by a simple
homolytic cleavage at increasing temperature. When the latter is reasonably selected,
equilibrium between successive activation and deactivation reactions is set up (Figure 2.5).
This equilibrium offers the advantage of being a purely thermal process without to need
to catalyst and bimolecular exchange. The polymerization Kinetics is controlled by
activation—deactivation parameters (their ratio k¢/k. = K, K is the activation—deactivation
equilibrium constant) and the persistent radical effect. The information about these
quantities and the factors controlling enables the process of well-defined polymeric

structures [85].
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Figure 2.5. The activation-deactivation mechanism in NMP [83].

The first example of NMP was performed with styrene as monomer and TEMPO as the
robust nitroxide [86]. NMP provided good control with especially styrene and styrene
derivatives [87]. For more challenging polymerization conditions such as high temperature
(from 125 to 145 °C) and long time (from 24 to 72 hours), different derivatives of nitroxide
are necessary for the success of NMP method, such as 5-, 6-, 7- and 8- membered cyclic
nitroxides, acyclic nitroxides, aromatic nitroxides and bis-nitroxides [83]. While this
causes some limitations to the use of NMP, the technique still continues to obtain wide
variety of polymers and copolymers with controlled structures. Many types of monomer
(except for methacrylates) have been polymerized by the NMP method with the use of
different nitroxide types [88]. The monomer types that can be successfully and easyliy
polymerized via NMP are styrene and derivatives, vinlypyridines, acrylic esters, acrylic
acid, acrylamide, dienes, and acrylates [83]. The development of new nitroxides
and alkoxyamines has provided the application of the NMP method to other monomers

as well with some exceptions [89].

This method has some main drawbacks such as need of high temperatures and long
polymerization times. Although there is great successful for preparation of wide variety of
polymer structures and many advantages in simplicity, monomer compatibility and
polymer purity [88], another important drawback of NMP is the relatively reduced number
of control for monomers due to formation of side reactions and synthetic difficulties

associated with nitroxide and restricted works to synthesis alkoxyamine. In particular,
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the polymerization of monomers such as vinyl acetate (VAc), vinyl chloride (VC) and N-

vinylpyrrolidone (VP) cannot be effectively controlled [83].

Although NMP has been the first CRP technique to be used, ATRP and RAFT have
rapidly shown more versatile and better efficiencies in widespread usage areas such as the
broader range of controllable monomers, the lower polymerization temperatures, faster
polymerization kinetics and many others. Additionally, ATRP and RAFT methods do not
require the challenging synthesis of nitroxides and alkoxyamine initiators, as a range of
activated alkyl halide initiators for ATRP and thiocarbonyl chain transfer agents (CTAS)
for RAFT are commercially ready for polymerization process. The initiators mainly alkyl
halides R-X (X = CI, Br) [67, 90, 91] used for ATRP and the commonly used
thiocarbonylthio chain transfer agents such as dithioseters, [53] dithiocarbamates, [53, 92]
trithiocarbonates, [93] and xanthates, [94] for RAFT are available to be commercially
supplied. According to Nicolas at al. [83], the most significant disadvantage of NMP
method is that the polymerization of NVP monomer cannot be successfully controlled. In
summary, none of the CRP technique is drawback-free and despite the recent successful

studies on NMP, further developments are still necessary.

2.2.3. Reversible Addition-Fragmentation Chain Transfer Polymerization (RAFT)

The reversible addition-fragmentation chain transfer process which was discovered at
CSIRO (The Commonwealth Scientific and Industrial Research Organisation) in the
1990s is definitely one of the most usable and effective method of the controlled radical
polymerization systems [95]. Even if the theory of atom/group transfer is famous in
chemistry, the first reviews about the controlled radical polymerization technique using
dithiocarbonyl compounds are discovered in 1998 [96]. Many number of publications
conducted over these years have shown that RAFT process is quite successful, versatile

and convenient for synthesis of well-defined polymeric architectures [96-100].

Thiocarbonylthio compounds, with a weak carbon-sulphur bond, are used in RAFT
process and they provides the key property of living characteristics to radical
polymerization [101, 102]. These compounds are able to control the polymerization via a
reversible chain transfer process and to grow all the propagating chains proportionally

with conversion.
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The widely accepted mechanism of chain activation/deactivation for the RAFT is shown
in Figure 2.6. The scheme shows the initiation processes, a pre-equilibrium involving
the initial RAFT agent, propagation and re-initiation, the addition—fragmentation
equilibrium and bimolecular termination reactions. The polymerization mechanism is
controlled by a RAFT agent (dithio compound) which is transferred by the reversible
addition-fragmentation reaction between dormant and active chains. Propagating macro-
radical is added to the RAFT agent in the early stage of the polymerization reaction, and
fragmentation of the intermediate macro-radical forms a polymer-RAFT agent compound
and a new radical (Re). Reaction of monomer with Re creates a new propagating radical
(Pme). Through rapid equilibrium between the active propagating radicals (Pne and Ppe)
and the corresponding dormant species, growth of all chains occurs equally and
production of narrow polydispersity polymers are provided. When the polymerization
is terminated, the end groups of all chains will retain the thiocarbonylthio functionality
end-groups [95].
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Figure 2.6. Mechanism for reversible addition-fragmentation chain transfer (RAFT)

polymerization [95].
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The choice of the RAFT agent (ZC(=S)SR) for the monomers and reaction conditions is
important for the successful RAFT polymerization. The use of appropriate RAFT
agent for the monomer provides achievement of well-defined-products and a narrow

molecular weight distribution as shown in Figure 2.7.
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Figure 2.7. Comparison of polymers made with traditional radical polymerization and
RAFT process [103].

The effectiveness of the RAFT agents depends on the substituents of X, Z and R groups
existing in the common structure of a RAFT agent shown in Figure 2.8. The major
effective families of RAFT agents are certain thiocarbonylthio compounds, where Z is a
group providing the appropriate reactivity of the RAFT agent, X is sulfur and R is group
yielding homolyticly leaving free radical that is capable of reinitiating polymerization
[96, 104]. There are some different types of thiocarbonylthio RAFT agents including
trithiocarbonates (Z=SR’), xanthates (Z=OR'), dithioesters (Z=alkyl or aryl), and
dithiocarbamates (Z=NR'R"). The optimal selection of the RAFT agent is depended on the
monomer(s), the reaction conditions, and the desired functionality in the product. In order
to control the polymerization via RAFT mechanism optimally, choosing an appropriate

RAFT agent (R and Z groups) plays an important role [105].
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Figure 2.8. General structures of different classes of thiocarbonylthio RAFT agents [105].

The complex polymeric architecture with well-defined homo, gradient, diblock, triblock,
graft, comb and star polymers can be prepared by optimal choice of reagents and
polymerization conditions for RAFT process [53]. The versatility and effectiveness of this
process offers clear advantages over other types of controlled radical polymerization
techniques. All chain transfer agents are not compatible with each monomer type and
polymerization system. Therefore, determining the optimal conditions reduces side
reactions and, hence, improve the living characters of resultant polymers [106]. RAFT
polymerization is different from all other CRP techniques, that it can be used with a
wide range of monomers, which are difficult to polymerize by other CRP techniges.
For example, unprotected (meth)acrylic acids, [107, 108] acrylamides, [107, 109, 110]
and vinyl acetate [111] can successfully be synthesized via RAFT polymerization. The
RAFT procedure is also regarded as the most tolerant one, and it is compatible with a
wide range of polymerization methods such as bulk, solution, emulsion, suspension, etc.
Azo-bis-isobutylonitrile (AIBN) or dibenzoyl peroxide initiators used in free radical
polymerizations can be also used in the RAFT method. The RAFT process can be carried
out in a wide range of temperature from ca. 20 to 150 °C in a wide range of solvents,
including water and alcohols under comparatively nondemanding conditions [111]. It has
been also used successfully in supercritical carbon dioxide and ionic liquids [99]. As a

method having almost the same polymerization conditions with conventional free radical
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polymerization, the RAFT process is regarded as more advantageous than NMP and ATRP
[112]. theoretical molar mass (M theo.) IS calculated by using equation 7. Since the number
of initiator-derived chains are generally small compared to the number of RAFT agent

derived chains, the term 2-f:/1] - can be neglected in most cases.

B [M ] : [Mwmonomel’ ] -%conv + Mw

M =
Wineo [CTA]+2-f-[1] e

(Eqg. 2.1)

Nevertheless, there are some disadvantages of RAFT in comparison to the other CRP
systems. If the chain transfer between propagating centers and dormant chain transfer
agent (CTA) are dominat, the polymerization can occur very slowly (this case is called as
reterdation). Furthermore, many RAFT agents (CTA) are toxic, malodorous, colorful and
not commercially available or difficult synthesis conditions are necessary [111]. The color
and smell of RAFT agents are refrected by the resultant polymer. These drawbacks limit
the use of the RAFT method. Although the RAFT process is tolerable for many
functionalities and can be used for the polymerization of many monomers, the synthesis of
primary or secondary amine end-functional polymers cannot be polymerized by this
method, since these functional groups give undesirable side reactions with the RAFT
agents [99].

2.3. Surface Functionalization via RAFT Mediated Graft Polymerization and
Stabilizing Effect of Surface-attached Grafts

Modifing the surface of various substrates such as polymer films and organic or
inorganic particles (e.g. silica, metal nanoparticles, etc) with macromolecular layers or thin
films may provide new applications areas and functional units such as recognition sites,
catalytic activity, redox-active or bio-active groups, etc. [113]. Among the different
substrates available, the surface-functionalized micro- and nano- particles are promising
especially due to potantional use in catalyst [114]. Among the methods for preparing
polymer-coated micro-, nano- particles, grafting of polymer chains is one of the most
efficient methods to alter the surface properties by selecting a variety of functional
monomers. In this thesis, controlled/living radical polymerization of vinylpyrrolidone
(VP) from the surface of the 4,4'-Azobis (4-cyanopentanoic acid) (ACPA) functionalized
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silica was carried out. This method provided a micro-particle with an outer layer of
covalently attached poly(vinylpyrrolidone), PVP as shown in Figure 2.9. There has been a
growing interest in the development of nanometer size particles (nanoparticles) of metals
because they offer many applications such as chemical sensors, medicinal science, material
science, catalysis and micro-electronics [115]. Metal nanoparticles prepared in suspension
generally have an unstable structure which prevents coagulation and precipitation in the
solution. However, they can be stabilized by a polymer as represented schematically in

Figure 2.9.

Metal
nanoparticles PVP (polyvinylpyrrolidone)

coated silica particles

Figure 2.9. Representation of PVP coated silica microparticles with stabilized metal

nanoparticles.

2.4. Metal Nanoparticles and Their Stabilization

Recently, the terms nanotechnology, nanoscience, and nanometer size particles have been
used widely in application of scientific and engineering fields. It was found that metal
nanoparticles are very applicable and useful in catalytic fields. There are many different
optical, chemical and physical properties for metal nanoparticles than those of bulk metals.
The major problem in working with nanoparticles is their undesirable agglomeration to
generate larger particles. In order to prevent formation of agglomerates, protecting
polymers [115], ligand exchange materials, [93,116] and surfactants [117, 118] are used.
They provide stability during the formation of nanoparticles and therefore suppress the

aggregation [119].
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Metal nanoparticles cannot be thermodynamically stable due to their large surface energy
and chemical activity, therefore they tend to oxidize and agglomerate easily when exposed
to moisture or air [120]. This situation negatively affects the properties of metal
nanoparticles and limits their use in many applications. The metal nanoparticles can be
stabilized by embedding them in solid host materials. The host material to be used should
be selected according to the area of use of metal nanoparticles. Another approach to
stabilize the metal nanoparticles is to interact them with a support material in solution,
such as solvated polymers. The stability of metal nanoparticles is generally based on

electrostatic or steric interactions [121].

The role of polymeric supports (surfactants or ligands) attached on metal nanoparticles in
their protection is very significant since these polymers stabilize metallic NPs through
steric hindrances (Figure 2.10). The functional groups of polymers such as amines,
carboxylic acids, tiols, silanes, phosphines, etc. provide the anchoring of the molecule at
the cluster surface [122]. When nanoparticles are prepared by irradiation, the stabilizers
should not reduce the ions before irradiation. Some stabilizers used in the synthesis of
nanoparticles such as poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA),
poly(acrylamide) (PAM), sodium poly(vinyl sulfate) (PVS), poly(ethylene imine) (PEI),
sodium dodecyl sulfate (SDS), and poly(N-methyl acrylamide) (PNMAM) fulfill the
criteria for stabilizations [123]. However, the most commonly used polymer stabilizers
are PVA and PVP though others have also reported [124]. PVP is generally chosen for
radiolytic reduction processes due to excellent properties such as large protective value
and high solubility in water [4]. In this M.S. thesis, formation of the palladium
nanoparticles was examined by reduction of palladium (Il) in the presence of protective
PVP.
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Figure 2.10. Steric stabilization of metallic nanoclusters [124].

2.5.  Preparation of Metal Nanoparticles by lonizing Radiation

The discovery of X-rays by the German physicist Wilhelm Conrad Rontgen in 1895 [125]
and the discovery of uranium degradation by Becquerel in 1896 [126] have marked a
turning point in the scientific world. X-rays have been only used for many years to reduce
silver ions to silver atoms and then to fog the photographic plates with the silver metal

clusters formed by the combination of silver atoms [127].

It has been known since the beginning of the researches in the field of nanotechnology that
nanomaterials can be prepared by using ionizing radiation (gamma, X-rays and accelerated
electrons). lonizing radiation plays an important role in the preparation of nano-structured
materials, catalysts, biosensors, nano-gels, opto-electronics, biological labelling, nano-
electronic chips, and magnetic separators [128-130]. In addition to these application areas,
the advantages of ionizing radiation are also used in the preparation of metal nanoparticles.
Reduction of metal ions by ionizing radiation and the preparation of metal nanoparticles
have many advantages over the preparation of metal nanoparticles using other methods of

reduction (chemical, thermal, photochemical, electrochemical) [131].

Advantages of using ionizing radiation in the synthesis of metal nanoparticles compared to

other methods are given as follows. These are;

e High reduction potential of the reducing species generated by irradiation,

e The production of nanoparticles from metal ions including noble metal ions,
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e The fast kinetics of metal ion reduction at ambient temperature without excessive
chemical reducing agent

e Control size and size distribution of the obtained metal nanoparticles [132].

There are two general classes of ionizing radiation or high energy radiation: directly
ionizing radiation and indirectly ionizing radiation. High-speed electrons with charged
beams directly ionize the types of o (alpha) and [ (beta) particles. High-energy
electromagnetic waves (gamma, X-rays) and high-speed neutral particles deliver their
energies into charged particles where they do not directly ionize matter [133]. The types of
ionizing radiation are seen in the high frequency (f), low wavelength (1) region on the right

side of the electromagnetic spectrum in Figure 2.11 [134].
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Figure 2.10. The electromagnetic spectrum illustrating the range of frequencies of all

radiation.

The synthesis of metallic nanoparticle is generally carried out by chemical reduction of
metal precursor salts in aqueous medium. The radiochemical method by gamma-
irradiation is used to form hydrated electrons by means of water radiolysis, which ensures
distribution homogeneously in the medium, these species can easily react with solvated
metal ions reducing their oxidation state [135]. This technique provides homogeneous
reduction and balance between the nucleation rate and the particle growth and further

yields controlled size, shape and structure. In radiolytic reduction process oxidizing and
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reducing species are formed such as “hydrated electrons” (e,) and “hydrogen atoms”
(He), where the solvated electrons and He possess reductive potential E° (H2Oleyq) = —
2.87 V and E° (H+/He) = 2.3 V (showing the below Egs. 1 and 2), while the OH* has the
strong oxidative potential E° (OH+/H,0) = + 2.8 V, which would provide a high oxidation
state to the metal ions or atoms [136].

M* + e aq— M° (1)

M* + Hs — M° (2)

The presence of this species causes the metal atoms formed by reducing species to be re-
oxidized with OHe radicals. In order to avoid oxidation reactions, additives such as
secondary alcohols or formate anions (HCOO-) having the scavenging properties for OHe
radicals are introduced to the reaction medium. Hydrogen radicals which have reductive

properties are also removed by these scavengers.

HsC-HCOH-CH; + OHs (H+ ) — H3C- *COH-CH; + H,0 (Ho) (3)

HCOO™ + OH+ —COQ-" + H,O(H,) (4)

The radicals H3C- «COH-CHs; (3) and COO-+~ (4) formed as a result of these reactions are
powerful reducing agents. [E° (CH3),CO / H3C- *COH-CHs) = -1.8 V and E° (CO,/COO+")

=-1.9 V] as shown in following equations [137].

M* + HyC- *COH-CH3 — M° + (CH;),CO + H* (5)

M* + COO+~ — M® +CO, (6)

The binding energy between two metal atoms is much stronger than the bond energies
between the metal atom-solvent and the metal atom-ligand. Therefore, the metal atoms
come together to form the nanoclusters [136]. Under irradiation, the metal atoms formed as
a result of the reduction are homogeneously dispersed throughout the solution. The

radiation technique has approved to be a more environmentally friendly and cost-effective
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process for generation of a large quantity of shape and size controllable metal
nanoparticles [138, 7, 139].

2.5.1. The Effect of Radiation Dose Rate and Absorbed Dose

In the reduction of ionic structures by the effect of ionizing radiation and the reduction of
ionic structures, the dose rate of the radiation source with the absorbed dose affects the
number and quality of the reduced species. Dose refers the energy absorbed per unit mass
and the dose rate refers to the number of photons emitted by the radioactive source per unit
time. The absorbed dose affects the amount of the species formed and the dose rate affects

the rate of formation of the active species [140].

The irradiation dose rate is an important factor affecting the quantity, shape and size of the
nanoparticles. Decreasing the irradiation dose rate slows the rate of formation of reducing
agents. In this case, large metal nanoclusters are formed with a sufficient number of
metallic cores [141]. In the irradiation at high dose rate, the reducing agents quickly
reduce the metal ions and cause the formation of many smaller clusters. In this case, a
large number of clusters formed cannot grow sufficiently, since these clusters do not
interact with metal ions a large number of small metal nanoparticles are formed (Figure
2.12) [138].
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Figure 2.11. The effect of dose rate on the size of nanoclusters generated [4].
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3. EXPERIMENTAL

3.1. Materials

3-Aminopropyl-functionalized silica (~1 mmol/g NH; loading, 40 um average particle
size, 550 m?g surface area, 60 A pore size), 4,4-Azobis (4-cyanopentanoic acid)
(ACPA), NN’ dicyclohexyl carbodiimide (DCC), palladium (I1) acetate (Pd(OAc)), 4-
nitrophenol (4-NP), 4-aminophenol (4-AP), sodium borohydride (NaBH4), N-
vinylpyrolidone (VP), ethanol (EtOH), potassium ethyl xanthogenate (PAX) and methyl-2-
bromopropionate (MB) were purchased from Sigma-Aldrich. A xanthate (dithiocarbonate)
type RAFT agent, namely O-ethyl-S-(1-methoxycarbonyl) ethyl dithiocarbonate (RA1),
was selected as it is suitable for less activated monomers, such as VP, and synthesized
using PAX and MB. [142]

3.2. Attenuated Total Reflectance Fourier Transform Infra-Red (ATR-FTIR)
Spectroscopy

FTIR spectra were recorded in attenuated total reflection (ATR) mode by Perkin Elmer
Spectrum One model spectrometer. Spectra were obtained by 32 scans with a 4 cm™

resolution.

3.3. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron experiments were carried out using mono-chromatized Al K a X-
ray source of Thermo spectrometer using an X-ray spot size of 400 um. 30 eV and 200
eV pass energies were applied during the survey and region scans, respectively. Binding
energies (BEs) were referenced to the Cls peak at 285 eV and surface elemental

compositions were determined by varying the energy between 0-1000 eV.

3.4. UV-Vis Spectropcopy

The absorbance of target molecules was measured by Varian Caryl00 model UV-Vis

spectrophotometer between 200-600 nm wavelength at room temperature.
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3.5. Dynamic Light-Scattering (DLYS)

The average hydrodynamic diameter of free Pd NPs or relative products in irradiated
solutions were measured using Zetasizer Nano ZS (Malvern Instruments Ltd., UK)
equipped with a 4 mW He-Ne laser (633 nm wavelength). All the experiments were

carried out at constant temperature, 25 °C, with at least three successive measurements.

3.6. Atomic Force Microscopy (AFM)

Changes on the surface morphology were investigated using MultiMode V AFM with
Nanoscope 9.1 controller (Bruker) in tapping mode in air.

3.7. Scanning Electron Microscopy (SEM) Imaging and Energy Dispersive X-Ray
(EDX) Mapping

FEI Quanta 200FEG microscope was used to take the SEM images of samples at
different magnifications. The samples were covered with Au/Pt (10 nm) before imaging.

For the attainment of elemental mappings, Supra 35VP Leo EDX instrument was used.

3.8. Transmission Electron Microscopy (TEM)

FEI Tecnai G2 F30 transmission electron microscope (TEM) operated at 100 keV was

used for imaging.

3.9. Size Exclusion Chromatography (SEC) Analysis

The molecular weight distributions of free, i.e. non-grafted, PVP chains in solution were
analysed by SEC. Molecular weight data for the PVP samples were obtained using an
Agilent 1100 gel permeation chromatograph with PL aquagel-OH column standards in
water (0.1M NaNOs) as a mobile phase at 25 °C. Poly(ethylene glycol) (PEG) and
poly(ethylene oxide) (PEO) were used as standarts. The monomer conversion was
determined by gravimetric measurement. GPC results were calculated on the basis of
calibration with narrowly distributed PEG and PEO standarts without using Mark-
Houwink constants as they are not available. Therefore, the values Mn and PD reported

are not true values but instead correspond to PEG and PEO equivalents. As PEG and
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PEO are commonly regarded as suitable standarts for PVP, we believe that the results

are reliable, especially for comparison purposes.

3.10. Thermogravimetric Analysis (TGA)

TGA was performed to study the changes in thermal stability and decomposition of
the substrate and grafted materials. Thermal decomposition properties of samples were
recorded using a Perkin Elmer thermogravimetric analyzer (Pyris 1 TGA). Analyses
were conducted over the temperature range from 25 to 700 °C with a programmed

temperature increment of 10 °C min™ under N atmosphere.

3.11. Synthesis of 4,4'-Azobis(4-cyanopentanoic acid) (ACPA) Functionalized Silica
(SI@ACPA)

1 g ACPA and 0.8 g DCC was dissolved in 50 mL DMF. This solution was added
dropwise to a suspension of 2.0 g NH,-fuctionalized silica in 20 mL DMF during vigorous
stirring. The reaction mixture was stirred at dark for 48 hours at 0 °C and SI@ACPA was
filtered throug Whatman No. 1 filter paper and dried under vacuum at room temperature
[45]. SI@ACPA macro-initiator (Scheme 3.1) was kept in dark below 0 °C.

N
Q

ACPA, DCC RN N N .
DMF,0°C i ©
Aminopropyl silica SIACPA

Scheme 3.1. Schematic Representation of the Synthesis of the Azo Initiator Modified
Silica microparticles (SI@ACPA).

3.12. Synthesis of Poly(vinylpyrrolidone) (PVP) Grafted Silica Micro-particles
(Si@PVP)

PVP chains with different target lengths were grafted from silica core using SI@ACPA as
the macroinitiator via RAFT-mediated graft polymerization as summarized in Table 4.1.

From the sample code in Table 4.1, the number used after PVP denotes the target
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molecular weight of PVP at complete monomer conversion while the second is for the
polymerization time. In a typical grafting, VP (2.81 g, 25.3 mmol) and desired amount of
RA1l (e.g. 0.14 mmol) was dissolved in 10 mL water and 0.10 g of SI@QACPA
macroinitiator was added to reaction medium. 1.67 mg (5.96 x10° mmol) ACPA was
added to mixture along with the initiating sites that exist on the surface of SI@ACPA as
addition of free ACPA to the solution provides better control of the growth of surface
adherent chains [19] . The grafting solution in a round bottom reaction vessel was sealed,
purged with nitrogen gas for 15 min and placed in a shaking (100 rpm),
thermostated bath at 65 °C for different time intervals. At the ends of the predetermined
polymerization periods, PVP grafted silica samples (Si@PVP) were filtered, washed
several times with deionized water to remove free homopolymer and then dried under
vacuum at 50 °C for 24 h.

3.13. Formation of Palladium Nanoparticles Stabilized by PVP (Si@PVP-PdNP):

Prior to radiolytic reduction of Pd(II) ions to Pd metal NPs, predetermined amounts of
Si@PVP with different graft chain lengths (Si@PVP20, Si@PVP33 or Si@PVP50) were
subjected to 15 mL of 0.45 M Pd(OAc), precursor solution in sealed tubes and shaken at
100 rpm at room temperature for 24 h to ensure maximum Pd(II) ion absorption. The
amount of SI@PVP in the mixture was set to Pd:VVP mol ratio of 1:1 or 1:10 using the PVP
grafting degrees calculated by TGA analysis (see Table 4.1). For example, the mass of
Si@PVP50-10h sample with a DG of 19.9 % (w/w) was either 3.77 mg (1:1) or 37.7 mg
(1:10). The mixtures were then purged with N, gas for 20 min and irradiated at room
temperature using a Co-60 gamma cell at Saraykdy, TAEK. The total absorbed dose was
10 kGy for all samples. Three different solvents, namely water, ethanol or ethanol:water
(40:60, v/v), were used for the preparation of the mixtures in order to observe the
effect of reduction medium on the formation of Pd NPs. After irradiation, Si@PVP-PdNP
samples were collected by filtration and washed with deionized water several times and

finally stored in acetone. The filtrate was kept for DLS analysis.

3.14. Catalytic Activity Measurements

The reduction of 4-NP to 4-AP (Scheme 3.2) by NaBH,; was chosen as a model
reaction for investigating the catalytic performance of SI@PVP-PdNP samples. Typically,
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10 mL of 7.82x10° M NaBH, solution was added to 10 ml 4-NP aqueous solution with
an initial concentration of 7.82x10° M under stirring (100 rpm). Subsequently, 5.0 mg of
SI@PVP-PANP catalyst sample was added to the above solution at constant
temperature and the consumption of 4-NP was monitored periodically by the decrease of
its absorption peak located at 400 nm via UV-Vis Spectroscopy. The use of an excess of
NaBH, ensures that its concentration remains essentially constant during the reaction,
which permits the assumption of pseudo-first-order kinetics with respect to the
nitro compound. Once the reaction was completed, the Si@PVP-PdNP catalyst was
removed from the solution by filtration (Whatman filter paper no. 1), thoroughly rinsed
with deionized water and then recycled without drying for three times in the same

procedure.

After the first run of reaction, the catalyst was isolated by filtration through Whatman No.
1 filter paper and dried under vacuum at room temperature, then bottled in acetone. The
bottled samples of Si@PVP-PdNP were then isolated, dried, weighed and reused in the
reduction of 4-NP to 4-AP after 1, 2, 3 and 5 week. The reusability of the catalyst system
was evaluated by measuring the amount of 4-NP reduced per mass of Si@PVP-PdNP from

the decrease in absorbance at 400 nm once the reaction was completed.

NO, NH,
Si@PVP-PdNP
NaBH, ]
OH OH
4-nitrophenol 4-aminophenol

Scheme 3.2. Schematic Representation of Reduction of p-Nitrophenol to p-Aminophenol.
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4. RESULT AND DISCUSSION

The covalent attachment of polymers on a surface can be obtained through either a
‘grafting to’ or ‘grafting from’ technique. In the ‘grafting from’ approach, uniform
polymer brush layers of a high grafting density can be obtained [143]. The free, i.e.
nongrafted, polymers formed in solution are good indicators of grafted chains in a ‘grafting
from’ approach [23]. Therefore, analyzing the properties of free polymers gives
important information about the grafted ones. Table 4.1 summarizes some experimental
conditions applied during the synthesis of PVP grafted silica samples. Molecular weights
and polydispersities of free, i.e. non-grafted PVP chains, attained by SEC and grafting
degrees (mass of grafted PVP to mass of silica substrate) calculated based on TGA were
also presented in the same table. The controlled fashion of grafting is showed in Table 4.1
and corresponding figures (Figure 4.1 a-c), where narrow and unimodal chromatograms
and linear evolution of the number-average molecular weight, My, with conversion (which
is expected for a controlled/living polymerization), is depicted. Furthermore, the PD
values remain in the range of 1.35-1.65. The agreement with the theoretical number-
average molecular weight, Muu, is also good for all RAFT mediated graft
polymerizations. The theoretical number-average molecular weight can be calculated

using the following equation.

Monomer]
mrey—d|

Mn, thr = [ RAFT] Mw, monomer] x Conv (%) + Mw, Raft (Eq. 4.1)

In addition to the RAFT mediated grafting of PVP, conventional graft polymerizations
were also achieved for two samples (denoted as control in Table 4.1) and results clearly
demonstrate the uncontrolled fashion of the polymerization in the absence of chain
transfer agent, RA1. The sample with code ‘Si@NH,-8h’ is free of surface-immobilized
ACPA initiator. As seen from the table, no grafting takes place for this sample, suggesting

that the attachment of PVP chains to the surface is by chemical bonds rather than by
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physical means. Also, this sample shows that cleaning procedure applied to remove the

physically attached polymer chains from the silica surface was efficient.

Table 4.1. Reversible addition fragmentation chain transfer (RAFT) mediated grafting of

N-vinylpyrolidone (VP) from silica surface in water at 65 °C with RA1 as RAFT agent,

[VP] = 2.53 M.
sample Code® [VPI/ | RAL® | Conv.® | Mo | Moex!’ . GD' | Time
[RAL] | (mmol) | (%) | (@/mol) | (g/mol) (%, wiw) | (h)
Si@PVP20-8h | 180 | 0.140 | 33.1 | 6830 | 11900 | 1.50 | 1.9 8
Si@PVP33-8h | 300 | 0.084 | 49.7 | 16770 | 25600 | 1.45 | 8.9 8
Si@PVP50-8h | 452 | 0.056 | 57.0 | 28830 | 39000 | 1.41 | 17.8 8
Si@PVP84-8h | 760 | 0.033 | 81.1 | 68690 | 78500 | 1.60 | 19.5 8
Si@PVP50-2h | 452 | 0.056 | 21.1 | 10800 | 15100 | 1.65 | 13.0 2
Si@PVP50-5h | 452 | 0.056 | 30.3 | 15420 | 21100 | 151 | 154 5
Si@PVP50-10h | 452 | 0.056 | 70.7 | 35710 | 47100 | 1.35 | 19.9 10
Control® - - - 112100 | 249 | 176 2
Control® - - - 131000 | 2.71 | 24.2 8
SiI@NH,-8h" 452 | 0.056 | 33.7 | 17130 | 27100 | 1.42 0 8

®The number used after PVP indicates the target molecular weight of PVP at complete
monomer conversion (i.e. 20.200, 33.540, 50.425, or 84.640 g/mol) while the second one
denotes the polymerization time. °O-ethyl-S-(1-methoxycarbonyl) ethyl dithiocarbonate
(208.3 g/mol). “Monomer conversion was determined gravimetrically by evaporating the
filtrates of polymerization solution, ®Theoretical number-average molecular weight,
Mn.r., Was calculated from the monomer conversion using Eq. 4.1 based on Eq. 2.1.
*Number average molecular weight, Mnexp, and  polydispersity, PD, determined via size-
exclusion chromatography, SEC, using water (0.1 M NaNO3) as eluent with PEG and
PEO standards. ‘Grafting degree (mass of grafted PVP to mass of silica substrate) was
calculated from the TGA results, °Conventional grafting results of VP (25.3 mmol) in
water at 65 °C. "Initiator-free silica surface (SI@NH,) was employed in grafting.
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Figure 4.1. GPC chromatograms as a function of (a) polymerization time, (b) VP/RA1
molar ratio. (c) Experimental and theoretical number-average of molecular weights as a

function of monomer conversion and PD values obtained by using VP/RAL: 452 molar
ratio.

Thermogravimetric analysis (TGA) was used because it is a very practical and reliable
method for determining the grafting degree (GD) of the SI@PVP samples. As seen in
Figure 4.2a, the thermal degradation process of PVP homopolymer in N, atmosphere
shows one main weight loss starting at around 380 °C and continues up to 520 °C. The
maximum degradation rate is reached at 472 °C (derivative thermogravimetry curve not
presented here) and the residue at 700 °C is 2.5 %. The degradation profile of the grafted

samples contains multiple steps corresponding to degradations of 3-aminopropyl, ACPA
and PVP functionalities (see Figure 4.2b and 4.2c).
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Figure 4.2. TGA thermograms of (a) initiator-immobilized silica (SI@ACPA), PVP and
PVP grafted silica (SI@PVP) samples with different polymerization time, (b) SI@NH2,
ACPA and SI@ACPA, (c) Si@PVP samples with different target molecular weights.
Target chain length was derivatized by changing the [VP]/[RAL] molar ratio.
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Using the residual masses in Figure 4.2, the grafting degree (GD) of each sample was
calculated using the following method shown for the sample coded “Si@PVP50-2h”. The
grafting degree (GD) for each sample code was calculated by using the residual amount of
TGA curves and the GD values was recorded in the Table 4.1.

Grafting density ;
for Si@PVP50-2h;
SIFACPA “61.5 %
PYP 125%
SI@FVPE0-2h:538% = A%  SI@ACPA
=100-4 % PYP
Ax 0615+ (100 — A)x (0.025) = 100 x (0.538)

A= 87T%Si
13 % grafted PVF

The amount of residue decreases with polymerization time, indicating a higher PVP
content in SI@PVP samples. As polymerization progresses, more initiating species, i.e.
radicals, form on silica surface as a result of homolytic cleavage of ACPA, subsequently
yielding more grafted chains. In addition, longer chains are attained at higher conversion,
and hence at longer polymerization times in Table 4.1 as the M, is a linear function
of monomer conversion in RAFT polymerization. Figure 4.2c shows that increasing
VP/RAL molar ratio results in higher GD at the same polymerization time. This clearly
indicates the formation of longer PVP grafts on the silica surface, as an expected outcome
of the RAFT mechanism.

In order to structurally characterize the grafted PVP shell we performed FTIR analysis
(Figure 4.3). Grafting of PVP to silica significantly led to appearance of C=0 peak at
around 1650 cm™ [144] in addition to already existing carbonyl peak of immobilized
ACPA functionalities (see Figure 4.4). The intensity of this peak increases with
polymerization time, indicating an increase in GD of PVP in agreement with the results in
Table 4.1. C-H stretching peak and C—H bending vibration of PVP, appearing at 2930 cm™
and 1436 cm™, respectively, become more distinct by increasing GD of PVP [145]. C-N
stretching vibration at 1286 cm™' is overlapped by the strong absorption peaks of SiI@NH
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(Figure 4.4). The absorption band around 3500 cm ' can be ascribed to water absorbed by
PVP and it is also noticeable in TGA with mass loss before 100 °C.

2930 1650 1436

— Si@ACPA

Si@PVP50-2h

Si@PVP50-5h

— Si@PVP50-8h
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Figure 4.3. FTIR spectra of initiator-immobilized silica (SI@ACPA) and PVP grafted
silica (SI@PVP) samples.
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Figure 4.4. Composition of FTIR spectrum of Si@NH, and SI@QACPA. The carbonyl
(C=0) peak of ACPA appears at 1621 cm™.
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In order to investigate the morphological behavior, we have performed SEM analysis as
presented in Figure 4.5. As can be seen in this figure, PVP grafted surface looks free from
any spurious matter such as aggregated PVP domains. This indicates that a homogeneous
surface coverage took place during the grafting of PVP from silica surface. SEM-EDX
mappings presented in Figure 4.6, illustrate the distribution of Si (blue) and N (red)
elements across the image. Obviously, the nitrogen content increases on the silica surface
following the grafting which proves the attachment of PVP chains. Homogeneous

distribution of this element through the surface indicates a uniform surface coverage.

Figure 4.5. SEM images of (a) SI@NH., (b) SI@ACPA and (c) Si@PVP50-8h
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Figure 4.6. SEM images of (a) SI@NH,, (b) SI@QACPA and (c) Si@PVP84-8h and
corresponding SEM-EDX mappings for Si (indicated by «1», blue) and for N (indicated by

«2», red) atoms.

XPS has been widely used to characterize the changes taking place on the outmost
surface after physical or chemical treatments. The XPS survey wide scans of Si@NH,,
SI@ACPA initiator and grafted silica samples with different brush lengths are shown in
Figure 4.7. In the survey scans, the quantitative elemental composition of each sample is
also inserted in the graph. As seen in Figure 4.7, immobilization of ACPA to silica yields
a distinct increase in N content. Then, its amount increases further by grafting. The O/C
ratio, which was 1.58 before the grafting, decreased to 1.13 and 0.22, respectively, once
GD increased from 1.9 % to 19.9 % as the surface has become poorer in oxygen due to
carbon-rich structure of PVP. In addition, there is only a small contribution of the Si
atom in the spectrum of Si@PVP84-8h, indicating that the analyzed region is almost

entirely composed of PVP. Cls core level spectra presented in Figure 4.8 clearly shows
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the appearance of new C=0 component at ca. 288.1 eV after immobilization of ACPA to
silica surface. This peak becomes more apparent following the grafting and its intensity
increases with GD as seen in Figure 4.8c.
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Figure 4.7. Survey wide-scan XPS spectra of (a) Si@NH,, (b) SI@ACPA, (c) Si@PVP20-
8h and (d) Si@PVP84-8h.
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Figure 4.8. C1s spectra of (a) SI@NH,, (b) SI@ACPA and (c) comparison of C1s spectra

of various samples.

Irradiation by ionizing radiation such as gamma-rays has been widely used to create
reductive medium for the preparation of metallic nanoparticles under eco-friendly
conditions [4, 7, 146, 147]. This approach has been advantageous since it is effective,
simple and does not require any chemical reducing agent. The radiolysis products of
water mainly consist of oxidative (OHe, EOOH_/HZO =+2.8 V) and reductive (He, Ef,+/H, =-
2.3 V and hydrated electron, eq,, 51320 Jeaq™ -2.87 V) species. Oxidative hydroxyl radicals

can be eliminated using primary or secondary alcohols or formate ions as scavenger [1,
148]. Previous works mainly focus on using an alcohol in agueous media for the synthesis
of metal nanoparticles [11, 149-151]. Non-aqueous solvents such as methanol [152], 2-
propanol [153] and supercritical ethane [154] also been used to form metal NPs under
irradiation. We elaborated the effect of solvent on the y-induced reduction of Pd(ll) into
Pd(0) NPs by employing water, EtOH and EtOH:water (40:60, v/v) mixture as the solvent.
As can be seen in Figure 4.9, UV absorption spectrum of Pd(OAC),q) presents a broad
band centered at ca. 280 nm corresponding to Pd(II) ions before the irradiation [155]. The
intensity of this peak decreases significantly following the irradiation as a result of

reduction of Pd(II) to zero-valent Pd as can be seen in the spectra of filtrates of SI@QPVP-
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PANP samples. It is clear in Figure 4.9 that the reduction in EtOH and water is incomplete,
as indicated from the Pd(II) ion peak still present at 280 nm. On the other hand,
EtOH:water (40:60, v/v) mixture yielded almost a complete reduction of Pd(ll) to zero-

valent Pd NPs in solution.
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Figure 4.9. UV-vis absorption spectra of Pd(OAC).q and filtrates of Si@PVP-Pd NP

samples prepared in different solvents.

Dynamic light-scattering (DLS) technique was used for nanoparticles to estimate the
average hydrodynamic diameter of Pd NPs or relative products prepared in different
radiolytic conditions. Since the particle size distributions of Si@PVP filtrates presented in
Figure 4.10 are bimodal or multimodal, average hydrodynamic diameter of each peak was
individual calculated and given in Table 4.2. The DLS profile of Pd(OAc), solution (0.45
mM in EtOH:water; 40:60, v/v mixture) irradiated in the absence of SI@PVP stabilizer
appears as a unimodal peak with an average diameter of 333.8 nm as presented in Figure
4.10a and Table 4.2. This indicates that a cluster formation takes place in the absence of a
stabilizer during the radiolitic reduction due to aggregation and dynamic intermolecular
interactions. When Si@PVP50 stabilizer is added to the same solution, a distinct second
peak corresponding to Pd NPs is observed at 31.4 nm (entry 2 in Table 4.2). These
nanoparticles correspond to those that have passed into solution by leaking through the
PVP shell, and are very significant as they demonstrate that PVP grafts are capable of
forming and stabilizing nanoparticles despite being attached to a solid heterogeneous
phase. Although a small amount of NPs with average size of 18 nm is also appeared in the

solution irradiated in water alone, a broad peak corresponding to aggregated particles with
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average size of 2910 nm is quite remarkable. When EtOH is employed as the solvent, a
single peak centered at 1477 nm appeared indicating that the system had a high tendency
to agglomerate and that nanoparticle formation could not be achieved (entry 4 in Table
4.2). When DLS results are evaluated together with UV-vis analysis, EtOH:water (40:60,
v/v) mixture appeared as the most suitable solvent for the preparation of Pd NPs and hence

employed in the rest of this study.

Table 4.2. DLS results of non-irradiated Pd(OAc), and Si@PVP-PANP prepared in
different solvents and/or with different PVP lengths.

Entry Sample Pk1? Pk2" Pk3°
d.nm d.nm d.nm
1 Pd(OAc), - 333.8 -

2 Si@PVP50-PdNP in %40 EtOH/w (VP:Pd = 1:10) 31.4 279.1 -

3 Si@PVP50-PdNP in water (VP:Pd = 1:10) 18.9 126.9 2910
4 Si@PVP50-PdNP in EtOH (VP:Pd = 1:10) - - 1477
5 Si@PVP50-PdNP in %40 EtOH/w (VP:Pd = 1:1) - 304.9 -
6 Si@PVP33-PdNP in %40 EtOH/w (VP:Pd = 1:10) - 190.7 -

7 Si@PVP20-PdNP in %40 EtOH/w (VP:Pd = 1:10) 60.9 362.6 -

3Stabilized NPs in nano-size region, unstabilized aggregated particles with
average size less than 400 nm, ‘unstabilized aggregated particles of micron

size.
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Figure 4.10. (a) DLS distribution of filtrates of Si@PVP50-PdNP prepared in ethanol
(green), %40 EtOH/water (red), water (blue) and non-irradiated Pd(OAc) solution in %40
EtOH/water (black). (b) DLS distribution of Si@PVP50-PdNP prepared with VVP:Pd ratio
as 1:1 (blue) and 1:10 (red).

The molar ratio between the precursor metal salt and stabilizing polymer significantly
affects the nanoparticle formation [156]. We tested Pd:VVP molar ratios of 1:1 and 1:10 and
saw that no Pd NP was detectable in DLS for 1:1 mole ratio (entry 5 in Table 4.2) while a
significant NP contribution was measured at 1:10 ratio as can be seen in Figure 4.10b.
This shows that PVP stabilizer strongly promotes the formation of Pd NPs and its higher
concentration offers a stronger stability to prevent the aggregation of nanoparticles. A high
amount (frequency) of metal NPs within the stabilizing polymer matrix is desirable for the
achievement of a high catalytic activity. Therefore, we chose 1:10 (Pd:VP) mol ratio for

the rest of this study.
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In order to topographically characterize the silica-based catalyst, Si@PVP50-PdNP
specimen was selected as a representative and analyzed by AFM following to y-irradiation.
The specimen stored in acetone after irradiation was sonicated for 10 s, then leaved to rest
for a while. Large Si@PVP50 particles precipitated, while the smaller ones remaining in
solution were dropped on mica surface and analyzed by AFM. The height-based AFM
image in Figure 4.11a clearly shows the irregularly shaped silica core. The PVP shell
around this core barely appears in the height picture. The phase image in Figure 4.11b, on
the other hand, clearly shows two distinct phases corresponding to silica microparticle as
the core and PVP matrix as the grafted shell. The irregularity of the resultant core-shell
microparticle derive from the random structure of silica is clearly reflected by the PVP
shell, indicating a homogeneous coverage of the core. Small NPs around the silica
microparticle correspond to Pd nanoparticles that leak from the PVP shell during the
storage in acetone and the sonication process applied prior to AFM analysis.

3 Phase

Figure 4.11. (a) AFM height and (b) phase images of Si@PVP50-PdNP: Irradiation dose:
10 kGy, 0.45 Mm Pd(OAc), precursor solution in EtOH:water mixture (40:60, v/v).

Pd nanoparticles embedded in PVP shell cannot be seen in the AFM analysis. However,
XPS data quantitatively displays the existence of Pd along with C, O, N and Si elements,
as shown in Figure 4.12a. Pd element detected in XPS survey wide-scan of irradiated
Si@PVP50-PdNP specimen corresponds to metallic Pd(0) NPs existing in ca. 10 nm of

surface depth. Before irradiation, the characteristic peaks in high resolution XPS spectrum
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of Pd 3d orbital appeared at binding energies of 336.5 eV and 341.9 eV could be attributed
to Pd 3ds;, and Pd3ds, (Figure 4.12b), respectively, which agrees well with the reported
values for ionic Pd(II). The Pd 3d orbital spectrum of the irradiated sample presents the
characteristic peaks centered at 335.3 eV and 340.5 eV correspond to 3ds;, and 3ds;, of
metallic Pd(0), respectively. A small contribution of ionic Pd(I1) appears in the spectrum of
irradiated sample. The atomic ratio of Pd(ll) to Pd(0) calculated from the peak areas was
1:12.7, suggesting that a very high degree of reduction occurs under irradiation,
consequently leading to high Pd NP deposition into PVP shell.
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Figure 4.12. (a) Survey wide XPS scans and (b) Pd 3d core level scans of Pd(OAc),
absorbed PdSi@PVP50 sample before and after irradiation.

It is reported that the size of metallic nanoparticles strongly affects their catalytic activity.
The main motivation of this study is to investigate the effect of chain length of the
stabilizing polymer matrix attached to a surface on the formation of metal NPs and on their
catalytic activity. We utilized RAFT polymerization to vary the lengths of PVP brushes
and investigated the size of resultant NPs by DLS and TEM. Figure 4.13 shows the DLS
distribution profile of Pd(OACc), solution irradiated in the absence of SiI@PVP and the
filtrates of SI@PVP samples with different brush lengths (entries 1, 2, 6 and 7 in Table
4.2). The main peak appeared in all profiles corresponds to unstabilized Pd(OAc), and its
location varies indiscriminately. However, the peak arising from stabilized Pd shifts to
smaller dimensions in the nano-size region as the molecular weight of the stabilizing
polymer increases. This clearly indicates that the molecular weight of grafts attached to a
substrate has a marked effect on the sizes of the resulting nanoparticles. We conducted

TEM analysis to support this important finding.
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Figure 4.13. DLS distribution of Pd(OACc), and filtrates of Si@PVP-PdNP samples with
different PVVP lengths following the irradiation (10 kGy, solvent:EtOH:water (40:60, v/v),
Pd:VP=1:10)

Figure 4.14a exhibits the TEM image of a single silica particle at the core with a PVP shell
decorated with Pd NPs. A closer look in Figure 4.14b reveals small NPs and some
aggregated domains of larger ones with an average particle size of 7.8+1.1 nm. When the
target molecular weight of PVP grafts increase to 20 kDa from 50 kDa, the average size
decreased to 4.6+0.5 nm. Further increase in brush length decreased the average size to
3.0+0.3 nm. Figure 4.14 also indicates that the shape and size of PANPs became more
uniform with the increase in molecular weight of PVP brushes. We, therefore, conclude
that longer chains attached to silica offer more coercive environment against seed growth
process and to some extent against aggregation too, yielding smaller NPs with narrower
size distribution. These chains are likely to constitute more steric barrier, thus preventing
the growing, thereby leading to the formation of nanoparticles smaller in size but larger in
number. This claim is supported by the TEM-EDX mapping for Pd element across the
TEM image in Figure 4.15a. As can be seen from the EDX mapping, Pd NPs propagate to
each point of the PVP shell. There are small Pd seeds everywhere, not only in areas where
larger particles are apparent. The dense areas are probably where nano-sized voids and free
volumes exist in PVP shell.
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Figure 4.14. TEM images of Si@PVP20-PdNP (a, zoomed in b), Si@PVP50-PdNP (c)
and Si@PVP84-PdNP (d).
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Figure 4.15. (a) TEM image of Si@PVP50-PdNP and (b) corresponding EDX mapping
analysis for Pd element. Green arrows point small individual Pd seeds while yellow arrows
show to denser areas where bigger particles are formed either by seed growth or

aggregation.

Pd NP decorated Si@PVP samples with two different PVP brush length (SiPVP20@PdNP
and SiPVP84@PdNP) were tested for their catalytic activity in hydrogenation of 4-NP.
This reaction is widely regarded as a standard method to evaluate the reactivity of Pd
species as potential catalysts [157-159]. Since 4-NP has a strong absorption peak at 400
nm, an easy and reliable measurement can be performed by following its reduction via
UV-Vis spectroscopy, as presented in Figure 4.16a and 16b [146, 159]. As clearly seen
from this figure, absorbance (A) of 4-NP peak decreases as the reaction proceeds. The
reduction of 4-NP to 4-AP follows pseudo-first order Kinetics because of excess amount
of NaBH, as compared to 4-NP. Therefore, the kinetics of the reaction can be presented as
In(A/A)) = —k t, where k is the apparent first order rate constant, A; and A, are
the absorbance at specified time (t) and at t=0, respectively. As shown in Figure 4.16c, the
relationship between In(AJ/Ao) and reaction time (t) was close to linear and k was
calculated to be 0.0311 min™ for Si@PVP20-PdNP and 0.0423 min™ for Si@PVP84-
PdNP. A higher k value corresponds to a higher reaction rate, indicating a more efficiently
catalyzed reaction. We, therefore, conclude that PVP grafts with higher molecular weights
yield smaller NPs that exhibit a higher catalytic activity due to increased surface area
[157, 160, 161].
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Figure 4.16. Time dependent UV-Vis absorption spectra for the reduction of 4-NP by
NaBH, in the presence of (a) Si@PVP20-PdNP and (b) Si@PVP84-PdNP. Plot of
In(A/Ay) vs time (c) for the reduction of 4-NP by NaBH, in the presence of Si-
PVP20@PdNP (=) and PVP84@PdNP (e).

The SIi@PVP-Pd catalysts with brushes targeted to molecular weights of 20 kDa and 84
Kda were tested for their isolability and reusability in the reduction of 4-NP. After
completion of the first reaction set, the catalysts were isolated by filtration and dried
under vacuum at room temperature, then bottled in acetone. The bottled samples of
Si@PVP-PdNP were filtered, dried, weighed and then reused in the next reaction set. The
reduced amount of 4-NP (initial concentration: 3.91x10® M) per 5.0 mg of Si@PVP-Pd
sample was calculated from the change in absorbance at 400 nm after completion of each
reaction set. As can be seen in Figure 4.17, Si@PVP84-PdNP sample has shown less
catalytic activity reduction compared to Si@PVP20-PdNP. At the end of 4" successive
reaction run, SI@PVP84-PdNP retain 81.1 % of its initial activity, while SI@PVP20-PdNP
fell behind with 73.5 %. One reason for the decrease in catalytic activity observed in both
samples in subsequent runs may be attributed to the passivation of the surface of Pd NPs

by increasing product, i.e. 4-AP, which decreases accessibility of active sites [162, 163].
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However, the reason why the catalytic activity reduction differs significantly from one
another between the samples cannot be explained by this. Here, we speculate that longer
grafts are more effective in preventing NPs from leaking into the solution through the PVP
shell, even if NPs are smaller in their presence, yet they allow the diffusion of reactants,
resulting in more stable catalytic activity in subsequent reaction runs. On the other hand,
short grafts are not sufficiently effective in preventing NP leakage, yielding a more
prominent performance decrease in catalytic activity.
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Figure 4.17. Catalytic performance in terms of ratio of reduced 4-NP obtained in the
successive catalytic runs after isolation and redispersion of (a) Si@PVP84-PdNP, and (b)
Si@PVP20-PdNP.[4-NP], = 3.91x10° M, Si@PVP =5.0 mg at 25.0 °C
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5. CONCLUSION

The results obtained within the scope of this thesis can be summarized as follows;

e Poly(vinylpyrrolidone) (PVP) chains with different target molecular weights were
grafted from silica core using RAFT-mediated graft polymerization in a controlled
manner. From the results of various techniques, free radical initiator functionalized
silica (SI@ACPA) and PVP grafted silica (Si@PVP) samples were found to be
homogeneous and free from any spurious matter such as aggregated PVP domains.

e The grafted PVP shell was characterized by ATR-FTIR, TGA, SEC, XPS and
TEM techniques. The PVP layer was then served as stabilizing matrix against the
agglomeration of palladium (Pd) nanoparticles.

e Gamma-induced reduction was performed under eco-friendly conditions for the
synthesis of Pd nanoparticles in the presence of Si@PVP stabilizer and the
resultant nanoparticles were characterized by UV/Vis, DLS, XPS, AFM and TEM

measurements.

e The results of DLS and TEM showed that the lengths of the grafted chains are an
assistant factor to control the size and seed growth process of the synthesized
nanoparticles. It has been revealed that increased molecular weight of PVP brushes
sterically blocked the particle growth and yielded more small Pd nanoparticles

rather than fewer large ones.

e Si@PVP-PANP having different PVP lengths and Pd sizes were evaluated for their
catalytic activity and reusability in the model reduction of 4-nitrophenol to 4-
aminophenol. It has been found that longer grafts are more effective in preventing
NPs from leaking into the solution through the PVP shell, even if nanoparticles are
smaller in their presence, yet they allow the diffusion of reactants, resulting in more

stable catalytic activity in repeated measurement cycles.

e On the other hand, short grafts were found to be less effective in preventing NP

agglomeration and leakage. These findings are particularly important for
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heterogeneous catalyst systems in that they show the effects of surface-bound

polymeric stabilizers on NP formation and catalytic activity.

The Si@PVP-PdANP catalysts could easily be isolated by filtration, bottled, reused

and yet presented minor reduction in catalytic activity.

We conclude that these findings are quite significant in terms of showing the effects
of surface-bound polymeric stabilizers on the formation of NPs and their

subsequent catalytic activity.
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