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1.1. Consequences of polymers 

In the 1920s, German chemist Hermann Staudinger (1881 1965) introduced the 

modern view of polymers as chains of covalently-linked repeating units ("many parts")[1] called 

polymerization process. Polymers are a type of advanced material that can be found in a wide 

variety of everyday objects. The importance of polymers, which have been used for everything 

from simple purposes to advanced biopolymers and therapeutic polymers, has recently been 

brought to light[2]. In a variety of research and industrial domains, thermoplastic and 

thermosetting polymers both represent interesting and difficult applicants[3]. The applications 

of polymers depend on their architecture (form and size), functionality, physical characteristics 

of individuals, molecular weight, etc. Demonstrated vinyl monomer polymerization has huge 

industrial applications. Thermoplastic vinyl polymers have several uses. Free radical, ionic, 

and ionic coordinate polymerization produces several vinyl monomers. Radical polymerization 

improves ionic and coordination polymerization[4]. 

1.1.1. Brief Introduction and History 

Polymer science studies plastics, synthetic and natural fibers, rubber, elastomers, 

coatings, adhesives, sealants, and other popular materials. They possessed distinct viscoelastic 

and flexible characteristics before polymers were discovered. In 1862 and 1866, Parkes and 

Hyatt discovered the first nitrocellulose-based plastic.[5]. Through the polycondensation of 

phenol and formaldehyde, Baekeland produced the first synthetic thermoset polymer called 

Bakelite [6] polyesters

were first used commercially in 1942[7]. Even though Liebeg and Regnault mentioned Vinyl 

chloride (VC)  in 1835, its polymerization potential was not fully understood at the time. Later, 

in 1878, Baumann looked into what happened when VC was exposed to sunlight and found 

that a white colour substance formed[2]. Since the 1930s, this monomer has been utilised in 

elastomeric co-polymers. Poly(Methyl Methacrylate) (PMMA) has been made since 1933, 

when it was first used to make aircraft windows. It is also used for a wide range of other things 

where transparency or good weather resistance are crucial[8]. In 1956, production of High 

density polyethylene (HDPE) resulting from this process began. One of the most common types 

of plastic at the moment is HDPE. Soon after (1953), Ziegler and Natta independently created 

a group of stereospecific transition-metal catalysts, which helped produce HDPE as well as 

polypropylene (PP), a major commodity plastic, in 1957[9, 10]. Metallic, mineral, and organic 

fibres are all possible. Almost all nonmetallic fibres are made of polymeric materials, which 

can be natural, artificial,or synthetic[11]. Organic fibres are made of carbon or heterochain 
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polymers, while glass and asbestos are examples of macromolecular silicate fibres[6, 12]. Most 

organic synthetic fibres are thermoplastic, a few are elastomeric, and only a small number are 

nylon66 [13]. 

Ziegler's finding of heterogeneous stereospecific catalysts led Natta to make crystalline PP in 

1954. In 1957, people started making PP fibres and filaments for sale. Styrene-Butadiene (SBR) 

is a co-polymer of styrene and butadiene[14]. In the 1920s, emulsion polymerization led to high-

molecular-weight polymers[15]. A desired amount of a polymer can be produced through 

polymerization using the right combination of monomers, catalyst, and polymerization 

technique[16, 17]. The polymerization process are given below. 

1.1.2. Classifications of polymers 

Polymers are classified by monomer form. (i) Homopolymers, formed of the same 

monomer; (ii) hetero/co-polymers, composed of two or more monomers. Random, blocking, 

and grafting copolymers are categorised by monomer structure. Characterizing polymerization 

included addition and condensation polymerization. The polymerization process follows the 

three main steps including: initiation, propogation and termination (chain transfer)[18, 19]. The 

route of classifications of polymers given in below Figure 1.1. 

 

Figure 1.1 Classification of polymers. 

1.2. Free Radical Polymerization (FRP) and its limitations 

FRP is a chain growth polymerization process that involves sequential addition of 

monomer units[18, 20]. The Figure 1.2 represent the different polymerization process. 
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Figure 1.2 Different polymerization techniques.

FRP is a propogative radical generated by breaking the double bond of a monomeric 

unit. It is suitable for different techniques such as solution, bulk, emulsion and suspension 

polymerization due to its mild reaction conditions, rapid polymerization, and lack of 

complexity. It also offers a wide range of alternatives for monomers, allows to choose from a 

number of different processes, and takes much less time than step-growths. However, radical 

polymerization has some restrictions when it comes to molecular weight and polydispersities. 

Cationic and anionic ionic polymerization are useful for the synthesis of polymers with 

controlled molecular weight (MW) and low poly dispersity index (PDI)[4, 21]. The basics and 

limitations of FRP mentioned in given below in Figure 1.3.

Figure 1.3 General information of FRP.

1.3. "Living"/Controlled Radical Polymerization (L/CRP)

The Limitations of FRP is further overcome by Living/Controlled Radical 

Polymerization (L/CRP) technique. The term "living polymers" was used for the first time by 

M. Szwarc and a coworker in a work they published in 1956[22]. After that, he discussed this 

c Nature [17] publication individually. It is completely dependent upon the pure 

reactions, so it prevents termination process during polymerization which is carried on by 



Chapter 1

Page | 5

impurities. Termination steps will only occur when all the monomeric units get consume. As a 

result, adding more monomers will allow the polymerization to proceed, it is also known as 

"chain polymerization without chain breaking processes". The fundamentals of CRP tells that 

the initiation rate of polymerization process ia higher then propogation step. As a result of the 

irreversible addition of monomers to polymer chains, the range of the molecular weight 

distribution (MWD) becomes very small[24]. The concentrations of propagating and stable 

radicals are equal at the start, but there is a rapid and drastic change in concentration. The stable 

radical acts as a controlling agent because it is sufficiently reactive to couple rapidly with 

propagating chains to convert them reversibly into dormant, non propagating species. 

Figure 1.4 General mechanism of L/CRP, image modified from ref[23]

The fundamentals of CRP tells that the initiation rate of polymerization process ia 

higher then propogation step. As a result of the irreversible addition of monomers to polymer 

chains, the range of the molecular weight distribution (MWD) becomes very small[24]. The 

concentrations of propagating and stable radicals are equal at the start, but there is a rapid and 

drastic change in concentration. The stable radical acts as a controlling agent because it is 

sufficiently reactive to couple rapidly with propagating chains to convert them reversibly into 

dormant, non propagating species. 
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Table 1.1. Difference between Conventional FRP and Advances of L/CRP 

  
Living polymerization has evolved to include coordination/organometallic, cationic, 

and radical polymerization in the last 50-60 years[17, 25 29]. Living polymerization approaches 

are being developed to address the limitations of traditional FRP and provide technological 

accessibility for future polymer evolution[26, 30]. Considering that FRP is a popular technique 

because it doesn't need extreme conditions like cationic or anionic, it is the first one to be 

considered. The diffrence between Conventional FRP and Advances of L/CRP given in Table 

1.1. The uncontrolled MW and polymeric structure obtained by the present termination of the 

growing monomeric chain. In term of Application perpose the polymer sould be in suitable 

architacture. Due to its commercial potential, several approaches of CRP technique have been 

established with greater control over the molecular structure and its weight. The most widely 

considered polymerization mechanism was Nitroxide Mediated Polymerization/ Stable Free 

Radical Polymerization (NMP/SFRP)[31], Atom Transfer Radical Polymerization (ATRP)[32 35] 

and Reversible Addition Fragmentation Chain Transfer (RAFT)[36]. CRP is used to prevent 

bimolecular termination by keeping low radical concentrations by reversible termination or 

reversible chain transfer. RAFT is the example of reversible transfer, while ATRP and SFRP 

are the examples of reversible termination. To control the MW, dithioesters, dithiocarbamates, 

and xanthates are used as transfer agents. The monomer that will be polymerized affects the 

RAFT agent, and polymers must be deodorised to eliminate the smell of agents[34, 36, 37]. The 

publications by Georges et al. in 1993 on the controlled radical polymerization of styrene 

employing TEMPO (2,2,6,6-tetramethyl-1-piperidynyl-N-oxy) as a mediating agent likely 
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served as a guideline for the development of CRP techniques in the modern era[37, 38]. The 

dormant alkoxymines and actively propagating species are brought into dynamic equilibrium 

in order to maintain control in NMP. Figure 1.5 shows the overall history of living 

polymerization in a brief and silective timeline.

1.4. Generation of Atom Transfer Radical Polymerization (ATRP)

Atom transfer radical polymerization involves an organic halide undergoing a 

reversible redox process catalyzed by transition metal compound

Figure 1.5 An overview of the history of living polymerization in a brief and silective 

timeline.

In the middle of the 1990s, two polymer scientists independently developed the ATRP. 

Kato et al. exhibited the use of a Ru(II)-metal complex for the polymerization of methyl 

methacrylate (MMA)[39], whereas Matyjaszewski et al. proved the use of copper for the 

polymerization of styrene[32]. ATRP is one of the most quickly growing areas of chemistry, 

with the publication in bulk , emulsion, solution, suspension, etc. number about doubling 

every year. 

Figure 1.6 General mechanism of ATRP , image is represented from ref[34]
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1.4.1. Mechanism of ATRP 

As seen in Figure 6, Radicals that are propagating can be reversibly activated or 

deactivated by means of a dynamic equilibrium with a transition metal complex (Mtn-L). The 

rate of deactivation (kd) is significantly higher than the constant rate of activation (ka). The 

persistent radical effect (PRE) causes the radical concentration in ATRP to decrease and the 

equilibrium of ATRP to move towards dormant species (kd>>ka). The final termination (5% 

of rising radicals) will result in an increase in concentrations of deactivating species. An 

efficient ATRP will have minimal contribution of terminated chains, but consistent growth of 

all chains achieved by fast initiation and rapid reversible deactivation. 

Components of ATRP 

ATRP is a multicomponent system. The four main components of ATRP are the 

monomer, an initiator containing a movable (pseudo)halogen, ligand, and a catalyst which is 

composed of a transition metal species with suitable ligand. In ATRP temperature, solvent and 

reaction time are also the most important factors. ATRP technique is used to polymerize 

monomers with substituents that stabilize propagating radicals[34, 40, 41]. The primary function 

of an initiator in ATRP is to establish the total amount of polymer chains growing, and the 

concentration of developing chains remains constant with initiator concentration. The halide 

group, X, should quickly travel between the growing chain and the transition-metal complex 

to produce well-defined polymers. Alkyl halides have activating substituents on the R-carbon, 

and the R-X bond may break by heterolytic cleavage depending on the selection of transition 

metal catalysts[34, 42, 43]. Catalyst must contain two easily available oxidation states, possess a 

suitable affinity for halogens, and expand following oxidation.[32, 34]. ATRP ligands control 

metal center redox potential and a complex transition metal.[34]. ATRP is suitable for both 

homogeneous and heterogeneous systems, with solvents such as ethyl acetate, anisole, 

tetrahydro furan, chloroform, acetone, dimethyl formamide, toluene, benzene, alcohol, water, 

ethylene carbonate and many more. Temperature increases increase polymerization rate, but 

side reactions may occur.[44, 45].  

1.4.2. Kinetics of ATRP 

ATRP requires fast initiation of polymer rate, controlled chain length, and rapid 

deactivation of developing chain to reduce radical termination. The reversible halogen transfer 

of transition metal complex (Mtn-L) and dormant species (R-X) are the functions of ATRP 
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given in Figure 1.6. It formed the propagating radical (R*) and a metal complex goes to a higher 

oxidation state (X-Mtn+1-L). In a deactivation reaction, radicals interact reversibly with 

oxidized metal complexes, X-Mtn+1-L, to reconstruct the dormant species and the transition 

metal complex (Mtn-L), which is the activator, in the lower oxidation state. The concentration 

of activation and deactivation variables in the ATRP equilibrium controls how quickly 

polymers are formed. Activation (kact), and deactivation (kdeact) are the rate constants for 

these processes, and polymer chains are created by adding monomers to radicals. Termination 

reactions (kt) occur via radical coupling and disproportionation[34]. 

1.4.3. Factors affecting ATRP 

A. CRP process increases concentration of propagating radical in dynamic equilibrium 

with dormant species, leading to MWD narrowness and polymerization predicted by 

ratio of consumed monomer to dormant chains. 

B. ATRP resembles traditional radical polymerization, but termination reactions can be 

avoided by reducing the concentration of growing radicals and establishing a rapid and 

reversible equilibrium. This reduces the proportion of termination in compared to 

propagation, resulting in narrow MW and PDI. 

C. Low polydispersity polymers can only be produced if the transfer reaction between the 

developing radicals and the dormant species, Mn-X, is quick compared to propagation. 

The ratio of the deactivation rate to the propagation rate has a significant impact on the 

number of polymers in the reversibly deactivating system. 

D. Alkyl chlorides are efficient initiators, but butyl chloride, C4H9Cl, and 

dichloromethane, CH2Cl2, are less effective, resulting in uncontrolled polymers with 

larger molecular weights than predicted and wider molecular weight ranges. Since the 

atom transfer process reflects the strength of bond breaking and formation in Mn-X, it 

is anticipated that the leaving group, X, will have a significant effect on the atom 

transfer radical polymerization. ATRP is faster when bromine is used as a ligand than 

chlorine. 

The above given points represent the factors and its effects of ATRP[46]. 

1.4.4. Merits and Demerits of ATRP 

ATRP is a robust macromolecular method for producing polymers with regulated 

molecular weights and low functionalities. It requires fewer strict experimental conditions, is 

tolerant to a wide variety of functional groups, and is compatible with both aqueous and organic 

media. It is the only catalytic RDRP procedure that requires only a few ppm of catalyst, which 
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decreases the risk of catalyst contamination in the final product polymer. Re-initiation can be 

used to make linear and star-shaped block copolymers with complex architectures using end 

functionalized polymers as macro initiators.  The polymer chain grows slowly and can be 

modified throughout the process to create a polymer with desired characteristics. The process 

requires transition metal catalyst, copper halides, and must be carried out in deoxygenated 

systems to prevent radical reactions with oxygen and the catalyst[34, 47 50]. 

1.5 . Blocks/multiblock copolymers (BCPs) 

ATRP enables the synthesis of materials with unique topologies, from blocks and block-

copolymers to multi block copolymers with regulated topologies. Polymers have been 

produced in the form of stars using four different methods. ATRP can produce di-, tri-, or 

multiblock copolymers when an activated alkyl halide is present at a polymer chain end also 

can make the next block grow from an isolated macroinitiator or by adding a second monomer 

to a reaction that is almost done. The synthesis of PS-b-PMMA and PMMA-b-PS was the first 

reported for the block copolymers[32, 51]. Our group also synthesized the tri and pentablock 

copolymers by using styrene as a monomer make is as a macroinitiator and chain extended 

with methyl methacrylate and n-butyl methacrylate with the controlled PDI at 1.28 with high 

yield[52]. Another work from the same group demonstrated by Activators Regenerated by 

Electron Transfer Atom Transfer Radical Polymerization (ARGET-ATRP) and synthesized 

triblock copolymer of PMMA-b-PS-I- -

-CD) as a reducing agent[53]. Here, Figure 1.7 shows schematic representation 

of block copolymers (BCPs) and its topology, composition, functionality, and molecular 

composites. 
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Figure 1.7 Schematic representation of BCPs and its topology, composition, functionality, 

and molecular composites. 

Herein, the synthesis of multiblock (pentablock) copolymers[54] is performed by ATRP, 

in which three different monomers are used such as styrene, methyl methacrylate, and t-butyl 

acrylate (tBA). The reason behind the monomers are to gives excellent mechanism of ATRP 

and gives narrow MW with lower PDI. The applications in cosmetics as an additive and 

compatibilizers blending of structurally various polymers. Synthesis of such block copolymers 

using simple radical polymerization techniques resulting in copolymers with controlled 

segment length is interesting and challenging too. As the length of the polymeric chain 

increased the controllability of the overall MW and PDI is difficult because the additional 

monomeric segments are not same at a time it depend upon the overall condition that are 

maintained. The reaction should be followed the inert condition, reasonable Monomer:Initator 

(M:I) ratios which will give the predicted MW, the choice of catalyst and ligands and its 

capacity to formation of the radical through the initiators. 

In the synthesis of multiblock copolymers copper catalyst is use amongst all other 

transition metals listed as Fe, Cr, Mn, Mo, Cu, Os, Ru, Re, Co, Ni, and Pd[34, 55]. When transition 

metals are used in ATRP, it is important to note that the metal center should have two oxidation 

states that are easily switchable by the electron transfer reaction, that transition metal 

compounds are typically soluble in organic solvents, which accounts for the solubility of both 

oxidized complexes of the metal core, and that another binding site for the incorporation of 

halogen from the initiator should be available at the metal center of the electron transfer 

reaction. The ideal catalyst for ATRP in the case of atom transfer should be extremely selective 

and should not take part in other reactions. To fulfil the fundamental requirement for 

monomers, it should have dispersion rate constants that deactivate very rapidly and have easily 

tunable activation rate constants. The most popular catalyst out of all of them is copper, though 

it has some drawbacks. The removal of unreacted copper content from the final mixture and 

unwanted colour of catalysts are the major disadvantages but still cannot ignore of the past 

research in this direction which was gave successful polymerization process.  

In ATRP, ligands play an equally important role as initiators and catalysts. Their 

presence ensures the homogeneity of transition metal salts in organic media, helps to modify 

the reduction potential to give the metal center reactivity, and regulates ATRP equilibrium 

dynamics. There are a lot of different ligands that can be used, but the ones that contain nitrogen 

are the more common ones for the copper catalyzed ATRP reaction that has been studied in the 
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given reference[56] Despite all odds, copper-mediated activity rises with the number of donor 

groups[57].  

1.6. Silicon based polymers 

Building polymers with an inorganic framework and organic or organometallic side 

groups using nanoscale building blocks is one of the most promising methods for creating 

innovative materials that combine the advantages of organic polymers and those of inorganic 

solids. In this regard, a lot of research has been done on inorganic polymers with backbones 

made of oxygen, nitrogen, silicon, or phosphorous atoms[58]. Organic/inorganic composite 

materials have been the subject of in-depth research for a very long time. Nanocomposites are 

organic/inorganic composites that contain nanosized inorganic phases. Most commonly, 

organic/inorganic nanocomposites are made of organic polymers and inorganic nanoscale 

building pieces. Novel polymer nanocomposites have been created as a result of the 

incorporation of inorganic modified agents with extraordinary properties into polymer 

matrices, such as silica dioxide, clay, fullerene, Carbon Nanotubes (CNTs), etc. Some of the 

most popular and significant examples include polysiloxane, polyphosphazene, and 

polysilanes. They have the benefits of both inorganic (such as rigidity and thermal stability) 

and organic polymer (e.g., Flexibility, dielectric, ductility and processability). Silicone 

structures offer a wide range of applications in materials science, optoelectronics, medicine, 

and environmental protection because of their physicochemical characteristics. The Si-H bond 

is polarized differently from carbon and its bonds, such as those with hydrogen, in that silicon 

has a positive character while hydrogen has a hydride character. Silanes therefore react 

heterolytically more readily than alkanes[59]. Compared to their carbon equivalents, Si-H and 

Si-Si bonds are weaker while Si-X bond is much stronger than C-X bond[60]. In addition, 

hydrosilicons  are unstable compared to hydrocarbons, based on thermodynamic and kinetic 

studies. When the organic groups (Si-C) attached to silicon will increase the stability instead 

of attachment with hydrogen. The size of Si-O bond is longer then size of C-C bond (bond 

-O-Si bond is around 

143º and tetrahedral have bond angle is at ~110 which represent the flexibility of the Si-O-Si 

bond due to passing through the linear state (180º)[61]. Additionally, Si-O bonds have a far 

smaller torsional potential than C-C bonds. These characteristics make siloxanes flexible 

chains with great thermal stability[62]. Numerous potential applications for the silicon-

containing polymers include surface coatings[63], optoelectronics[64], sensors[65], porous organic 

frameworks[66], and gas separation membranes[67], etc. 



Chapter 1 

 
Page | 13 

1.6.1. Vinyl terminated poly(dimethylsiloxane) in ATRP 

Poly(dimethylsiloxane) (PDMS) is an example of the elastic polymer. It has interesting 

characteristics for biomedical applications, such as excellent biodegradation resistance, 

biocompatibility, physiological indifference, chemical stability, excellent optical transparency, 

insulating material, good mechanical properties,  gas permeability[68 72]. The presence of -CH3 

group gives water contact angle of PDMS is ~180º±7º so it is hydrophobic polymer[73]. Since 

PDMS is hydrophobic, it can generate an anti-biofouling surface that inhibits bacterial 

attachment. As a result of its biocompatibility and hydrophobic properties, PDMS also has a 

significant impact on applications for medical implants[74]. The given below Figure 1.8 is the 

typical structure of PDMS, as the 3D model shows the flexible and elastic nature. 

 

Figure 1.8 3D model of PDMS to show its complex structure. 

With numerous functional groups like -OH, -NH2, -CH2=CH2, and others, PDMS is one 

of them that is being employed extensively. PDMS has a high bond energy because of the 

methyl group and the siloxane backbone. PDMS possesses several remarkable features, 

including low surface tension, a low glass transition temperature, biocompatibility, and the 

ability to endure high temperatures, oxidation, moisture, and UV radiation. PDMS, on the other 

hand, has a low surface tension and is wettable[75]. 

1.7 . Fumed silica and its grafting polymers 

Fumed silica is a synthetic silicon dioxide product with a high degree of dispersion. 

Depending upon its production. It is categories in natural products, byproduct, or synthetic 

products. Quartz is an example of nature product while fly ash, silica fume and  fused silica is 

the examples of their byproducts. Synthetic silicas derived from wet methods or heat pyrogenic 
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reactions are generally amorphous silica with a surface area of 100 m2g-1 or greater[76]. Flame 

pyrolysis of silanes, which yields the desired product is called fused silica and is by far the 

most significant thermal pyrogenic pathway[77, 78]. Fumed silica is a white powder with a bulk 

density of 20-50 g 1-1. Fumed silica particle is amorphous silicon dioxide, thus its density is 

2200 g 1-l. The fact that the fumed silica particles have a nonporous, smooth surface is an 

exceptionally necessary property since it facilitates the interpretation of chemical surface 

reactions[79]. The surface silanol group and the presence of oxygen in silicon dioxide gives high 

surface energy hence it have hydrophilic nature and high surface area[76]. Various industrial 

applications make extensive use of fused silica. The two applications that account for more 

than two thirds of the market volume are thickening liquids as a rheological additive and 

reinforcing of elastomers as active fillers. Various industrial applications make extensive use 

of fused silica. The two applications that use as a rheological additive and reinforcing of 

elastomers as active fillers. Furthermore, it is used in anti-blocking, anti-foam agents, cable 

insulation, adsorbents, paper coating, cosmetics, catalysis, medicines, polishes, and other 

products. Fumed silica has two fundamental characteristics that come from its pyrogenic origin: 

a structure of finely distributed, aggregated particles, and a sizable surface area with high 

activity. All these applications take advantage of these characteristics[76, 80].  

One of two techniques (Figure 1.9) for attaching a polymer to a surface are "grafting to" 

(attaching a resynthesized polymer to a surface/polymer backbone) and "grafting from" 

(growing polymers from a surface/polymer backbone having pendant functionality generated 

by RDRP). Another technique is "grafting through," which is based on the polymerization of a 

macro monomer (see below). In comparison to "grafting to" and "grafting through," the 

"grafting from" approach has the potential to simplify the synthesis of surface grafted polymers 

and has been used in conjunction with ATRP for tethering a polymer to a surface because only 

a small component needs to be coupled to the surface at first, after which the polymer 

component is grown in a stepwise fashion via the addition of small monomer molecules[30]. 
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Figure 1.9 Different strategies for surface grafting with a polymer. 

Organic-inorganic hybrid nanoparticles are critical functional components in a wide 

range of sophisticated applications, including nanomedicine, food packaging, and catalysis. 

Organic inorganic hybrid materials can be tailor-made with an endless number of topologies 

and in a variety of physical forms based on the requirements of their eventual application, with 

the starting ingredients and synthesis and functionalization processes easily adjusted.  

Core-brush particles, which are made by covalently grafting polymer chains onto an 

inorganic core, are gaining popularity because to their great particle size control, dispersibility, 

and usefulness. The features of the inorganic core and the organic polymer shell are merged in 

these hybrid nanomaterials, resulting in a novel class of materials that outperform their micro 

particle counterparts in terms of design and control of polymer and surface properties. Since 

their high surface area, cost-effective synthesis, and simple surface functionalization, 

biocompatibility, and cost-effective production, silica particles have garnered a lot of attention 

among the numerous inorganic oxides. Controlling the reactivity of silanol species (-SiOH) 

with organ silicon alkoxides in different media can be used to functionalize the silica surface 

in a simple manner[81]. The grafted organic moieties are important for the specific features of 

the resulting hybrid materials, such as chemical binding ability, surface charge, hydrophobicity, 

and colloidal stability, and can be derived with additional relevant functions. With the intent of 

modifying the nanoparticle surface, functional polymers have been effectively grafted to the 

surface from a large library of monomer species via controlled radical polymerization[82]. 

Silica polymer hybrid materials are the most widely reported inorganic organic hybrid 

materials among the several inorganic organic hybrid materials. This is due to their widespread 

use and ease of particle creation. Paints, rubber goods, and plastic binders all employed silica 

nanoparticles as fillers. In the automotive, electronics, appliance, consumer goods, aerospace, 
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and sensor industries, silica particles coated with organic modifiers are utilized in stationary 

chromatography phases, heterogeneous supported catalysts, and heterogeneous supported 

catalysts[83]. Core shell hybrid nanoparticles have sparked a lot of attention as nanocomposites, 

catalytic system components, and drug delivery system components. Inorganic particles having 

a grafted polymeric corona, known as nanocomposites, can be employed in bulk and have better 

compatibility with polymer matrices. The solid surface of the inorganic core can be covalently 

changed to prepare a well-defined nanocomposite by using the "grafting-onto," "grafting-

from," or "grafting-through" approaches, as shown earlier in this section. The introduction of 

Surface Initiated Atom Transfer Radical Polymerization (SI-ATRP) techniques has been a 

major driving force in the growth of this sector[84]. 

The fumed silica is used as a nanocomposite, so the target is to addition of different 

monomer with fumed silica by ATRP. SI-ATRP can produce polymers with a well-defined 

structure and a regulated molecular weight and molecular weight distribution made from 

inorganic nanoparticles. ATRP's controllability is dependent not only on a quick initiation 

phase, but also on a deactivation step that prevents free radicals from entering the chain transfer 

and termination step. The solubility and stability of a transition metal complex are determined 

by the ligand, which in turn controls the concentration of the activator and deactivator in the 

system, which has a significant impact on polymerization control. In addition, the molar ratio 

of monomer to initiator effects polymerization controllability because it affects the initiation 

and deactivation steps[85, 86]  

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

 
Page | 17 

1.8. References 

[1] Rasmussen, S. C. Revisiting the Early History of Synthetic Polymers: Critiques and 

New Insights. Ambix, 2018, 65 (4), 356 372. 

https://doi.org/10.1080/00026980.2018.1512775. 

[2] Namazi, H. Polymers in Our Daily Life. BioImpacts. Tabriz University of Medical 

Sciences 2017, pp 73 74. https://doi.org/10.15171/bi.2017.09. 

[3] Bîrca, A.; Gherasim, O.; Grumezescu, V.; Grumezescu, A. M. Introduction in 

Thermoplastic and Thermosetting Polymers. Materials for Biomedical Engineering: 

Thermoset and Thermoplastic Polymers, 2019, 1 28. https://doi.org/10.1016/B978-0-12-

816874-5.00001-3. 

[4] Mishra, V.; Kumar, R. Living Radical Polymerization: A Review. J. Sci. Res, 2012, 

56, 141 176. 

[5] Feldman, D. Polymer History. Des Monomers Polym, 2008, 11 (1), 1 15. 

https://doi.org/10.1163/156855508X292383. 

[6] Seymour, R. B. Polymers Are Everywhere; 1988. 

[7] Feldman, D. Polymeric Materials and Processing. Plastics, Elastomers and 

Composites, J. M. Charrier, C. Hanser Publishers, Munich, 1990, 655 Pages, Hardcover U.S. 

$60.00. J Polym Sci B Polym Phys, 1992, 30 (12). 

https://doi.org/10.1002/polb.1992.090301215. 

[8] Taylor, D. W.; Kennedy, J. F. An Introduction to Plastics, Edited by H. G. Elias. VCH 

Verlagsgesellschaft, Weinheim, 1993. Pp. Xviii + 349, Price £32.00. ISBN 3-527-28578-4. 

Polym Int, 1994, 34 (2). https://doi.org/10.1002/pi.1994.210340225. 

[9] Autian, J. Plastics in Pharmaceutical Practice and Related Fields. Part I. Journal of 

Pharmaceutical Sciences. 1963. https://doi.org/10.1002/jps.2600520103. 

[10] Vogl, O. Polypropylene: An Introduction. Journal of Macromolecular Science - Pure 

and Applied Chemistry, 1999, 36 A (11). https://doi.org/10.1081/MA-100101614. 

[11] Morgan, P. W. Brief History of Fibers from Synthetic Polymers. Journal of 

Macromolecular Science: Part A - Chemistry, 1981, 15 (6). 

https://doi.org/10.1080/00222338108066456. 

[12] Hall, C. Polymeric Materials, 2nd edn.; Wiley: New York, NY, 1989. 

[13] Principles of Polymer Systems. Choice Reviews Online, 2004, 41 (07). 

https://doi.org/10.5860/choice.41-4070. 

[14] Ebdon, J. R. Synthetic Polymers. Technology, Properties, Applications D. Feldman 



Chapter 1 

 
Page | 18 

and A. Barbalata. Chapman & Hall, London, 1996. Pp. Xv+370, Price £49.00. ISBN 0-412-

71040-4. Polym Int, 1997, 42 (1). https://doi.org/10.1002/(sici)1097-

0126(199701)42:1<127::aid-pi672>3.3.co;2-7. 

[15] M., B. J. A. Rubber Technology. Journal of the Operational Research Society, 1952, 

3 (1). https://doi.org/10.1057/jors.1952.4. 

[16] Grubbs, R. B.; Grubbs, R. H. 50th Anniversary Perspective: Living Polymerization - 

Emphasizing the Molecule in Macromolecules. Macromolecules. 2017. 

https://doi.org/10.1021/acs.macromol.7b01440. 

[17] Nature, 1956. https://doi.org/10.1038/1781168a0. 

[18] Smith, P. Polymer Science. By V. R. Gowariker, N. V. Viswanathan and J. Sreedhar, 

John Wiley & Sons, Inc., 505 Pp., 1986,$39.95. AIChE Journal, 1987, 33 (12). 

https://doi.org/10.1002/aic.690331233. 

[19] Aspell, C. Polymer Science V. R. Gowariker, N. V. Viswanathan and Jayadev 

Sreedhar, Halsted Press (John Wiley & Sons), New York, 1986. Pp. Xv + 505, Price £38.50. 

ISBN 0-470-20322-6. British Polymer Journal, 1988, 20 (1). 

https://doi.org/10.1002/pi.4980200122. 

[20] Moad, G.; Chiefari, J.; Mayadunne, R. T. A.; Moad, C. L.; Postma, A.; Rizzardo, E.; 

Thang, S. H. Initiating Free Radical Polymerization. In Macromolecular Symposia; 2002. 

https://doi.org/10.1002/1521-3900(200206)182:1<65::AID-MASY65>3.0.CO;2-E. 

[21] Guerrero-Santos, R.; Saldívar-Guerra, E.; Bonilla-Cruz, J. Free Radical 

Polymerization. In Handbook of Polymer Synthesis, Characterization, and Processing; 2013. 

https://doi.org/10.1002/9781118480793.ch4. 

[22] Szwarc, M.; Levy, M.; Milkovich, R. Polymerization Initiated by Electron Transfer to 

Monomer. A New Method of Formation of Block Polymers. Journal of the American 

Chemical Society. 1956. https://doi.org/10.1021/ja01592a101. 

[23] Machado, P. M. M.; Cruz, T. F.; Bordado, J. C.; Gomes, P. T. Controlled Radical 

Polymerization (ATRP and CMRP) of Vinyl Monomer Mediated by Cobalt(II/III) Complexes. 

[24] Matyjaszewski, K.; Müller, A. H. E. 50 Years of Living Polymerization. Progress in 

Polymer Science (Oxford). 2006. https://doi.org/10.1016/j.progpolymsci.2006.09.002. 

[25] Müller, A. H. E.; Matyjaszewski, K. Controlled and Living Polymerizations: From 

Mechanisms to Applications; 2010. https://doi.org/10.1002/9783527629091. 

[26] Grubbs, R. B.; Grubbs, R. H. 50th Anniversary Perspective: Living Polymerization - 

Emphasizing the Molecule in Macromolecules. Macromolecules. American Chemical Society 



Chapter 1 

 
Page | 19 

September 26, 2017, pp 6979 6997. https://doi.org/10.1021/acs.macromol.7b01440. 

[27] 

Polymerization. 1998, 2 30. 

[28] Matyjaszewski, K. Controlled Radical Polymerization: State-of-the-Art in 2014. In 

ACS Symposium Series; 2015. https://doi.org/10.1021/bk-2015-1187.ch001. 

[29] Szwarc, M. Living Polymers and Mechanisms of Anionic Polymerization. In Living 

Polymers and Mechanisms of Anionic Polymerization; 2007. https://doi.org/10.1007/3-540-

12047-5_1. 

[30] Matyjaszewski, K.; Tsarevsky, N. v. Nanostructured Functional Materials Prepared by 

Atom Transfer Radical Polymerization. Nat Chem, 2009. https://doi.org/10.1038/nchem.257. 

[31] Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K. Narrow Molecular 

Weight Resins by a Free Radical Polymerization Process. Polymeric Materials Science and 

Engineering, Proceedings of the ACS Division of Polymeric Materials Science and 

Engineering, 1993, 68, 6 7. 

[32] 

Transfer Radical Polymerization in the Presence of Transition-Metal Complexes. J Am Chem 

Soc, 1995, 117 (20), 5614 5615. https://doi.org/10.1021/ja00125a035. 

[33] Jiang, X.; Schoenmakers, P. J.; J van Dongen, J. L.; Lou, X.; Lima, V.; Brokken-Zijp, 

J. Controlled/Living Radical Polymerization, Progress in ATRP, NMP, and RAFT. ACS 

Symposium Series, 2000. https://doi.org/10.1021/ac034556r. 

[34] Matyjaszewski, K.; Xia, J. Atom Transfer Radical Polymerization. Chem Rev, 2001. 

https://doi.org/10.1021/cr940534g. 

[35] Matyjaszewski, K. Atom Transfer Radical Polymerization: From Mechanisms to 

Applications. Israel Journal of Chemistry. 2012. https://doi.org/10.1002/ijch.201100101. 

[36] Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Polymerization of Methyl 

Methacrylate with the Carbon Tetrachloride/Dichlorotris-

(Triphenylphosphine)Ruthenium(II)/ Methylaluminum Bis(2,6-Di-Tert-Butylphenoxide) 

Initiating System: Possibility of Living Radical Polymerization. Macromolecules, 1995, 28 

(5), 1721 1723. https://doi.org/10.1021/ma00109a056. 

[37] Jiang, X.; Schoenmakers, P. J.; J van Dongen, J. L.; Lou, X.; Lima, V.; Brokken-Zijp, 

J. Controlled/Living Radical Polymerization, Progress in ATRP, NMP, and RAFT. ACS 

Symposium Series, 2000. 

[38] Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K. Narrow Molecular 



Chapter 1 

 
Page | 20 

Weight Resins by a Free-Radical Polymerization Process. Macromolecules. 1993. 

https://doi.org/10.1021/ma00063a054. 

[39] Hirao, A.; Goseki, R.; Ishizone, T. Advances in Living Anionic Polymerization: From 

Functional Monomers, Polymerization Systems, to Macromolecular Architectures. 

Macromolecules. 2014. https://doi.org/10.1021/ma401175m. 

[40] Patten, T. E.; Matyjaszewski, K. Atom Transfer Radical Polymerization and the 

Synthesis of Polymeric Materials. Advanced Materials, 1998, 10 (12). 

https://doi.org/10.1002/(sici)1521-4095(199808)10:12<901::aid-adma901>3.3.co;2-2. 

[41] Matyjaszewski, K. Transition Metal Catalysis in Controlled Radical Polymerization: 

Atom Transfer Radical Polymerization. Chemistry - A European Journal. 1999. 

https://doi.org/10.1002/(sici)1521-3765(19991105)5:11<3095::aid-chem3095>3.0.co;2-%23. 

[42] Tang, W.; Matyjaszewski, K. Effects of Initiator Structure on Activation Rate 

Constants in ATRP. Macromolecules, 2007. https://doi.org/10.1021/ma062897b. 

[43] Pintauer, T.; Matyjaszewski, K. Atom Transfer Radical Addition and Polymerization 

Reactions Catalyzed by Ppm Amounts of Copper Complexes. Chem Soc Rev, 2008. 

https://doi.org/10.1039/b714578k. 

[44] Matyjaszewski, K. Inner Sphere and Outer Sphere Electron Transfer Reactions in 

Atom Transfer Radical Polymerization. Macromol Symp, 1998, 134. 

https://doi.org/10.1002/masy.19981340112. 

[45] Uegaki, H.; Kotani, Y.; Kamigaito, M.; Sawamoto, M. Nickel-Mediated Living 

Radical Polymerization of Methyl Methacrylate. Macromolecules, 1997, 30 (8). 

https://doi.org/10.1021/ma961367k. 

[46] 

Atom Transfer Radical Polymerization Promoted by a Cu(I)/Cu(II) Redox Process. 

Macromolecules, 1995. https://doi.org/10.1021/ma00127a042. 

[47] Oh, J. K.; Min, K.; Matyjaszewski, K. Preparation of Poly(Oligo(Ethylene Glycol) 

Monomethyl Ether Methacrylate) by Homogeneous Aqueous AGET ATRP. 

Macromolecules, 2006, 39 (9). https://doi.org/10.1021/ma060258v. 

[48] Min, K.; Gao, H.; Matyjaszewski, K. Development of an Ab Initio Emulsion Atom 

Transfer Radical Polymerization: From Microemulsion to Emulsion. J Am Chem Soc, 2006, 

128 (32). https://doi.org/10.1021/ja0629054. 

[49] Olivier, A.; Meyer, F.; Raquez, J. M.; Damman, P.; Dubois, P. Surface-Initiated 

Controlled Polymerization as a Convenient Method for Designing Functional Polymer 



Chapter 1 

 
Page | 21 

Brushes: From Self-Assembled Monolayers to Patterned Surfaces. Progress in Polymer 

Science (Oxford). 2012. https://doi.org/10.1016/j.progpolymsci.2011.06.002. 

[50] Chen, X.; Khan, M. Y.; Noh, S. K. PPM Amount of Fe(III)-Mediated ATRP of MMA 

with Phosphorus-Containing Ligands in the Absence of Any Additives. Polym Chem, 2012, 3 

(8). https://doi.org/10.1039/c2py20182h. 

[51] Kotani, Y.; Kato, M.; Kamigaito, M.; Sawamoto, M. Living Radical Polymerization 

of Alkyl Methacrylates with Ruthenium Complex and Synthesis of Their Block Copolymers. 

Macromolecules, 1996, 29 (22). https://doi.org/10.1021/ma960418a. 

[52] Kumar, S.; Lee, J. S.; Murthy, C. N. Synthesis and Characterization of BAB and 

CBABC Tri- and PentaBlock Copolymers via Atom Transfer Radical Polymerization. 

Macromol Res, 2011. https://doi.org/10.1007/s13233-011-1012-8. 

[53] Karkare, P.; Kumar, S.; Murthy, C. N. ARGET- -CD as Reducing 

Agent for the Synthesis of PMMA-b-PS-b-PMMA Triblock Copolymers. J Appl Polym Sci, 

2019. https://doi.org/10.1002/app.47117. 

[54] Strauss, U. P. Block Copolymers. Synthetic Strategies, Physical Properties, and 

Applications. Mater Res Bull, 2003, 38 (7). https://doi.org/10.1016/s0025-5408(03)00103-x. 

[55] di Lena, F.; Matyjaszewski, K. Transition Metal Catalysts for Controlled Radical 

Polymerization. Progress in Polymer Science (Oxford), 2010, 35 (8), 959 1021. 

https://doi.org/10.1016/j.progpolymsci.2010.05.001. 

[56] Matyjaszewski, K.; Spanswick, J. Atom Transfer Radical Polymerization (ATRP). In 

Reference Module in Materials Science and Materials Engineering; Elsevier, 2016. 

https://doi.org/10.1016/B978-0-12-803581-8.01354-0. 

[57] Tang, W.; Tsarevsky, N. v.; Matyjaszewski, K. Determination of Equilibrium 

Constants for Atom Transfer Radical Polymerization. J Am Chem Soc, 2006. 

https://doi.org/10.1021/ja0558591. 

[58] Fields, P. Encyclopedia of Polymeric Nanomaterials; 2015. 

https://doi.org/10.1007/978-3-642-29648-2. 

[59] .; Baluta, S.; Cabaj, J. Conducting Silicone-

Based Polymers and Their Application. Molecules. 2021. 

https://doi.org/10.3390/molecules26072012. 

[60] Walsh, R. Thermochemistry of Silicon-Containing Compounds. Part 1. - Silicon-

Halogen Compounds, an Evaluation. Journal of the Chemical Society, Faraday Transactions 

1: Physical Chemistry in Condensed Phases, 1983, 79 (9). 



Chapter 1 

 
Page | 22 

https://doi.org/10.1039/F19837902233. 

[61] Walsh, R. Bond Dissociation Energy Values in Silicon-Containing Compounds and 

Some of Their Implications. Acc Chem Res, 1981, 14 (8). 

https://doi.org/10.1021/ar00068a004. 

[62] Mark, J. E. Some Interesting Things about Polysiloxanes. Acc Chem Res, 2004, 37 

(12). https://doi.org/10.1021/ar030279z. 

[63] Guan, W. W.; Shi, X. Y.; Xu, T. T.; Wan, K.; Zhang, B. W.; Liu, W.; Su, H. L.; Zou, 

Z. Q.; Du, Y. W. Synthesis of Well-Insulated Fe Si Al Soft Magnetic Composites via a 

Silane-Assisted Organic/Inorganic Composite Coating Route. Journal of Physics and 

Chemistry of Solids, 2021, 150. https://doi.org/10.1016/j.jpcs.2020.109841. 

[64] Lee, S. H.; Jang, B. bin; Kafafi, Z. H. Highly Fluorescent Solid-State Asymmetric 

Spirosilabifluorene Derivatives. J Am Chem Soc, 2005, 127 (25). 

https://doi.org/10.1021/ja042762q. 

[65] Shin, B.; Sohn, H. 1,3,5-Trinitrotoluene Sensor Based on Silole Nanoaggregates. J 

Nanosci Nanotechnol, 2018, 19 (2). https://doi.org/10.1166/jnn.2019.15945. 

[66] 

Coordination Polymers and Supramolecular Networks  A Focus on Tetraphosphonates. 

Inorganic Chemistry Communications. 2017. https://doi.org/10.1016/j.inoche.2017.10.013. 

[67] Ahmad, N. A.; Leo, C. P.; Ahmad, A. L. Amine Wetting Evaluation on Hydrophobic 

Silane Modified Polyvinylidene Fluoride/Silicoaluminophosphate Zeolite Membrane for 

Membrane Gas Absorption. J Nat Gas Sci Eng, 2018, 58. 

https://doi.org/10.1016/j.jngse.2018.08.003. 

[68] Kuddannaya, S.; Bao, J.; Zhang, Y. Enhanced in Vitro Biocompatibility of 

Chemically Modified Poly(Dimethylsiloxane) Surfaces for Stable Adhesion and Long-Term 

Investigation of Brain Cerebral Cortex Cells. ACS Appl Mater Interfaces, 2015, 7 (45). 

https://doi.org/10.1021/acsami.5b09032. 

[69] Merkel, T. C.; Bondar, V. I.; Nagai, K.; Freeman, B. D.; Pinnau, I. Gas Sorption, 

Diffusion, and Permeation in Poly(Dimethylsiloxane). J Polym Sci B Polym Phys, 2000, 38 

(3). https://doi.org/10.1002/(SICI)1099-0488(20000201)38:3<415::AID-POLB8>3.0.CO;2-

Z. 

[70] van Poll, M. L.; Zhou, F.; Ramstedt, M.; Hu, L.; Huck, W. T. S. A Self-Assembly 

Approach to Chemical Micropatterning of Poly(Dimethylsiloxane). Angewandte Chemie - 

International Edition, 2007, 46 (35). https://doi.org/10.1002/anie.200702286. 



Chapter 1 

 
Page | 23 

[71] Lee, S.; Shin, H. J.; Yoon, S. M.; Yi, D. K.; Choi, J. Y.; Paik, U. Refractive Index 

Engineering of Transparent ZrO2- Polydimethylsiloxane Nanocomposites. J Mater Chem, 

2008, 18 (15). https://doi.org/10.1039/b715338d. 

[72] Kim, S. H.; Cherney, E. A.; Hackam, R. Effects of Filler Level in RTV Silicone 

Rubber Coatings Used in HV Insulators. IEEE Transactions on Electrical Insulation, 1992, 

27 (6). https://doi.org/10.1109/14.204855. 

[73] Gokaltun, A.; Yarmush, M. L.; Asatekin, A.; Usta, O. B. Recent Advances in 

Nonbiofouling PDMS Surface Modification Strategies Applicable to Microfluidic 

Technology. Technology (Singap World Sci), 2017, 05 (01). 

https://doi.org/10.1142/s2339547817300013. 

[74] Miranda, I.; Souza, A.; Sousa, P.; Ribeiro, J.; Castanheira, E. M. S.; Lima, R.; Minas, 

G. Properties and Applications of PDMS for Biomedical Engineering: A Review. Journal of 

Functional Biomaterials. 2022. https://doi.org/10.3390/jfb13010002. 

[75] Owen, M. J.; Dvornic, P. R. Silicone Surface Science; 2012. 

https://doi.org/10.1007/978-94-007-3876-8_14. 

[76] Barthel, H.; Rösch, L.; Weis, J. Fumed Silica - Production, Properties, and 

Applications. In Organosilicon Chemistry II: From Molecules to Materials; 1996. 

https://doi.org/10.1002/9783527619894.ch91. 

[77] Mueller, R.; Mädler, L.; Pratsinis, S. E. Nanoparticle Synthesis at High Production 

Rates by Flame Spray Pyrolysis. Chem Eng Sci, 2003, 58 (10). 

https://doi.org/10.1016/S0009-2509(03)00022-8. 

[78] Jang, H. D.; Chang, H.; Suh, Y.; Okuyama, K. Synthesis of SiO2 Nanoparticles from 

Sprayed Droplets of Tetraethylorthosilicate by the Flame Spray Pyrolysis. Current Applied 

Physics, 2006, 6 (SUPPL. 1). https://doi.org/10.1016/j.cap.2006.01.021. 

[79] Avnir, D.; Farin, D.; Pfeifer, P. Surface Geometric Irregularity of Particulate 

Materials: The Fractal Approach. J Colloid Interface Sci, 1985, 103 (1). 

https://doi.org/10.1016/0021-9797(85)90082-7. 

[80] Barthel, H.; Rösch, L.; Weis, J. Fumed Silica - Production, Properties, and 

Applications. In Organosilicon Chemistry Set: From Molecules to Materials; 2005. 

https://doi.org/10.1002/9783527620777.ch91a. 

[81] Penelas, M. J.; Contreras, C. B.; Giussi, J. M.; Wolosiuk, A.; Azzaroni, O.; Soler Illia, 

G. J. A. A. Controlling Dispersion, Stability and Polymer Content on PDEGMA-

Functionalized Core-Brush Silica Colloids. Colloids Surf A Physicochem Eng Asp, 2019, 574. 



Chapter 1 

 
Page | 24 

https://doi.org/10.1016/j.colsurfa.2019.04.035. 

[82] -like Layer on the Surface of 

Hydrous Metal Oxides in Simple Electrolyte Solutions: Hematite vs. Silica Colloids. Colloids 

and Surfaces A: Physicochemical and Engineering Aspects. 2017. 

https://doi.org/10.1016/j.colsurfa.2016.11.018. 

[83] Radhakrishnan, B.; Ranjan, R.; Brittain, W. J. Surface Initiated Polymerizations from 

Silica Nanoparticles. Soft Matter. 2006. https://doi.org/10.1039/b516508c. 

[84] Wang, Z.; Fantin, M.; Sobieski, J.; Wang, Z.; Yan, J.; Lee, J.; Liu, T.; Li, S.; 

Olszewski, M.; Bockstaller, M. R.; et al. Pushing the Limit: Synthesis of SiO2- g-PMMA/PS 

Particle Brushes via ATRP with Very Low Concentration of Functionalized SiO2-Br 

Nanoparticles. Macromolecules, 2019, 52 (22). 

https://doi.org/10.1021/acs.macromol.9b01973. 

[85] Chen, J.; Xiang, J.; Cai, Z.; Yong, H.; Wang, H.; Zhang, L.; Luo, W.; Min, H. 

Synthesis of Hydrophobic Polymer Brushes on Silica Nanoparticles via the Combination of 

Surface-Initiated ATRP, ROP and Click Chemistry. Journal of Macromolecular Science, 

Part A: Pure and Applied Chemistry, 2010, 47 (7). 

https://doi.org/10.1080/10601325.2010.483357. 

[86] Zhang, J.; Jiang, L.; Pan, K.; Yi, Z.; Dan, Y. Controlled Polymerization of 

Methylmethacrylate from Fumed SiO2 Nanoparticles through Atom Transfer Radical 

Polymerization. Polym Int, 2014, 63 (3). https://doi.org/10.1002/pi.4514. 

  
g 

 
 
 

 
 
 
 
 
 


