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This dissertation describes new routes to synthesize polymer nanocomposite 

networks via self-assembly. Polymerizable structure directing agents (referred to as 

surfmers) obtained by end-group functionalization preserves the structure-directing 

capabilities of the surfactant for templating ordered mesoporous silica particle growth, 

while simultaneously generating a reactive matrix for polymer network formation 

through reactive end groups in the presence of intimately mixed mesoporous silicates. A 
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radical polymerization of the surfmer leads to novel crosslinked nanocomposites 

networks. Multiple experiments, including gel permeation chromatography, swelling, and 

solid state NMR experiments on polymer nanocomposites gave evidence of the 

polymerization of surfmer leading to formation of crosslink networks. Polymer 

nanocomposites with varied silica content were prepared. Effects of silica content on 
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experiments indicate that the storage (G’) and loss modulus (G”) increases with increase 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1 Polymer Composites 

 Composites are materials that consist of two or more components which are chemically 

and physically different and are phase separated by a distinct interface. Composites have superior 

mechanical properties and can be uniquely different than the properties of their constituents. They 

have found successful application in aircraft structures, electronics, sensors, constructions, 

coatings, and packaging for biomedical equipment.
1-12 

Advantages such as low weight but high 

mechanical strength, corrosion resistance, durability, high fatigue strength, and faster assembly
 

have made these materials desirable. 
11,12 

The two components in composites are matrix and filler, sometimes referred to as the 

reinforcing agent. The constituent that is continuous and the present in greater quantity is called 

the matrix. The main purpose of the matrix is to bind and distribute the fillers uniformly such that 

in the event of external applied force, the force will be distributed evenly.
11,12 

Most commonly, 

one looks at how the matrix properties are improved after incorporation of other constituents.  

Fillers such as sheets, fibers, or particles are the constituents of the composites which are 

embedded in the matrix uniformly. In most cases, the fillers are stronger and stiffer than the 

matrix.   
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 Composites are classified in three categories based on the matrix: ceramic, metal, and 

polymer matrix composites. The scope of this research is limited to polymer matrix composites. 

Polymer matrix composites are more popular than ceramic and metal matrix composites due to 

the ease of fabrication and when fillers are in size of 1-100 nm, they are referred to as polymer 

nanocomposites. An interesting feature of polymer nanocomposites is the dramatic increase in 

mechanical properties after the incorporation of small amounts of inorganic fillers. 

 Several polymer nanocomposites have been synthesized and studied to date for targeted 

properties and applications by changing polymers with different inorganic fillers such as 

nanotubes, silicates, nanoparticles of metals, metal oxides, and semiconductors. Polymer silica 

nanocomposites are most commonly studied in the literature and have numerous applications.  

1.2 Factors affecting the properties of polymer composites. In addition to the type of fillers 

and polymers used, factors that also govern the properties of the final polymer nanocomposites 

are the interaction between the polymer chains and silica particles i.e. interfacial adhesion, the 

size and geometry of inorganic fillers, and dispersion of fillers into the organic polymer matrix. 

1.2.1 Interfacial Adhesion 

 Since the composites are formed from mixing two components, the resulting properties 

strongly depends on the interaction of the filler with the matrix. For instance, the large differences 

in chemical and physical properties of the polymer and silica can often cause an unwanted phase 

separation leading to poor properties of the polymer silica nanocomposites. To achieve the good 

mechanical properties the interfacial adhesion should be strong. Effective interfacial adhesion can 

be brought by either chemical or physical modification to the inorganic fillers. 
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 Chemical modification with modifying agents or grafting polymers leads to strong 

interfacial adhesion between polymer and silica via covalent bonds. Modifying agents such as 

silanes are the most effective as they generally possess active functional groups that can interact 

chemically with polymers. Other modifying agents such as epichlorohydrin, digylcidyl ether of 

bisphenol A (DGEBA), glycidyl methacrylate (GMA), and octadecylamine have also been used 

to improve the interfacial adhesion.
13-20

 Grafting polymer chains have also been shown to 

improve the interfacial adhesion between silica and polymer. Zhang and co-workers have used an 

irradiation technique to graft polymer onto silica and found that the final polymer 

nanocomposites have increased mechanical properties. Also, the structure-properties relationship 

can easily be tailored in nanocomposites using grafting technique by changing the polymeric 

grafting species.
21-28 

 Physical modification using surface active agents (also referred as surfactants) have also 

proven effective in reducing the interfacial tension by adsorption onto the silica. The principle of 

surfactant treatment is the preferential adsorption of polar head groups onto the silica via 

hydrogen bonding.
29-32

 Reculusa et al., have modified the surface of silica by adsorbing 

hydrophilic poly(ethylene oxides) via hydrogen bonds with silanol groups of silica.
33 

1.2.2 Orientation of inorganic fillers in polymer matrix 

 Inorganic fillers can come with defined shapes. For instance, reinforcing silica particles 

can have an ordered geometric shape, such as spherical, cubic, platelet, or hexagonal.
15,16,34,35

 The 

orientation of these shapes in the polymer matrix can have drastic effects on the properties of the 

final polymer composites. The improved mechanical property is generally obtained from 

anisotropic interconnection of filler particles. 

. 
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1.2.3 Dispersion of inorganic fillers into organic matrix 

The simplest method for preparing polymer silica nanocomposites is the direct mixing of 

silica into the polymer matrix. The effective dispersion of fillers is difficult as they tend to 

agglomerate in the polymer matrix. Melt and solution blending are the two most commonly used 

techniques for dispersion of fillers in the polymer matrix. 

Melt blending is a mixing of inorganic silica into the molten state of a polymer. The most 

common polymer matrixes used are polyethylene (PE), polypropylene (PP), poly(methyl 

methacrylate) (PMMA), polystyrene (PS), poly(vinyl acetate) (PVAc), poly(ethylene 

terephthalate) (PET), poly(lactide), poly(hydroxyalkanoate), styrene-butadiene rubber, and 

perfluoropolymer.
36-40

 High shear and rate of mixing is important for a homogenous dispersion of 

silica into the polymer matrix. However, it is difficult to disperse silica into a polymer with a high 

viscosity i.e. high molecular weight polymer. 

 Solution blending is a liquid-state powder processing method that results in good 

molecular level mixing of silica and hence is widely used in material preparation and processing.
8
 

The polymer is first dissolved in a solvent followed by silica addition into solution while stirring. 

After removal of the solvent by evaporation, the resulting final polymer nanocomposites exhibits 

well dispersed silica throughout the polymer matrix.
41-43 

1.3 Polymers 

 Polymers are macromolecules composed of many small (monomeric) repeating units. 

Polymers are sometimes also described as high molecular weight substances. Polymers are 

classified into categories based on occurrence, branching, and polymerization techniques.
44, 45

 

Polymers can be classified as either naturally occurring polymers or synthetic polymers. 

Naturally occurring polymers include poly(isoprene), silk, proteins, starches, and cellulose 
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(shown in Figure 1.1). Synthetic polymers include materials such as poly(ethylene terephthalate), 

poly(vinyl chloride), nylon, and rubbers (shown in Figure 1.1).  

 

                   

Figure 1.1. Chemical structures of a) poly(isoprene) a naturally occurring polymer and b) 

poly(vinyl chloride)-synthetic polymers.
44,45 

 The properties of polymers are affected not only by their molecular weight, but also the 

number of branch or linkage in the chain. In other words, the polymer with the same type of 

monomeric units and molecular weight can have different properties depending upon the 

branching. The polymers can be classified into four categories based on branching: a) linear, b) 

branched, c) cross-linked polymers, d) star or dendrimers.
 44, 45 

 A linear polymer consists of single backbone chain atoms to which the substituents are 

attached. Polyethylene (PE), poly(vinyl chloride) (PVC), PMMA, and poly(acrylonitrile) are 

typical examples of linear polymers. These polymers are easily soluble in some solvents. 

Polymers with branches at intervals along the long polymer chain are referred as branched 

polymers. The amount of branching affects the physical properties such as solubility, viscosity, 

and elasticity. Highly branched polymers may swell in certain solvents. High density 

polyethylene (HDPE) is a typical example of branched polymers. Such materials either swell or 

do not dissolve in the solvents. The amount by which the polymer swells depends on the degree 

of cross-linking. Interesting polymeric architecture like star shaped with 5 or 6 arms and tree like 

structures were synthesized from the multifunctional core (shown in Figure 1.2).
 44, 45

 

a b 
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Figure 1.2. Different types of branching in polymers: a) linear, b) branched, c) cross-linked, and 

d) dendrimers.
 44, 45 

 

 Polymers can be synthesized in one of two polymerization techniques: condensation or 

addition. Condensation polymerization occurs when the two or more molecules reacts with each 

other with the loss of small organic molecules such as water, and ammonia (shown in Figure 

1.3). Nylon, polyesters, phenol-formaldehyde, urea-formaldehyde, and alkyd resins are the 

examples of condensation polymers. In this, the reactive functional groups react to form dimer, 

and dimer reacts with dimers to from tetramers, and so on. As a result, the disappearance of 

monomer at the early stage is observed and hence results in broad molecular weight 

distribution.
44, 45 

 

Figure 1.3. Condensation polymerization technique for synthesis of polyesters.
44, 45

 

  In addition polymerization, macromolecules are formed from linking the monomeric 

species without the loss of any organic molecules.  This polymerization involves the breaking of 

pi bonds followed by the formation of sigma bonds between the monomers. This polymerization 

has three steps: Initiation, propagation, and termination (shown in Figure 1.4). Firstly, the 

monomer species are initiated followed by propagation in which the monomers are added to the 

chain and finally termination occurs when the two free radical reacts together to form a covalent 

bond.  

a b c d 
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 Figure 1.4. Free-radical polymerization sequence.
44, 45 

  Addition of the monomers is not only restricted to one specific type of monomer. 

Polymers with two or more different types of monomers are called copolymers. For example, if 

styrene and acrylonitrile are allowed to polymerize, it will result in a long chain of polymer 

consisting of both monomer species. Such arrangements of monomers lead to four different types 

of copolymers: a) random copolymers, where monomers ‘A’ and ‘B’ are randomly distributed 

throughout the polymer chain b) alternating copolymers where the two monomers are arranged in 

a regular alternating sequence throughout the polymer chain, c) block copolymers where a block 

of monomer ‘A’ is connected to a block of monomer ‘B’, and d) gradient copolymers where a 

gradual change occurs in monomer composition from mostly monomer ‘A’ to mostly monomer 

‘B’ in the polymer chain (shown in Figure 1.5). The arrangements are tailored on the basis of 

reactivity ratios and sequential addition of monomers. 
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Figure 1.5. Arrangements of monomers to form: a) random, b) alternating, c) block, and d) 

gradient copolymers.
44, 45

 

 Telechelic polymers such as graft copolymers were developed over the course of research 

in designing polymer architecture. In these copolymers, the polymer from monomer B is grafted 

onto the polymer chain length of A as shown in the Figure 1.6. 

 

Figure 1.6. Schematic representation of graft copolymers.
44, 45

 

 There are two classes of polymers based on their behavior when exposed to heat. The 

thermoplastic softens and will melt when heated.
 44, 45 

Hence, one can easily change the shape of 

thermoplastic materials. Polystyrene, polyethylene, polypropylene, and any linear polymers are 

examples of thermoplastic polymers. Thermosetting polymers are cross-linked polymers and 

hence rigid. Once shaped, such polymers cannot be re-shaped. Phenol-formaldehyde and 

polyurethane are examples of thermosetting resins. 

  The distinguishing features of polymers are molecular weight and glass transition 

temperature (Tg). Small organic molecules have definite molecular weight, whereas polymers do 

not. Given a polymeric sample, it will have different chain lengths produced from the initiator 
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radicals depending on the degree of polymerization.
 44, 45 

Hence, molecular weights of polymers 

are usually reported as averages. Experimentally determined molecular weight averages for 

polymers are: number average molecular weight (Mn), weighted average molecular weight (Mw), 

viscosity average molecular weight (Mv), and z-average molecular weight (Mz). Out of those the 

two most commonly reported are Mn and Mw. They are calculated from the equations 1 and 2. 
44 

,45 
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where, Mn is the number average molecular weight, Mw is the weight average molecular weight, 

Ni is the number of repeating units, and Mi is the molecular weight of each repeating unit. 

 The polydispersity index, defined as the ratio Mw/Mn, is a measure of molecular weight 

distribution. If the polydispersity index is close to 1, then the molecular weight distribution is 

narrow (shown in Figure 1.7a). This occurs in addition polymers. A broad molecular weight 

distribution is generally observed when the polydispersity index is above 2 (shown in Figure 

1.7b). This occurs in condensation polymers.  
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Figure 1.7. Molecular weight distributions: a) narrow and b) broad.
44,45

 

 Most polymers have amorphous and crystalline regions. What differs is the percentage of 

each region in the polymer chains. A single polymer occurs in different forms glassy or rubbery 

depending on the temperature. The temperature above which it is rubbery and below which it is 

glassy in state is called as glass transition temperature (Tg). For instance, the glass transition 

temperature of polystyrene is 90
o
C. The polystyrene if used below its Tg will behave like a rigid 

glass as the structural mobility of amorphous domains are restricted. Conversely, if it is used 

above Tg the polymer chains will have some degree of movement and hence will behave like 

rubber. Therefore, linear polymers possess Tg as they possess free chains, whereas highly 

crosslinked or thermoset polymers do not.
 44, 45 

1.4 Properties of polymer composites 

  Polymer and polymer composites are well known for light weight but high mechanical 

strength. One can easily extract the mechanical properties from the stress-strain plot. Stress is the 

force applied per unit cross-sectional area, while strain is the response of the sample under a 

given stress. The typical stress-strain curve and commonly used shape of specimen for 

characterizing mechanical properties of polymer or polymer composites are shown in Figure 1.8. 

 

a 

b 
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Figure 1.8. a) Dumbbell shaped polymer/ polymer composites specimen and b) typical stress-

strain curve for polymers.
44, 48 

  Young’s modulus which is the ratio of stress to strain is a measure of stiffness. The 

toughness is the measure of resistance to breaking. The tensile strength (also referred to as 

Ultimate strength) is the maximum stress the material can withstand. For instance, if the material 

is soft, then it will yield more. If the material is brittle it will yield less. Figure 1.6 shows the 

characteristic stress-strain curves of five different types of materials. 

 

Figure 1.9. Stress-strain curves of a) Soft and weak, b) soft and tough, c) hard and brittle, d) hard 

and strong, and e) hard and tough polymeric materials.
44, 45

  

 

 

a b 
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1.5 Mesoporous Silica 

This dissertation focuses on using mesoporous silica as inorganic filler. The most 

generalized definition of a porous material is a continuous and solid network of material filled 

with voids. Nanoporous materials are less than 100 nm in pore diameter. According to IUPAC 

nomenclature, the pores are classified into three categories based on the size: a) micropores (pore 

diameter less than 2 nm, b) mesopores (pore diameter between 2 nm and 50 nm), and c) 

macropores (pore diameter more than 50 nm). Pores can also be classified based on their 

framework: a) purely inorganic, b) organic-inorganic hybrid, and c) purely inorganic (shown in 

Figure 1.10).  

Classification of Nanoporous 

materials 

Depending upon pore size Depending upon framework building blocks

Microporous materials. 

Pore diameter < 2 nm. 

e.g. zeolites, Metal-

organic framework 

(MOF)  

Mesoporous materials. 

Pore diameter 2-50 nm.

e.g. MCM41, SBA15

Macroporous materials. 

Pore diameter > 50 nm.  

e.g. sponge, cotton

Purely inorganic. 

e.g. silica, silica 

mixed oxides

Organic-inorganic hybrid. 

e.g. Periodic mesoporous 

silica, organo silica

Purely organic.

e.g. Mesoporous polymer or 

carbon

 

Figure 1.10. Classification of nanoporous materials.
49 

 Mesoporous materials can be ordered or disordered in nature. The hydrolysis and 

polycondensation reactions of the silica precursors to synthesis mesoporous silica are the same 
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that occur in sol-gel process. Disordered mesoporous silica like KIT-1 (Korea Advanced Institute 

of Science and Technology number 1) has uniform channels but a disordered shape as the result 

of uncontrolled sol-gel reactions. Controlled polycondensation using the surfactant assisted self-

assembly pathway leads to ordered mesoporous silica, having a defined shape with uniform and 

regular arrangements of pores. Hydrolysis of an alkoxy group attached to silica results in 

hydroxyl silica species. These hydroxylated silica species, upon condensation by reacting with 

either the hydroxyl group or the alkoxy of the other silica species, results in the formation of 

silica. 

Hydrolysis:  

 

Condensation: 

 

Figure 1.11. Sol-gel hydrolysis and condensation reactions.
50-53 

Surfactants have both hydrophobic and hydrophilic components. It controls the sol-gel 

reactions (shown in Figure 1.11) and can tune the size, shape, and ordered arrangement of pores. 

In aqueous solution, the hydrophilic part of surfactants interacts with the water whereas the 

hydrophobic part stays away from the water molecules. Beyond some concentration, the 

surfactants arrange as micelles in either 3D spherical or 2D rod like arrays; such concentration is 

called as critical micelle concentration. This arrangement of micelles helps in pore generation. 
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Surfactants are classified into three categories depending upon the charge: a) cationic such as 

cetyl trimethylammonium bromide (CTAB), cetyl pyridinium chloride (CPC); b) anionic such as 

sodium dodecyl sulfate (SDS), lauric acid; and c) Non-ionic (pluronic P123, F127).
49 

Interactions between inorganic components and organic templates are among the most 

important thermodynamic drivers that usually determine the feasibility of mesostructure 

formation and its topology. Each of the four electrostatic interactions given below can occur 

under a wide range of pHs, temperatures, and the type of surfactant used. The interactions are: 

S
+
I

-
, S

-
I

+
, S

-
M

+
I
+
, and S

+
X

-
I
+
 where S is the surfactant, I is the inorganic phase, M is the 

intermediate ion, and X is the mediating species (shown in Figure 1.12).
50-55 

The charge on the 

inorganic species has to be controlled by pH. The pH at which the charge of molecules is zero is 

called isoelectric point. The isoelectric point of silica species is 2. Silica species has positive 

charge at pH < 2, whereas pH > 2 silica has negative charge. Figure 1.13 below shows the 

hydrolysis and condensation of silica precursors under different pH conditions.   

 

 

 

 

 

 

 

Figure 1.12. Types of electrostatic interactions: a) S
+
I
-
, b) S

+
X

-
I
+
, c) S

-
I

+
, and d) S

-
M

+
I

+
 that can 

occur between surfactant and silica species.
49 

 

 
 

  

a b 

c d 
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Figure 1.13. Silica precursors under different pH.
49 

The first mesoporous silica MCM41 (Mesoporous Crystalline Materials) prepared by 

Mobil Oil Corporation scientists in 1992 was synthesized at basic condition, where silica species 

have negative charge using cationic surfactant CTAB via S
+
I

-
 interaction.

56, 57
 Che et al., 

synthesized silica using organoalkoxy silane with quaternary ammonium silica as a co-structure 

directing agent via S
-
I
+
 interactions.

58
 Mesoporous silica MCM41 has  high surface area (>1000 

m
2
/g), with hexagonal pores and thinner walls. Due to the thinner walls, they do not have good 

hydrolytic stability. As a result, many researchers investigated strategies to make thicker walls. In 

1998, Stucky and co-workers synthesized mesoporous silica SBA15 with thicker walls, 2D 

hexagonal pores, and high surface area using a non-ionic surfactant through S
+
X

-
I

+
 interactions.

59 

To date, four routes have been successfully developed leading to mesoporous silica are 

true liquid crystal templating (TLCT), co-operative self-assembly, evaporation-induced self- 

assembly (EISA), and exo-templating. All of these routes were developed in order to tune the 

pore size and ordered framework of silica/other meso-structured materials. 
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1.5.1 True Liquid Crystal Templating (TLCT) 

MCM41 mesoporous family is not only the first reported mesoporous silica materials 

with mesophases, but also with well-ordered hexagonal silica channels. MCM41 attracted many 

scientists to understand the mechanism of its formation. In this mechanism, liquid crystal 

mesophases are involved in the surfactant self-assembly to synthesized ordered mesoporous 

silica. Attard and coworkers proposed and observed that at high concentration of surfactant and 

under specific pH and temperature conditions, the cylindrical rod like micelles lyotropic liquid-

crystalline mesophases are formed without requiring the presence of inorganic precursors to get 

the mesostructure framework (shown in Figure 1.14a).
60 

Deposition followed by condensation of 

inorganic species onto and in between the rod-like micelles results in the composite materials 

where organic surfactant lies inside the mesostructured silica. Pores are obtained by removing the 

surfactant. Calcination is the thermal treatment to remove surfactant by oxidative 

decomposition.
54, 58, 61-63

 Solvent extraction is another process to remove surfactant from 

mesophases of silica. 

1.5.2 Co-operative Self-Assembly 

The TCLT mechanism can be applied where the surfactant concentration is high. 

However, the mesoporous silicas are also formed at very low concentration of silicate and 

surfactant in strongly basic conditions. Therefore, an alternative mechanism was proposed where 

the formation of cylindrical micelles of surfactant, adsorption of the silica species, and 

condensation of silica precursors occurs at the same time (shown in Figure 1.14b).
 54, 58, 61-63

 Steel 

et al. confirmed the formation of highly ordered mesoporous silica using 
14

N nuclear magnetic 

resonance (NMR spectroscopy).
64 

They proposed that the hexagonal mesophases of surfactant 

molecules were organized after the incorporation of siliceous species. 
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There are reports on the mechanism of mesoporous silica formation using experimental 

techniques like X-ray diffraction combined with 
29

Si magic-angle spinning (MAS) solid state 

NMR spectroscopy.
65

 Huo et al., proposed that under basic conditions, the negatively charged 

silica (I
-
) bind to the cationic head groups of the surfactant. The S

+
I

-
 interactions lead to 

thermodynamically favored lamellar configurations at the early stages followed by 

polycondensation of the silicate species and solidification of the layers resulting in hexagonal 

mesophases. 

 

Figure 1.14. Mechanism of mesoporus silica formation by a) true liquid crystal templating and b) 

co-operative self-assembly routes.
55 

1.5.3 Evaporation-Induced Self-Assembly (EISA)
 

As the name suggests, this method is based on the formation of meso-structured phases 

by evaporating volatile solvents from dilute solutions containing silica precursors and surfactant. 

Brinker et al. have reported the mesostructured silica thin films using TEOS and poly(styrene)-b-

poly(ethylene oxide) diblock copolymers via the EISA approach.
 54, 58, 61-63

 In this method 

surfactant, inorganic species and silica precursors are allowed to interact in the presence of 

solvent such as tetrahydrofuran (THF) or ethanol (shown in Figure 1.15). The mesostructured 

film was then cast by evaporation of the solvent. The film consisting of inorganic-organic hybrid 

mesophases which is formed after evaporation of solvent is flexible due to low degree of 

polycondensation of inorganic species. Hydrothermal treatment of such soft materials leads to 
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ordering of the organic-inorganic framework. This route is also used for synthesis of non-silica 

based mesoporous silica. Li et al. have synthesized 2D hexagonal mesoporous silica and phenolic 

resins using amphiphilic poly(ethylene oxide)-b-poly(caprolactone) diblock copolymer.
 66a, 66b

 

 

Figure 1.15. Schematic representation of EISA approach.
49 

1.5.4 Exo-templating route 

Mesoporous organic polymer resins, carbons and other metal oxides are synthesized via 

exo-templating methods. This route is also known as hard-templating or nano casting method. In 

this method, the mesoporous matrix is used as a template. The spaces of such templates are first 

impregnated by inorganic/organic precursor, followed by curing the precursor inside the template 

at high temperature. In this way, the pores of the template are copied as a negative image (shown 

in Figure 1.16). Upon removal of the template, the cured material possesses high surface area and 

shape as the template used. Ryoo et al. synthesized mesoporous carbon by exo-template route.
 54, 

58, 61-63
 They used mesoporous silica MCM41 as the exotemplate and then filled the pores with 

sucrose and sulfuric acid as the catalyst in aqueous solution. Upon curing at high temperature, 

sucrose was converted into carbon. Removal of the mesoporous silica template resulted in a 
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mesoporous carbon which had an identical shape as that of MCM41.  Recently, many metal 

oxides have been synthesized using this method.  

 
 Figure 1.16. Schematic representation of exo-template approach for mesoporous materials.

54,58, 

61-63 

1.6 Motivation 

Since the publication of the first paper on ordered hexagonal mesoporous silica MCM41 

in 1992 by Mobil Oil Corporation Scientists,
56,57 

attracted material scientists to use it as inorganic 

filler in polymer nanocomposites. Because mesoporous silica possess high surface area, ordered 

structure, and allows ease of functionalization of the nanopores, mesoporous silica polymer 

nanocomposites have found application in catalysis, drug delivery, sensor technology, and gas 

storage.
67-70

 Following any of the four mechanism described in section 1.5; mesopores of silica 

can be tailored to spherical, cubic, or hexagonal shapes depending on structure directing agents 

and reaction conditions (shown in Figure 1.17). 

 



20 
 

  

Figure 1.17. TEM images of mesoporous silica pores of a) cubic, b) hexagonal, and c) SEM 

image spherical shapes.
71, 72 

Figure 1.18 illustrates that there is a dramatic increase in interest on studying polymer 

silica nanocomposites as compared to polymer mesoporous silica nanocomposites. A major 

problem for use of mesoporous silica in synthesizing polymer nanocomposites is difficulty of 

filling pores with polymers. 

  

Figure 1.18. Comparison of articles published on a) polymer silica nanocomposites and b) 

polymer mesoporous silica nanocomposites from 1998 to 2012. The data is extracted from 

scifinder.  

 Mesoporous silica MCM41 possess pore diameter from 2-10 nm, with high surface area, 

and thinner silica walls. Thinner walls of MCM41 yield polymer nanocomposites with poor 

a b c 
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mechanical properties. Hence limit its use in synthesizing polymer nanocomposites. There have 

been many attempts to synthesize mesoporous silica with thicker walls. In 1998, Stucky et al., 

reported mesoporous silica SBA15 (Santa Barbara Amorphous 15) with thicker walls, two 

dimensional hexagonal pores, and a high surface area using non-ionic surfactant.
59

 Such unique 

pores provide scaffolds for the fabrication of hybrid organic-inorganic nanocomposites. There are 

three approaches to synthesize polymer nanocomposites using mesoporous silica as filler: 1) co-

condensation, 2) post-synthetic functionalization (also known as grafting), and 3) the sol-gel 

method. 

1.6.1. Co-condensation Method 

 In this method, organically modified mesoporous silica is synthesized by the co-

condensation of tri-alkoxyorganosilanes [R’Si(OR)3 R’ being the monomeric unit] with tetra-

alkoxyorganosilanes [Si(OR)4] in the presence of structure directing agents. Polymerizing the 

organic group results in polymer nanocomposites networks wherein mesoporous channels are 

filled with polymers. Ji et al. have synthesized poly(propyl methacrylate) mesoporous silica 

nanocomposites using (3-Trimethoxysilyl)propyl  methacrylate.
73

 These composites have shown 

improved tensile strength, modulus, and toughness resulted from chemical bonding of silica with 

polymer chains within mesoporous silica channels. Schematic representation of synthesizing 

polymer nanocomposites using co-condensation is shown in Figure 1.19. 
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Figure 1.19. Mesoporous silica/polymer nanocomposites by co-condensation approach.
73

 

The groups of Mann, Macquarrie, and Stein have shown the possibilities of modified 

mesoporous silica using co-condensation method with different organic groups.
55, 74, 75 

The 

organic groups such as amino, cyano, vinyl, allyl, organophosphine, alkyl, thiol, or aromatic 

groups can be incorporated in the pores of mesoporous silica using silane coupling agents.
55, 76

 

Table 1.1 shows typical silane coupling agents. Polymerization of vinyl acetate, styrene, methyl 

acrylate, and acrylate has been carried out in the pore channels of the mesoporous silica. 

 In addition to a being one-pot synthesis, this method has the advantage of strong covalent 

chemical bonding of filler with the polymer matrix resulting in improved mechanical properties. 

However, the increase in the density of the organic groups inside the pores will disrupt the 

ordered mesoporous silica. Thermal treatment to create the pores will destroy the organic groups 

and hence the pores have to be generated by solvent extraction. 
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Table 1.1. Silane coupling agents.
8, 55

 

 Name Structure 

1. 3-aminopropyltriethoxysilane 
 

2. 3-aminopropyltrimethoxysilane 
 

3. 3-trimethoxysilylpropyl methacrylate 

 

4. Vinyltriethoxysilane 
 

5. Vinyltrimethoxysilane 
 

6. 3-isocyanatopropyltriethoxylsilane 

  

7. Methacryloxymethyltriethoxysilane 

 

 

1.6.2. Post-functionalization 

Grafting refers to surface modification of mesoporous silica with organic groups. 

Exploiting the hydroxyl groups in the pores of mesoporous silica, one can easily connect the 

ATRP/RAFT initiator leading to preparation of polymer nanocomposites by two routes: “grafting 

to” and “grafting from”. The “grafting to” refers to the attachment of polymers to mesoporous 

silica, but also some generates non-grafted chains. 

Mesoporous silica MCM41 composites with polystyrene, polyacrylonitrile, PMMA, 

polypeptide, and PNIPAMM have been synthesized using a “grafting from” controlled radical 

polymerization method.
77-80 

The initiator is attached to the mesoporous silica, followed by the 
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polymerization of the monomeric species. Since, the initiator is attached after the pores have been 

created; thermal calcination is not an issue. However, if the organic group (i.e. monomers) is 

large and reacts preferentially during the initial stages of modification near the opening of the 

pores of the mesoporous silica, pore blocking may occur which can in turn lead to 

inhomogeneous distribution of organic groups over the mesoporous silica channels. The 

schematic representation of post-functionalization is shown in Figure 1.20. 

 

Figure 1.20. Mesoporous silica/polymer nanocomposites using post-functionalization approach.
81 

1.6.3. Sol-gel method 

In this method, the monomer or polymer is well dispersed in the silica precursor (TEOS 

or TMOS) which after hydrolysis and polycondensation of the silica precursor results in the 

polymer nanocomposites. This chemistry is performed in any one of the following polymerization 

techniques: emulsion, emulsifier-free emulsion polymerization, mini-emulsion and dispersion.
8
 

Polymerization techniques mentioned above result in homogenously dispersed silica into 

the polymer matrix. Unlike co-condensation or post-synthetic functionalization, the silica is not 

covalently linked to the polymer. Networks formed between the two components are due to 

strong hydrogen-bonding interaction. The hydrogen bonding reduces interfacial tension between 

the two components which retards phase separation during network formation. Most of the 

polymers like PMMA, PVAc, poly(hydroxystyrene), and poly(vinylpyrrolidone) interact with the 

inorganic phases, but when the monomer or polymer does not possess these groups to interact 
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with silica via hydrogen bonding, compatibilizers are added.
8, 81, 83

 Figure 1.21 shown below 

represents the synthesis of polymer nanocomposites via the sol-gel method.  

 

Figure 1.21. Polymer nanocomposites using the sol-gel approach. 

In previous research, our group synthesized polymer mesoporous silica nanocomposites 

using grafting approach. We successfully loaded tin catalyst on the mesoporous silica channels of 

MCM41 via hydroxyl groups. Ring opening polymerization of D,L-lactide monomer was 

employed in the presence of a tin catalyst resulting in the biopolymer nanocomposites from inside 

to outside of the MCM41 silica channels. The schematic diagram of synthesis of biopolymer 

composites is shown in Figure 1.22. 

 

Figure 1.22. Schematic representation of ring-opening polymerization of D,L-lactide inside the 

mesoporous silica.
84 

Whilst most of the approaches discussed above produce polymer nanocomposites 

retaining the mesostructure of the silica, they involve three or more steps in generating polymer 

nanocomposites or networks. Even the one-pot co-condensation approach can only incorporate a 

small percentage of monomers inside the mesoporous silica channels. These limitations motivated 
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the need of a new strategy for synthesizing biopolymer nanocomposites with a reduced number of 

steps while retaining the internal surface area of mesoporous silica. 

1.7 Approach 

The efforts made so far in synthesizing mesoporous silica reinforced polymer 

nanocomposites were focused on functionalizing the pore walls with organic components which 

upon polymerization results in nanocomposites. Here we propose an alternative approach of 

synthesizing the polymer nanocomposites, focusing on functionalizing structure directing agents 

used for preparing the mesoporous silica with polymerizable organic components. Such 

polymerizable structure directing agents, also referred as “surfmers” are chemically composed of 

hydrophobic, hydrophilic, and monomeric units (either on the chain ends or on the backbone of 

surfactants). The concept of functional and reactive surfactants is not new in the field of micelle 

polymerization, but their successful application to the synthesis of ordered siliceous-based 

composite materials has been limited to small-molecule ionic templates. 

Surfmers template the growth of inorganic species (SiO2) by a co-operative self-

assembled approach resulting in mesostructured silica channels similar to SBA15 as discussed in 

section 1.5. Before calcination, all silica based mesophases are organic-inorganic composite 

materials. Polymerizing the surfmers at this stage results in mesoporous channels filled with 

polymer that extends out, connecting other silica particles leading to intimately mixed 

nanocomposite networks that cannot phase separate. The schematic representation of this strategy 

is shown in Figure 1.23. Unlike previous reports, there is no chemical grafting to the interior or 

exterior of the mesoporous silica surface, nor is there any separation of the components at any 

time during the synthesis. 
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Figure 1.23. Schematic representation of polymerizable structure directing agent approach for the 

synthesis of polymer mesoporous silica nanocomposites. 

1.8 Research Objectives 

This dissertation focuses on the synthesis of polymer mesoporous silica nanocomposites 

and their networks using a polymerizable structure directing approach which fulfills the following 

two objectives. 

Objective 1: The key component of the research is the polymerizable structure directing agents 

that can template the growth of silica. This objective aims at synthesizing two different 

polymerizable structure directing agents (surfmers) by end-group functionalization of 

approximately one of the chain ends of: a) poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide) triblock copolymer (pluronic P123), or b) poly(ethylene oxide)-b-

poly(caprolactone)-b-poly(ethylene oxide) triblock copolymer with monomeric units (allylic, 

acrylic, or styrenic).  
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Objective 2: This objective aims at synthesizing mesoporous silica using surfmers synthesized in 

objective 1, by co-operative self-assembly approach. At this stage, the mesoporous silica 

developed has organic component (surfmer) inside the pores of silica. Polymerizing the surfmer 

will generate the biodegradable nanocomposite networks wherein mesopores are completely 

filled with polymer; and whose total organic/inorganic ratio may be controlled 

1.9 Experimental Techniques 

Mesoporous silica and polymer nanocomposite networks synthesized are characterized by variety 

of experimental techniques as described below. 

1.9.1 Physisorption experiments 

Physisorption, also known as physical adsorption, is a process in which molecules get 

adsorbed onto the substrates by means of van der Waals forces of attraction. This technique is 

used to characterize the type of pores, surface area, pore size distribution, and wall thickness of 

the substrate without damaging the substrate.   

Samples must be degassed to remove any moisture in order to properly determine the 

surface area and adsorption-desorption profile of nitrogen gas. This is usually done by heating at 

higher temperature (generally 100
o
C) under reduced pressure for several hours in the glass-bulb 

sample holder. A glass rod is inserted in the sample holder to avoid any artifacts caused by dead 

volume. The measurement is performed at low temperature using liquid nitrogen in order to 

provide a strong physical interaction between the gas molecules and the substrate. The adsorbate 

(nitrogen gas) is then inserted in the sample holder using calibrated piston and the amount of gas 

adsorbed-desorbed is collected with respect to relative pressure. The schematic representation of 

the experiment is shown in Figure 1.24. 
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Figure 1.24. Schematic representation of physisorption experiments.
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A) Adsorption Isotherm 

An adsorption isotherm is the quantitative relationship between the amount of gas 

adsorbed by unit mass of substrate (the adsorbent) and the relative pressure (p/po) of the gas at 

constant temperature. According to the Brunauer, Deming, Deming, and Teller (BDDT) IUPAC 

classification IUPAC nomenclature (1984), the adsorption isotherms are classified into six 

different types as shown in the Figure 1.25a. 

Type I isotherm is characteristic of microporous adsorbents. At low relative pressures, 

micropores are being filled as seen by a steep increase in the amount of gas adsorbed. After the 

pores are filled completely, the entire surface of adsorbent is covered by gas as seen by the 

horizontal plateau. Type II isotherm is characteristic of non-porous adsorbents. Type III and V 

isotherms are uncommon. An increase in the amount of adsorbed gas takes place at a higher 

relative pressure, which is caused by very weak interactions between the adsorbent and 

adsorptive. Type VI represents an isotherm of stepwise multilayer adsorption of uniform non-

porous adsorbents.
87-88
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Figure 1.25. a) Isotherms and b) hysteresis loop of type IV isotherm.
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The most common hysteresis loop observed in the case of mesoporous substrates is H1, 

with fewer exhibiting H2 loop, and H3 is observed rarely. Mesoporous silica shows Type IV H2 

loop indicating even pores with interconnecting channels. H4 hysteresis loop is often seen in 

narrow slit-like pores. 

B) Surface Area Determination: BET Theory 

The theory is named after the three scientists Brunauer, Emmett, and Teller. It is a 

modification of Langmuir adsorption isotherm. Following are the assumptions of BET theory:
85

 

1) Adsorption of the first adsorptive layer is assumed to take place on an array of surface sites of 

uniform energy. 

2)  Adsorbate layers stack one above the other. When, p = po (the saturated vapor pressure of the 

adsorptive), an infinite number of layers will form. 

3) At equilibrium, the rates of condensation and evaporation are the same for each individual 

layer. 

4)   No interactions exists between the adsorbate molecules. 

a b 
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The surface area of the adsorbent is determined by the following BET equation 3. 














































omm

o

p

p

CW

C

CW

p

p
W

11

1

1
  (3) 

Plotting a graph of 

1

1












op

p
 with respect to relative pressure (shown in Figure 26), one 

will get the slope (s) and intercept (i) which corresponds to equation 4. Wm (amount of monolayer 

adsorbed gas) can be calculated from equation 4. The specific surface area (S) are calculated from 

equation 5. 

 

Figure 1.26. Typical BET plot.
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Note that,‘s’ and ‘i’ are the slope and intercept respectively. ‘St’ is the total surface area, ‘Wm’ is 

the amount of monolayer adsorbed gas, ‘N’ is the avogadro’s number, ‘Acs’ is the cross-sectional 

area of the adsorbate (nitrogen) which is 16.2 Ȧ
2 
for nitrogen gas, ‘M’ is the molecular weight of 
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nitrogen, and ‘w’ is the weight of the sample. The specific surface area is calculated from total 

surface area as shown in equation 6. 

w

S
S t      (6) 

1.9.2 Differential Scanning Calorimetry (DSC) 

 DSC is a technique to determine the temperature at which the local segmental motions of 

polymeric chains can occur. Thermal properties of polymers such as glass transition temperature 

(Tg), melting temperature (Tm), and crystallization temperature (Tc) can be determined using 

DSC. The schematic representation of the DSC instrument and the typical DSC thermogram are 

shown in Figure 1.27 and 1.28 respectively. The pan that contains a polymer is referred to as 

“sample pan” whereas the one without the polymer is referred to as “reference pan”. In DSC 

experiments, the sample and reference pans are heated at the same rate and at the same time. The 

difference in the heat flow of sample and reference pans are recorded and plotted as the function 

of temperature.  

 

Figure 1.27. Schematic representation of DSC cell.
89
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Figure 28. Typical DSC thermogram.
90

 

 To extract the information from thermogram, one should know the first order and second 

order transition. The first order transition is the transition which involves both latent heat (heat 

given off or absorbed) and heat capacity. Polymers melt by absorbing heat and therefore melting 

is an endothermic process. Polymers crystallize by giving off heat and therefore are an 

exothermic process. The second order transition involves only the change in heat capacity such as 

glass transition temperature. As polymers have high heat capacity at the glass transition 

temperature, therefore the small increase in temperature will increase the heat flow. 

1.9.3 Thermal Gravimetric Analysis (TGA) 

 Thermal gravimetric analysis is useful particularly in determining the percentage of 

organic content in polymer nanocomposites. In this method, the mass loss is determined as the 

function of temperature using high precision balance. The typical TGA thermogram is shown in 

Figure 1.29. TGA is equipped with the balance that keeps that track of mass loss during the 

degradation of polymer or any organic materials is with respect to temperature. In some cases, 

materials are decomposed in the presence of inert atmosphere to eliminate the formation of side 

products. The typical experiment consists of three steps: a) the aluminum pan is tared on the 

balance, b) sample is transferred on the pan which is then loaded on balance, and c) sample is 

then heated from room temperature to 600
o
C at 20 

o
C per minute under air flow.  
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Figure 1.29. The typical TGA thermogram.
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1.9.4 Gel Permeation Chromatography (GPC) 

 Gel permeation chromatography, also referred to as “Size-Exclusion Chromatography”, 

is the separation of polymers on the basis of size. GPC has become most prominent and widely 

used method for estimating molecular weights and their distributions. It is an indirect method of 

determining Mn and Mw of the polymers. Often, the separation takes place in a chromatographic 

column made from highly crosslinked porous polystyrene, but other column types are also 

available.
44, 45

 

A schematic representation of a typical GPC instrument is shown in the Figure 1.30. 

GPC consists of 1) a pump which pushes the solvent into the instrument, 2) an injection port to 

introduce the sample into the column, 3) columns to hold the stationary phase, 4) one or more 

detectors (generally refractive index detectors) to detect the polymeric components as they leave 

the column, and 5) software to control the different parts of the instrument, calculate, and display 

the results. 
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Figure 1.30. Schematic representation of Agilent 1100 series Gel Permeation Chromatography. 

The instrument used in this research is an Agilent Technologies 1100 series. The 

calibration curve (molecular weight vs elution time) is plotted using the six different molecular 

weights of polystyrene or poly(ethylene oxide) standards whose polydispersity index is close to 

1.0 (shown in Figure 1.31a). The procedure is as follows: 1) Inject the series of standards 

polymer, 2) Measure the retention volume of the resulting RI peak apex, 3) Construct a 

calibration curve of Log(MW *IV) vs. retention volume. In the analysis of our unknown sample, 

each data point (retention volume, RV) we can look up on the calibration curve to find RVi = 

Log(MWi • IVi). Where, RVi , MWi,  and IVi are the retention volume, molecular weight, and 

intrinsic viscosity of the unknown polymer.  The polymer solution is then introduced into the 

columns. Intrinsic viscosity (IV) is measured by viscosity detector coupled with refractive index 

detector. 
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Figure 1.31. a) Calibration curve using polystyrene standards and b) GPC chromatrogram of 

unknown sample.
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1.9.5 Rheology 

Rheology is the study of deformation and flow of matter. It helps in understanding the 

material behaviors such as elastic, viscous, or viscoelastic. The polymeric materials are visco-

elastic, in other words they show both elastic and viscous behaviors. In order to extract the 

information from the rheological experiments, the terms such as stress and strain are important to 

understand. The stress is the applied force per unit area of the sample whereas; strain is the ratio 

of change in length to the original length of the sample. 

The elasticity deals with the mechanical properties of solid where the stress (σ) is 

proportional to strain (ε) which obeys the Hooke’s law. Viscosity deals with the properties of 

liquids where stress (σ) is proportional to the shear rate (η) as which obeys the Newton’s law. The 

viscoelastic behavior of the polymers is explained by spring and dashpot model (shown in Figure 

1.32). If they are placed in series, the resulting Maxwell element exhibits flow plus elasticity on 

a 

b 
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the application of stress. When the stress is applied, the spring elongates while the dashpot slowly 

yields and on the removal of the stress the spring recovers but the dashpot does not. The resulting 

strain is given by the equation 7. 















tEt

1
  (7) 

      (Hooke)  (Newton) 

 

Figure 1.32. Mechanical analog of a viscoelastic liquid.
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The schematic representation of the rheometer is shown in Figure 1.33. The rheometer 

can be equipped with either cup-cone plate or parallel plates. In this research, the Rheometric 

Scientific RSA-II rheometer equipped with parallel plates is used to characterize the storage (G’) 

and loss modulus (G”) of the crosslinked polymer nanocomposites networks. The sample with 

circular disc of length (l) and radius (r) was used for rheological testing. It is placed in between 

the two parallel plates and then the experiments are performed. Parameters such as stress, strain, 

storage modulus (G’), loss modulus (G”) are calculated from the equations 9 to 11.
 94
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Figure 1.33. Schematic representation of parallel plates used in Rheometeric scientific RSA II.
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Viscoelastic properties are investigated using rheological experiments such as strain 

sweep, frequency sweep, or temperature sweep. Strain sweep are the experiments where G’ and 

G” are measured as the function of strain at constant frequency and temperature. Frequency 

sweep are the experiments where G’ and G” are measured as the function of frequency at constant 

strain and temperature. The linear viscoelastic region is determined by performing the strain 

sweep and then frequency sweep data is collected to calculate the storage modulus (G’) and loss 

modulus (G”). The polymer behavior can be easily predicted from the logarithmic plots of storage 

and loss modulus as the function of frequency. 
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Figure 1.34. Plot of G’ with respect to frequency of a viscoelastic material.
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If G’ < G” at low frequency, then polymer dissipates energy and behaves as viscous 

liquid. If G’ > G” at higher frequency, then the polymer becomes more rigid and behaves as 

elastic (shown in Figure 1.34). In crosslinked polymer, G’ and G” are independent of the 

frequency indicating perfect network formation. The tan delta which is the ratio of loss modulus 

to storage modulus describes the balance between viscous and elastic behaviors of polymer. 

1.9.6 Small Angle X-Ray Scattering (SAXS) 

SAXS is a non-destructive technique to characterize materials (in solid, liquid, or gels) 

for crystallite structure, size, and recognition of amorphous phases. Figure 1.35a shows the 

typical schematic representation of SAXS. When monochromatic wavelength of x-rays hits the 

sample, it generates the scattered rays. The intensity of the scatted rays is collected as the function 

of scattering angle 2θ. These scattered rays create constructive interference that satisfies the 

Bragg’s Law (nλ = 2d sin θ; where n is an integer, λ is the wavelength of the incident light, d is 

the spacing between the planes of atomic lattices, and θ is the angle between the incident rays and 

the scattering planes). The plot of scattered intensity versus scattering angle obtained is then 

compared with the International Centre for Diffraction Data database. Figure 1.35b shows the 

interaction of x-rays with the sample. 
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Figure 1.35. Schematic representation of a) SAXS instrument and b) diffraction of rays from 

sample.
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1.9.7 Nuclear Magnetic Resonance 

NMR is the powerful analytical tool to determine the chemical structure. It was co-

discovered by Bloch and Purcell, who received Nobel Prize in 1952 for detecting the protons 

signals from water and paraffin wax respectively. In NMR, the experiments are performed on the 

nuclei of atoms with angular momentum (ћ Î ); therefore the magnetic moment ( ) is calculated 

by equations 12 and 13.  

θ 

a 

b 
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Î    (12) 

sm    (13) 

where,   is the magnetogyric ratio and is constant for each nucleus, Î is the nuclear spin (un-

observable), ms is spin quantum number, and ћ is the planck’s constant. 

Nuclei with overall nuclear spin ( Î ) not equal to zero are called as spin active nuclei. 

Quantum mechanics tells that the nuclear spin ( Î ) will have (2 Î +1) orientations. In the absence 

of external magnetic field, these orientations are of equal energy. When the external magnetic 

field (Bo) is applied, then the energy levels splits. Such splitting is called as Zeeman splitting 

(shown in Figure 1.36). The initial population in the energy levels can be calculated by 

Boltzmann distribution (equation 14).  
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where, N
+
 is the number of spins in the lower energy level, N

-
 is the number of spins in the upper 

energy level, E is the energy difference between the energy levels, k is the Boltzmann constant, 

and T is the temperature in kelvin.  

 

Figure 1.36. Splitting of energy levels in the presence of the external magnetic field (Bo).
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It is possible to excite these nuclei into the higher level with electromagnetic radiation. 

The frequency of radiation needed is determined by the difference in energy between the energy 

levels. When the energy is removed, the energized nuclei relax back to the alpha state. The 

fluctuation of the magnetic field associated with this relaxation process is called resonance and 

this resonance can be detected and converted into the peaks that we see in an NMR spectrum.
96-98

 

 

Figure 1.37. Axis of rotation of nucleus in the presence of the external magnetic field (Bo).
96-98

 

Let’s consider the nucleus with nuclear spin ½. In the absence of the external magnetic 

field, the nucleus spins in its own axis. However, in the presence of the external magnetic field, 

the axis of rotation of nucleus precesses around the magnetic field (shown in the Figure 1.37). 

The frequency of precession is called as Larmor frequency (ωo)
96 

and is expressed in equation 15. 

oo B    (15) 

When the sample is placed in the external magnetic field Bo, the net magnetic moments at 

equilibrium aligned in the direction of the external magnetic field (shown in Figure 1.38). This 

net magnetization can be fluctuated by applying a type of electromagnetic radiation (i.e. radio 

frequency waves) for a short period of time. The signals generated by the relaxation process (i.e. 

resonance) of the spins are detected and Fourier-transformed to yield a spectrum. 
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Figure 1.38. Bulk magnetization of the spins aligned in the direction of the external magnetic 

field.
96, 97 

Spins also experience internal interactions in addition to external. Consider two spin 

systems with nuclear spins 1
ˆ

zI and 2
ˆ

zI shown in Figure 1.39, the interactions between those 

nuclear spins could be a) dipole-dipole also called as “Dipolar coupling, b) Scalar coupling or J-

coupling, c) Quadrapolar coupling, and d) Chemical shift. The dipolar interactions results from 

interaction of one nuclear spin with a magnetic field generated by another nuclear spin. This is a 

direct through space interaction. Dipolar Hamiltonian energy can be expressed in dipolar alphabet 

shown is equation 16. Notice that only term A contributes to heteronuclear spin pairs and both A 

and B contributes to homonuclear spin pairs (shown in equations 17 and 18). Other dipolar 

alphabets contribute to spin relaxation (shown in equations 19-22).   
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Where, 
1  and 

2 are the magnetogyric ratios of the nuclei; 1
ˆ

zI and 2
ˆ

zI  are the nuclear spins; 
1

Î  

and 
1

Î  are the spins down and up of nucleus 1; 
2

Î  and 2Î  are the spins down and up of the 

nucleus 2; θ and   are the arrangement of the nuclear spins 1 and 2 in X-Y plane; and r is the 

internuclear distance between nuclei. 

 

Figure 1.39. Two spin system in the magnetic field Bo.
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 Dipolar Hamiltonian energy terms A and B contain  1cos3 2  . To eliminate the 

dipolar coupling, the sample is placed at when θ=54.7
o
,  1cos3 2   becomes zero. Hence, to 

eliminate the dipolar coupling, the sample is placed at θ=54.7
o
 (shown in Figure 1.40). Scalar 

coupling results from the indirect magnetic interactions of nuclear spins with each other through 

θ 
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the involvement of the electrons. Quadrupolar coupling results from the electric interactions of 

nuclei with nuclear spin > ½ with the surrounding electric fields.
96, 97

 

 

Figure 1.40. Sample rotor at magic angle with respect to applied magnetic field (Bo)
 
.
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Since the nucleus responds to the external applied effective magnetic field. This change 

in the effective field on the nuclear spin causes the NMR signal frequency to shift. This shift is 

called as chemical shift (δ). It is calculated from the equation 23. The magnitude of the shift 

depends upon the type of nucleus and the details of the electron motion in the nearby atoms and 

molecules.  

610



frequencyoperating

vv rs   (23) 

where,    and    are the frequencies of the sample and reference respectively. 

1.9.7.1 Bloch decay experiments 

It is a simple single pulse experiment for observing 
13

C carbon. The pulse diagram of 

Bloch decay experiment is shown in the Figure 1.41. The bulk magnetization of carbon atoms are 

switched to the Y axis by applying 90
o
 radio frequency (r.f.) pulse on the carbon. The carbon 

signal is then detected while decoupling proton. This detected signal is called a free-induction 

decay which is then Fourier transformed to get the spectrum. 

Bo 

θ = 54.74
o
 

θ 
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Figure 1.41. a) Pulse diagram of Bloch decay experiment and b) vector model representation of 

spins after 90
o
 pulse.

96, 97
  

1.9.7.2 Cross polarization experiment (CP/MAS NMR) 

 13
C CP NMR coupled with MAS are the most commonly used NMR experiments. In this 

technique, the polarization from the abundant nuclei (such as
 1
H, 

19
F, and 

31
P) is transferred to the 

dilute spins (such as 
13

C). CP/MAS NMR enhances the sensitivity of dilute nuclei but is not 

quantitative.  

 In order to transfer the polarization, one needs to match the Zeeman splitting (i.e. ΔE) of 

both abundant and rare nuclei (shown in Figure 1.42). The key to obtain efficient cross 

polarization is setting the Hartmaan-Hahn match properly. In such cases, the radio frequency 

fields of the dilute spins are set equal to abundant spins by adjusting the pulse widths (π/2) of 

protons and carbons. The two spin systems (abundant and rare) are coupled through dipolar 

interactions and since both spin types precess with the same frequencies, the energy can be 

transferred from abundant to dilute nuclei to enhance the signal. 

90
o
 pulse  

on x-axis 

a b 
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Figure 1.42. Zeeman splitting occurring at Hartmaan-Hahn condition.
96-98

 

 The pulse sequence of CP/MAS is shown in the Figure 1.43. The bulk magnetization of 

proton atoms is switched to y axis by applying the r.f. pulse. The phase of the proton is changed 

in order to lock the magnetization. Simultaneously, the r.f. pulse is turned on 
13

C channel. The 

polarization is transferred during the spin locking period. 
13

C carbon signals are then acquire 

while decoupling proton.  

 

Figure 1.43. Pulse diagram of CP/MAS NMR.
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1.10 Structure of the dissertation 

Chapter 2 discusses the first proof of concept which includes detailed synthesis and 

characterization of polymer silica nanocomposites using allyl functionalized pluronic P123 

(aP123). Its limitation for generating composites with high organic content is also mentioned. 

Chapter 3 is an extension of the new strategy focusing on synthesizing two different surfmers 

(acrylated P123 and styrenatedP123) followed by preparing mesoporous silica/ polymer 

nanocomposites. Polymer mesoporous silica nanocomposites with different organic content were 

prepared and their rheological properties are studied. Chapter 4 focuses on application of 

approach on different surfmer that is biodegradable and biocompatible which is acrylated 

poly(ethylene oxide)-b-poly(caprolactone)-b-poly(ethylene oxide) triblock copolymer for the 

synthesis of mesoporous silica and generating nanocomposites networks from them. 
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CHAPTER II 
 

 

POLYMERIZABLE STRUCTURE DIRECTING AGENTS THAT ENABLE 

IN-SITU SYNTHESES OF COMPOSITE MATERIALS 

 

Abstract.  The triblock copolymer of ethylene oxide (EO) and propylene oxide (PO) EO20-PO70-

EO20 commercially known as pluronic P123 have been used in synthesizing mesoporous silica as 

surfactant. Synthetic modifications to block-copolymer structure directing agents lead to 

polymerizable macromers suitable for templating the growth of mesoporous silica particles, and 

which can subsequently react in-situ to form an extended nanocomposite network.  This chapter 

focuses on functionalization of pluronic P123 with allyl chloride and it was investigated whether 

allyl functionalized P123 preserved the structure-directing capabilities of the triblock polymer for 

templating ordered mesoporous silica growth.  The in-situ polymerization of the triblock 

templates following silica particle growth results in a true single-phase nanocomposite, 

characterized by intimately mixed organic-inorganic fractions and 

interpenetrating/interconnecting chains in and between the inorganic particles. 
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2.1 Introduction 

Polymer composites lie at the interface between organic and inorganic realms and 

combine the distinct properties of each in one single component. Composites have been targeted 

as promising materials due to the advantages that the organic and inorganic components bring 

into one system.
1,2

  Most commonly, composites are prepared via sequential synthetic schemes, in 

which the inorganic component is prepared separately, and then mixed with the organic 

components to create the composite.  Mesoporous silica SBA15 has been used by material 

scientists to use it as an inorganic filler in polymer nanocomposites because of its high surface 

area, thick walls, and well-ordered hexagonal pores. The most common routes for the synthesis of 

polymer nancomposites is by introducing the monomer and completing the polymerization in the 

presence of the inorganic reinforcing agent,
3-7

 by post-synthetic grafting,
8
 or by simply grafting 

the mesoporous silica particles together using the monomer and ATRP routes.
9,10

 Co-

condensation is another one-pot synthetic route to prepare organically modified mesoporous 

silica. Organic groups such as acrylate, vinyl, allyl, or styryl can be polymerized to form 

mesoporus silica/polymer nanocomposites.
11

 

In this contribution, we investigated an alternative approach to polymer composites that 

used polymerizable structure-directing agents that can template formation of high-surface area 

mesoporous silica, and then react with other template molecules to generate an organic network 

through, around, and in between the silica particles in an in-situ approach.  The concept of 

functional and reactive surfactants,
12

 often referred to as “surfmers”,
13-15

 is not new in the field of 

micelle polymerization, but the successful application to synthesis of ordered siliceous-based 

nanocomposites has not been demonstrated.  

The surfactant generally used for synthesis of mesoporous silica SBA15, is as triblock 

copolymer of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) that is 

referred to as pluronic P123. Synthetic end-group modification of pluronic P123 is required to 

make it a polymerizable structure directing agent. There are many reports in literature about end-
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group modification (with thiol, acrylic, cyano, carboxylic acid) of pluronic P123 focusing on 

either hydrogel materials or critical micellar properties of surfactants.
16-19

 Carboxylic acid 

functionalized pluronic P123 (carboxyP123) has been demonstrated to have the structure 

directing capabilities for ordered mesoporous silica. However, there are some problems 

associated with its use in polymer nanocomposites: 1) The polymerization of carboxyP123 

involves longer reaction times in the presence of solvent, which can remove the carboxyP123 

from mesoporous silica and 2) If the water is not removed from the reaction mixture, the degree 

of polymerization will be lower (shown in Scheme 2.1). The structural and surface properties of 

mesoporous silica made using carboxyP123 are provided in appendix A1-A4.  

 

 

In this contribution, we describe the synthesis and use of polymerizable surfactants based 

on allylic modified ethylene oxide/propylene oxide (Pluronic P123) triblock copolymers that 

serve the dual function of template and macromer, to create organic/inorganic composite 

materials. 

2.2 Experimental 

2.2.1 Materials 

Pluronic P123 was purchased from Sigma Aldrich and used as such for functionalization 

reactions. Allyl bromide was purchased from Alfa Aesar and purified before use. All organic 

solvents were obtained from Pharmco-AAPER. 

 

 

Scheme 2.1. Formation of ester linkage. 
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2.2.2 Characterization 

Surface area of mesoporous silica SBA15 and their analogues were determined on 

Nova2200e Quantachrome instruments. Transmission electron micrographs were acquired on 

JEOL JEM-2100 with Evex EDS.  

600 MHz liquid NMR spectrometer (Varian) was used to determine 
13

C NMR (in CDCl3) 

to determine the functionalized pluronic P123 at 40
o
C at the spinning speed of 20Hz. The solution 

temperature was equilibrated for 10 minutes before the measurements.  

 
13

C CP/MAS experiments were performed on the composites on 300MHz solid state 

NMR spectrometer (Bruker) equipped with 4mm probe at spinning speed of 5 kHz at room 

temperature. Percentage organic content was determined by heating the samples on TA 

instruments Hi-ResTGA2950 from room temperature to 600
o
C with the ramp rate of 20

o
C/min 

under air flow. 

 Molecular weights were determined using Agilent 1100 series equipped with refractive 

index detector. 5 mg of polymer material was dissolved in 1 ml of tetrahydrofuran (THF). 

Polyethylene glycol standards were utilized as reference. THF was eluting solvent at a flow rate 

of 1 ml/min, and two PLgel Mixed-C columns in series were used for separation of polymeric 

material. 

2.2.3 Synthesis of monoallyl Pluronic P123 (aP123).  In a 250 ml two-necked flask, Pluronic 

P123 (1mmol) was dissolved in 100 mL anhydrous tetrahydrofuran (THF) in an inert atmosphere. 

The solution was cooled to 0
o
 C and stirred at 400 rpm. The sodium metal (1.5 mmol), sliced into 

small pieces, was added to the above solution and heated at 60
o
C till all the sodium reacts with 

the hydroxyl groups. The allyl bromide (1.25 mmol) was then added dropwise into the reaction 

mixture which was then stirred at 60
o
C for 24 hours. The precipitated sodium bromide was 

removed by filtration. The product was obtained by evaporating the THF in a rotary evaporator 

and was subsequently purified by extraction into dichloromethane. The solvent was then removed 
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in a rotary evaporator. Functionalized allyl P123 with 90% yield was isolated. The reaction 

scheme is shown below in Scheme 2.2.  

 

 

2.2.4 Synthesis of SBA-15 and SBA-15 analogues.  The molar composition for the synthesis of 

SBA-15 or SBA-15 type materials was TEOS:P123/aP123 :HCl:H2O = 1: 0.0016 : 5.54 : 182.82, 

where TEOS is  tetraethylorthosilicate.  In a typical synthesis, 4 g of P123 or aP123 was 

dissolved in 30 mL of de-ionized water and stirred for 3 hours at room temperature, and 112 mL 

of 2.133 M HCl was added drop-wise and the mixture was stirred for 2 hours. The resulting 

solution was then heated to 40 
o
C and 9 g of TEOS was added drop-wise and stirring was 

continued for 20 hours. The reaction mixture was then aged at 100
o
C for 24 hours under static 

conditions. The solution was divided into two equal quantities: half of the solution was kept at the 

same pH and other half was adjusted to neutral pH. The materials from each solution were 

washed with excess de-ionized water, dried overnight, and calcined at 550
o
C for 7 hours using a 

temperature ramp of 1
o
C/min. Using TGA, XRD, and BET analyses verified that crystalline 

mesoporous SBA-15 siliceous materials were formed in the presence of either P123 or aP123. 

2.2.5 Polymerization of pluronic P123 monoallyl ether (aP123).  2ml of 2M dil. H2SO4 was 

added to 1 gram of aP123 and the reaction mixture was heated to 60
o
C for 4 hours. The 

polymerization scheme is shown in Scheme 2.3.  As described in the text (vide infra), GPC 

Scheme 2.2. Functionalization of pluronic P123 with allyl group.   
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analysis of the polymeric component revealed that a high molecular weight organic phase formed 

by cationic polymerization. 

 

 

2.2.6 Characterization of extent of end-group functionalization in aP123.  Shown below in 

Figure 1 is the 600-MHz solution 
13

C NMR spectrum of aP123. The spectrum was obtained with 

gated decoupling to minimize Nuclear Overhauser effects. In order to preserve the structure-

directing capabilities of P123, we targeted ca. 50% conversion of hydroxyl groups to 

olefinic/allyl groups in the allybromide reaction.  In other words, we wanted an average of one 

olefinic and one hydroxyl chain end per aP123 molecule.  From Figure 2.1, which compares the 

starting P123 spectrum to the product aP123 spectrum, one observes based on the relative 

intensities of the 60, 67, 116, and 136 ppm end-group peaks in the two spectra that this target was 

achieved.  Note that the starting P123 in Figure 1 has only the characteristic 60-ppm end group 

peak for the methylene group adjacent the terminal hydroxyl.   

Scheme 2.3. Polymerization of allyl group. 



64 
 

144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16 8 0

130 120 110

Chemical Shift (ppm)

a

b

x-1 y x-1
O

O
O

O
O

OH

136

116

60

17

67.5 65.0 62.5 60.0

 

 

 

2.2.7  Extraction of polymerized aP123 from SBA15_aP123 

Polymerized aP123 was extracted by refluxing 1 g of SBA15_aP123 composite with 

ethanol for 2 days. The mixture was filtered and the solvent was then removed by rotary 

evaporator. GPC analysis of the polymeric component revealed that a high molecular weight 

organic phase formed in the composite. 

2.3 Results and Discussion 

2.3.1 Generating functionalized templates.  Nonionic triblock copolymers based on 

polyethylene oxide and a central polypropylene oxide block) denoted here as PEO-PPO-PEO 

(commonly referred to by their Pluronic trade name, have garnered widespread attention for the 

synthesis of SBA-15 mesoporous silicas.
20, 21

 Here, we use Pluronic P123 (P123), HO-(PEO)20-

(PPO)70-(PEO)20-H, as the template for SBA-15 formation, but employ functionalization methods 

to convert one end group to a reactive olefinic moiety.  Allyl bromide, when reacted with P123 in 

Figure 2.1. 600 MHz 
13

C solution NMR spectrum acquired with 
1
H decoupling 

of (bottom) pure P123 starting material and (top) allyl-functionalized aP123 

following reaction according to Scheme 1.  End group signals are shown in the 

aP123 inset. 
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the presence of sodium metal and THF in an inert atmosphere, leads to a monoallyl-

functionalized P123 as described above in Figure 2.1.  Reaction stoichiometries were selected to 

convert approximately one hydroxyl end-group per P123 chain to an olefinic end group, as 

depicted schematically in Figure 2.2.  In this way, each modified P123 is rendered bifunctional, 

and capable of acid-catalyzed polymerization through the olefinic end groups with surrounding 

template molecules as shown in Figure 2.2. Given that the structure-directing characteristics of 

the allyl-modified P123, denoted in this paper as aP123, are not known, the fact that aP123 

preserves P123’s mesoporous silica structure-directing capabilities were first established.  

Standard literature synthesis conditions
20

 for SBA-15 preparation, using in separate experiments 

P123 or aP123, yielded materials both before and after calcination that are by all measures 

identical.  Figure 2.3 compares the powder XRD results from materials synthesized using the 

control P123 and the modified aP123, prior to calcination, both of which contain characteristic 

diffraction peaks consistent with published SBA-15 topologies. TGA results in Figure 2.4 

indicate that the P123 and aP123 content of the respective ordered silica products is the same at 

33 mass percent, as is the decomposition temperature at 200
o
C, albeit with the caveat that the 

aP123 material exhibits a sharper mass loss.  The sharper mass-loss transition in the aP123 

material is reproducible over many runs, but at this time, we are not certain why this behavior is 

observed.   

While our goal is not creating calcined mesoporous silicas, the BET surface area 

following calcination is the key indicator of the ordering induced by each template. Table 3.1 

shows the physicochemical properties of mesoporous silica using pluronic P123 and aP123. 

Experimental results for the calcined aP123 SBA material and SBA15 was 921 m
2
/g and 945 

m
2
/g surface area respectively.   This result was replicated, and the essentially identical surface 

area for aP123 SBA-15 was also observed for experiments in which the solution was neutralized 

to a pH = 7 prior to drying.  Clearly, the olefinic group on one end of the aP123 templates does 
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not alter the ability to form micelles in the aqueous environment, or to template crystallization of 

ordered mesoporous silica.  However, separate experiments revealed that P123 modified to 

contain an olefinic group on both chain ends, i.e., di-allyl with no hydroxyl groups, did not lead to 

SBA synthesis (vide infra). 

 

 

 

 

 

 

 

a. 

b. 

Figure 2.2. a) Schematic representation of synthesis of mesoporous materials and 

polymer composite networks using the allyl-modified P123 surfactant, and b) 

Expanded view of channel interior showing reaction (denoted by green lines) 

between olefinic ends of neighboring template molecules.  The small orange 

hexagons in the last frame of 2a represent individual SBA particles in the network. 
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Figure 2.3. Small-Angle X-Ray Scattering of SBA15P123 and SBA15_aP123, denoted by solid 

and dotted lines respectively  

 

Figure 2.4. TGA data of SBA15P123 and SBA15_aP123, denoted by solid and dotted lines 

respectively.  Mass loss for each is 33 wt%. 
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Table 2.1 Pysicochemical properties of mesoporous silica prepared using pluronic P123 and 

aP123. SAXS was used to determine the d-spacing. Pore size distributions and BET surface area 

were determined using N2-adsorption-desorption experiments. 

 

 

 

2.3.2 Polymerizing the reactive template.  Dilute sulfuric acid addition to the 

aP123/mesoporous silica product mixture following SBA crystallization catalyzed the in-situ 

polymerization of the aP123 through the olefinic groups, as depicted in Figure 2.  To confirm that 

polymerization took place, the resulting polymeric fraction was extracted by dissolving the final 

organic/silica composite material in 50C ethanol for 48 hours.  As controls, GPC analysis of 

pure P123 and pure aP123 prior to any reaction are shown in Figures 2.5a and 2.5b. 

Monodisperse poly(ethylene gylcol) (PEG) standards were used to calibrate the GPC, and the 

resulting elution time for the pure P123 agreed with its known molecular weight (5700 g/mole).  

In another control experiment, pure aP123 was reacted with sulfuric acid at the same 

concentration to ensure that their polymerization occurred, and the high molecular weight peak 

(broad signal near 6 minutes) shown in Figure 2.5c indicates that the chemistry leads to 

polymerization of the aP123 macromers.  Finally, Figure 2.5d shows the GPC result for the 

polymeric fraction extracted from the final organic/silica composite material, after crystallization 

and polymerization.  The results are similar to 2.5c, indicating that higher molecular weight 

species (up to 115,000 g/mol) are formed from the reaction of the aP123 structure directing agent 

molecules in the composite. TGA analysis of the washed and dried composite, after extraction of 

the polymer used to generate Figure 2.5d, revealed that 13 wt% of the polymer remained in the 

SBA channels after extraction, consistent with formation of higher molecular species like those 

depicted in Figure 2.2. 

Mesoporous 

silica 

d-spacing (100) 

 Å 

BET Surface area 

(m
2
/g) 

Pore size 

(Å) 

SBA15_P123 100.40 945 32 

SBA15_aP123 106.50 921 33 
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Figure 2.5. GPC chromatograms of a) pure P123, b) aP123, c) polymerized aP123, and d) 

polymer extracted from the composite following polymerization of aP123 template molecules in-

situ.  No change in molecular weight was observed for control experiments involving pure P123 

in the same acid-catalyzed reaction. GPC flow rates were 1 ml/min 

The 33 wt% organic content of the material described above is defined by the initial 

surfactant/TEOS reaction stoichiometry.  However, adding additional aP123 at the time the 

sulfuric acid catalyst is added (to the dried aP123/SBA-15 product described in Figures 2.3 and 

2.4) can create final products with much higher organic content.  As depicted in Figure 2.5a, the 

polymerization proceeds through the olefinic groups, resulting in highly branched structures.  One 

could easily add aP123 that contained olefinic groups on each chain end, i.e. a di-olefinic aP123, 

and then the entire chain backbone would be incorporated into the growing network.  However, 

this could only be added after formation of SBA-15 using mono-olefinic aP123, i.e., at the point 

of acid addition to effect polymerization, since di-olefinic aP123 does not lead to stable micelle 

formation and SBA crystallization. 

Solid-state NMR spectra for the washed and dried aP123 composite unequivocally 

indicate that polymerization of the functionalized templates occurs.  Figure 2.6 below compares 
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the 
13

C CP/MAS data for the P123 molecules in as-synthesized SBA-15, versus that for the 

aP123/SBA-15 route followed by polymerization.  The peak at 31 ppm in Figure 2.6b indicates 

that polymerization through the olefinic end groups has occurred in the composite synthesis, 

thereby generating a series of aliphatic CH2 groups in the chain.  Single-pulse 
13

C MAS spectra 

confirm this assignment (not shown); the same peaks are present albeit with slightly different 

relative intensities as expected for cross-polarization versus one-pulse experiments. 

 

140 120 100 80 60 40 20 0

Chemical shift (ppm)

 

 

 

2.3.3 Inter-particle versus intra-particle polymerizations and bulk properties.  The minimum 

organic content in the composite, as defined by the initial stoichiometry required to crystallize 

SBA-15 from solution, is 33 wt% aP123.  While adding more aP123 at the point of catalytic acid 

addition can easily increase this value, our experiments indicate that even at this lower limit, 

polymerization occurs between aP123 macromers both inside and outside of the SBA particle 

channels.  Polymerization outside of the channels is required for inter-particle connectivity and 

true composite properties. To assess the degree to which inter-particle polymerization occurred, 

Figure 2.6. Solid-state 
1
H

13
C CP (cross-polarization)/MAS spectra for (a) the P123 

surfactants in normal uncalcined SBA-15 following synthesis, and (b) the organic fraction 

generated by polymerizing the aP123 structure-directing agents inside and around the SBA-15 

following crystallization.  The arrow denotes the new aliphatic CH2 moieties formed from the 

reaction. 

 

b. 

 a. 

a. 
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two different materials were pressed into cylindrical pellets at room temperature using a Carver 

press.  The two samples were chemically identical, composed of the aP123/SBA-15 mixture 

following crystallization, washing, and drying.  However, one of the two samples was 

polymerized, while the other was not.  Figures 2.4c, 2.4d, and 2.5b prove polymerization occurs, 

and if that polymerization is only limited to the interior of the mesoporous silica, then pellets 

formed from unpolymerized (but still filled with unreacted aP123) and the polymerized material 

should exhibit essentially identical physical properties.   Figure 2.7a and 2.7b compares the 

images of the pellets formed from each material at 3000-psi plate pressure and room temperature.  

The unpolymerized material, which exhibits the white color expected for silica, does not form a 

stable pellet at this pressure, as indicated by the large crack through the bulk material.  Indeed, the 

pellet crumbled when removed from the mold.  In contrast, the darker colored polymerized 

composite pellet forms a tough, stable pellet that may be removed and handled.  The color change 

itself is indicative of polymerization, as this color change is also observed in control experiments 

involving polymerization of the pure aP123 in the absence of the silica.  Similar results were 

obtained in multiple experiments.  If the plate pressure was increased to 5000 psi, then an 

apparently stable pellet could be made from the unpolymerized sample, but it’s surface was 

chalky and easily removed by simply rubbing one’s finger across it.  More importantly, solvent 

exposure experiments clearly demonstrated that inter-particle connectivity occurred in the 

polymerized aP123/SBA-15 sample.  When the 5000-psi unpolymerized pellet was dropped into 

dichloromethane, it immediately rose to the surface while simultaneously releasing visible air 

bubbles.  After a few minutes, no more bubbles were observed and the pellet settled to the bottom 

of the beaker.  In marked contrast, the 3000-psi polymerized aP123/SBA-15 pellet, like that 

shown in Figure 2.6a, immediately settled to the bottom of beaker filled with dichloromethane, 

and no air bubbles were ever released.  The pellet was stable in the solution for several hours, 

with little change in its shape or color.  The unpolymerized pellet, formed at the higher 5000-psi 

pressure, developed multiple cracks and began to disintegrate after only one hour in solvent.  
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Figure 2.7c and 2.7d show the polymerized versus unpolymerized aP123/SBA-15 pellets in 

dichloromethane, respectively.  In total, these experiments prove that polymerization occurs 

between the particles, and not just within their intracrystalline channels, even for the minimum 33 

wt% organic content. 

 

 

 

 

 

 

 

2.4 Conclusions 

A novel route to organic/inorganic composite materials has been described, which utilizes 

end-group functionalization of existing structure-directing agents to enable in-situ synthetic 

methods.  Using allyl-functionalized P123 as a template, we have shown that crystallization of 

SBA-15 is preserved but that following the crystallization, the template readily polymerizes to 

form a composite containing high molecular weight polymer filling and surrounding the SBA-15 

crystallites in an intimately mixed arrangement. However, the extent of polymerization is low. 

Therefore, there is a need of reactive monomeric unit on triblock surfactant. 

Figure 2.7.  Pellets formed from (a) polymerized aP123/SBA-15 composite versus (b) versus 

aP123/SBA-15 without the polymerization step.  Both pellets contain ca. 33 wt% organic content.  

(c) Pellet from polymerized composite in CH2Cl2, at the bottom of the vial, and (d) the 

corresponding unpolymerized control pellet floating near the surface.  The two pellets were placed 

in each solvent container at exactly the same time, which was 1 minute prior to taking the photo. 

a. b. 

c. d. 
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CHAPTER III 
 

 

SELF-ASSEMBLED POLYMER NANOCOMPOSITES AND THEIR NETWORKS 

 

Abstract. In this research, we functionalized the triblock copolymer pluronic P123 with reactive 

monomeric units such as acryl and styryl groups. Nanocomposite networks prepared using 

acryl/styryl modified pluronic P123 via self-assembly shown improved storage and loss modulus. 

It was observed that the storage and loss modulus of nanocomposites obtained were independent 

of frequency in rheological experiments indicating the formation of perfect networks. 
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3.1 Introduction 

 Polymer silica nanocomposites are a promising class of hybrid materials and have found 

applications in catalysis, drug delivery, sensor technology, and gas storage.
1-5 

Polymer composite 

properties largely depend on homogenous distribution of the inorganic component in the polymer 

matrix. There are three approaches for synthesis of mesoporous silica polymer nanocomposites. 

One approach is to form organically modified mesoporous silica by co-condensation method 

followed by polymerization of the organic groups.
6,7 

Another approach is to anchor the polymer 

either by the “grafting to” or the “grafting from” method on the mesoporous silica via hydroxyl 

groups.
8-10 

The third approach is to mix polymer with the silica or silica precursors.
11, 12

 

In Chapter 2, we showed the successful application of self-assembled approach to 

synthesize polymer nanocomposites networks using polymerizable structure directing agent allyl 

P123 (aP123). However, the degree of polymerization of the allyl group was found to be low. 

Hence, there is a necessity to functionalize triblock copolymer with reactive monomeric moieties 

to create nanocomposite networks.  

In this chapter, we detail the end-group functionalization of the Pluronic


-based 

copolymers to attach either one or two reactive end groups, which in this case are either styrl- or 

acrylate-based as shown in Scheme 1. Based on the choice of end-group, final products can be 

made which are either (1) nanocomposites that contain only physical chain entanglements, or (2) 

chemically cross-linked nanocomposite networks. In either case, the organic to inorganic 

composition ratios may be systematically varied in the final materials, as shown by several 

chemical, spectroscopic, and microscopic characterization methods described herein.  The 

following sections will describe the polymeric surfactant functionalization chemistry, templating 

and growth of ordered mesoporous SBA-type silica using the modified surfactants, reactions of 

the modified surfactants with one another to create the continuous organic phase within and 

between the mesoporous silica particles, and network formation. 
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3.2 Experimental 

3.2.1 Materials 

 Pluronic P123 was purchased from Sigma Aldrich and used as such for functionalization 

reactions. Acryloyl chloride and vinyl benzyl chloride was purchased from Alfa Aesar and 

Aldrich. All organic solvents were obtained from Pharmco-AAPER. 

3.2.2 Characterization 

 Surface area of mesoporous silica SBA15 and their analogues were determined on 

Nova2200e Quantachrome instruments. Transmission electron micrographs were acquired on 

JEOL JEM-2100 with Evex EDS.  

600 MHz liquid NMR spectrometer (Varian) was used to determine 
13

C NMR (in 

deuterated dimethyl sulfoxide) to determine the functionalized pluronic P123 at 40
o
C at the 

spinning speed of 20Hz. The solution temperature was equilibrated for 10 minutes before the 

measurements.  

 
13

C CP/MAS experiments were performed on the composites on 300MHz solid state 

NMR spectrometer (Bruker) equipped with 4mm probe at spinning speed of 5 kHz at room 

temperature. Percentage organic content were determined on TA instruments Hi-ResTGA2950. 

3.2.3 Synthesis of acrylated- and styrenated-functionalized Pluronic P123 (denoted as 

acryP123 and styrP123, respectively). Pluronic P123 was purchased from Sigma Aldrich and 

used as such for functionalization reactions. All organic solvents were obtained from Pharmco-

AAPER.  In a 250 ml two-necked flask, Pluronic P123 (1mmol) was dissolved in 100 mL 

anhydrous tetrahydrofuran (THF) in an inert atmosphere. The solution was cooled to 0
o
 C and 

stirred at 400 rpm. 1.25 mmol of acryloyl chloride or 1.25 mmol of Vinyl benzyl chloride (VBC) 

and triethyl amine (1.25 mmol) were added to the stirred solution. The reagents were reacted for 

24 hours (shown in Scheme 3.1). The triethyl ammonium chloride salt formed was separated by 
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filtration. Dichloromethane was removed by rotary vaporization. The product was dried in a 

vacuum oven for 24hrs at 60
o
C. Functionalized pluronic P123 with 95% yield was isolated. 

Chloride ion test was performed to check the formation of triethyl ammonium chloride by adding 

silver nitrate solution to the recovered salt. Yellow colored precipitate of silver chloride that turns 

brown upon exposure of light confirms the formation of product. 

 
 

Scheme 3.1. Reaction scheme for the formation of acryP123 and styrP123  

 

3.2.4 Synthesis of SBA-15 and SBA-15 analogues (acryP123 and styrP123).  The molar 

composition for the synthesis of SBA-15 or SBA-15 type materials is TEOS: P123 (or acryP123 

or styrP123): HCl : H2O = 1: 0.016 : 5.54 : 182.82. In a typical synthesis, 4 g of P123 was 

dissolved in 30 mL of de-ionized water and stirred for 3 hours at room temperature. 112 mL of 

2.133 M of HCl was added drop-wise and kept under stirring for 2 hours. The above solution was 

then heated to 40
o
C and 9 g of TEOS was added drop-wise and stirred for 20 hours. The reaction 

mixture was aged at 100
o
C for 24 hours under static conditions. The mesoporous silica was 

filtered and rinsed with excess de-ionized water, dried on bench overnight, and calcined at 550 
o
C 

for 7 hours at the ramp of 1
o
C/min. As described in the text, TGA, SAXS, pore size distributions, 
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and BET analysis verified that crystalline mesoporous SBA-15 siliceous materials were formed in 

the presence of either P123 or acryP123 or styrP123 (Table 3.1).  

Table 3.1 Pysicochemical properties of mesoporous silica prepared using pluronic P123 and 

aP123. SAXS was used to determine the d-spacing. Pore size distributions and BET surface area 

were determined using N2-adsorption-desorption experiments. 

 

 

 

 

3.2.5 Characterization of end-group functionalization in acryP123 and styrP123.  Shown 

below in Figure 3.1 is the 600-MHz solution 
13

C NMR spectrum of acryP123 following a typical 

conversion of the type shown in the right side of Scheme 1. The spectrum was obtained with 

gated decoupling to minimize Nuclear Overhauser effects. In order to preserve the structure-

directing capabilities of P123, we targeted ca. 50% conversion of hydroxyl groups to acrylate or 

styrenate groups in the respective acryloyl chloride or vinyl benzyl chloride reactions.  In other 

words, we wanted an average of one acrylate/styrenate unit and one hydroxyl chain end per 

acryP123 or styrP123 molecule.  From Figure 3.1, which compares the starting P123 spectrum to 

the product acryP123, one observes based on the relative intensities of the 60, 67, 124, and 128 

ppm end-group peaks in the two spectra that this target was, on average, achieved.  Note that the 

starting P123 in Figure 3.1 has only the characteristic 60-ppm end group peak for the methylene 

group adjacent the terminal hydroxyl. FTIR spectra (not shown here) clearly showed the acrylate 

carbonyl stretch at 1725 cm
-1

 after functionalization and purification. 

 

 

Block copolymer 
d-spacing (100) 

 Å 

BET Surface area 

(m
2
/g) 

Pore size 

(Å) 

SBA15_P123 100.40 945 32 

SBA15_acryP123 113.10 930 30 

SBA15_styrP123 108.90 1146 32 
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Similarly, Figure 3.2 shows the comparable 600-MHz solution 
13

C NMR spectrum of 

styrP123 following a typical conversion of the type shown in the right side of Scheme 1. The 

peaks in the inset demonstrate that on average, the reaction conditions yielded about 50% 

functionalization of the hydroxyl end groups on P123.   
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Figure 3.1. 600 MHz 
13

C solution NMR spectrum acquired with 
1
H decoupling of (bottom) 

pure P123 starting material and (top) acrylate-functionalized acryP123 following reaction 

according to Scheme 1.  End group signals are shown in the acryP123 inset, exhibiting the 

characteristic vinyl signals between 120 and 130 ppm. 
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3.2.6 Preparation of polymer nanocomposites from acryP123 (or styrP123) and 

SBA15acryP123 or SBA15styrP123.  Polymer nanocomposites were obtained by 

polymerization of acrylate (shown in Scheme 3.2) or styrenated- P123 (shown in Scheme 3.3) via 

free radical polymerization method. To prepare control materials of reacted acrylated-P123 or 

styrenated P123 in the absence of mesoporous silica SBA15, 1 g of acrylated-P123 (or 

styrenated-P123) was dissolved in 1 ml of dry THF. The vial was purged with ultra-high purity 

argon to remove any oxygen. To this, 0.1 wt. % (with respect to the organic content) azobis-

isobutyronitrile (AIBN) was added and the temperature was then raised to 75-80
o
C. The reaction 

mixture was stirred for 30 minutes. The solvent was evaporated and the trace amount of solvent 

Figure 3.2. 600 MHz 
13

C solution NMR spectrum acquired with 
1
H decoupling of (bottom) pure 

P123 starting material and (top) styrene-functionalized styrP123 following reaction according to 

Scheme 1.  End group signals are shown in the styrP123 inset, exhibiting the characteristic 

styrene between 125 and 140 ppm. 
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was removed in vacuum oven at room temperature.  As described below, a cross-linked polymer 

network was obtained from this control reaction. Table 3.2 below shows the composition of the 

silica and acryP123 to synthesize polymer nanocomposite with different organic contents. 

Table 3.2 Composition of polymer nanocomposites 

Composites from SBA15_acryP123 

SBA15_acryP123 

(g) 

acryP123 

(g) 

Polymer composite with 30% organic content 0.1 - 

Polymer composite with 80% organic content 0.1 0.18 

Polymer composite with 90% organic content 0.1 0.60 

Polymerized acryP123 - 0.1 

 

An essentially identical procedure was used when generating the composites or 

composite networks, except that the starting material was the dried as-synthesized 

SBA15acryP123 or SBA15styrP123 product.  As synthesized, SBA15acryP123 or 

SBA15styrP123contains 30-wt. % acrylated- or styrenated- P123, to which was added additional 

acryP123 or styrP123 in dry THF that would react with the silica-bound template molecules to 

generate the desired organic content nanocomposite.  Subsequently, 0.1 wt. % (with respect to the 

organic content) azobis-isobutyronitrile (AIBN) was added and the temperature was then raised to 

75-80
o
C. The reaction mixture was stirred for 15 minutes. We successfully prepared 10 and 20 

wt% silica content composites/composite networks using this one-pot strategy. 
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3.3 Linear Viscoelastic Measurements.  Linear viscoelastic measurements were performed with 

a Rheometric Scientific RSA II to measure loss and storage moduli as a function of strain using 

oscillating compression geometry. 10-mm parallel plate fixtures were used and measurements 

were made at room temperature with a gap size of ca.1.2 mm dimensions which are in the range 

where such measurements are expected to give G’ and G”.
13

  Walberer and McHugh describe 

how force data from this type of measurement was converted to G’ and G” by making the 

lubrication approximation;
12

 however no instrumental inertia correction was required for this 

diameter plate according to instrument readings as well as data supplied by the manufacturer.  

3.4 Small-Angle X-ray Scattering Measurements.  Small-angle X-ray scattering measurements 

were made in transmission with a SMax-3000 from Rigaku equipped with a CuKα source and a 

10 cm x 10 cm 2-D wire detector placed approximately 150 cm from the sample position.  Silver 

behenate was used to determine the exact pixel to q (q=4sin/; =0.5*scattering angle, =1.54 

Å) conversion. Data were also corrected for pixel-to-pixel intensity variations as measured via 

exposing the plate to radiation emanating from an 
55

Fe source. 

Scheme 3.2 Scheme 3.3 
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3.5 Results and Discussion 

3.5.1 Generating mesoporous silica from the functionalized non-ionic template/macromers.  

Nonionic triblock copolymers based on polyethylene oxide and a central polypropylene oxide 

block, denoted here as PEO-PPO-PEO and commonly referred to by their Pluronic trade name, 

have garnered widespread attention for synthesis of SBA-15 mesoporous silicas.
14, 15

 Here, we use 

Pluronic P123 (P123), HO-(PEO)20-(PPO)70-(PEO)20-H, as the template for SBA-15 formation, 

but employ functionalization methods to convert one end group to a reactive olefinic moiety.  

Vinyl benzyl chloride or acryloyl chloride, when reacted with P123 as described above in Scheme 

1 and in the Experimental section, yields bifunctional styrP123 or acryP123, respectively.  

Reaction stoichiometries were selected to convert approximately one hydroxyl end-group per 

P123 chain, as described in Figures 3.1 and 3.2.  In this way, each modified P123 is rendered 

bifunctional, and capable of subsequent polymerization through the olefinic end groups with 

surrounding template molecules, effectively as macromers. Given that the structure-directing 

characteristics of styrP123 and acryP123 are not known, we first established that both non-ionic 

surfactant macromers preserves P123’s mesoporous silica structure-directing capabilities.  

Standard literature synthesis conditions
14

 for SBA-15, using in separate experiments P123 versus 

styrP123 versus acryP123, yielded mesoporous materials both before and after calcination that 

are by all measures have shown the similar peaks.  Figure 3.3 compares the powder SAXS results 

from materials synthesized using the control P123 (3.3a, 3.3d), the modified styrP123 (3.3b), and 

acryP123 (3.3e) prior to calcinations.  Both the styrP123 and acryP123 materials exhibit the 

specific diffraction peaks consistent with published SBA-15 topologies. Finally, Figures 3.3c and 

3.3f show the results for the X-ray scattering in the polymerized composite, i.e., after reaction in 

which the styrP123 or acryP123 template macromers form the polymeric phase as shown in 

Schemes 3.2 and 3.3.  Clearly, the mesoporous ordered silica structure is preserved following 

polymerization.  Additional information about the polymerization step is discussed below. 
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    While creating calcined mesoporous silicas is not the end goal, the BET surface areas 

and pore size distributions following calcination are key indicators that the modified templates 

still function as templates, and compliment the SAXS data discussed above The styrenic group on 

one end of the styrP123 templates does not alter the ability to form micelles in the aqueous 

environment, or to template crystallization of ordered mesoporous silica due to the fact that it 

produces the high surface of the calcined and dried styrP123SBA material.   

For acryP123 template synthesis, the resulting mesoporous silica surface area was 930 

m
2
/g which is similar to that expected for SBA-15 structures synthesized from the 

unfunctionalized P123.  Average pore diameters, and pore size distributions, were measured via 

BJH N2 adsorption/desorption experiments
16

 and were essentially similar for P123, styrP123, and 

acryP123-templated silicas. Average pore diameters were 3.2, 3.2, and 3.0 nm, respectively. 

Figure 3.4 shows the adsorption-desorption profiles (on left) and pore size distribution (on right) 

of mesoporous silica SBA15, SBA15_acryP123, and SBA15_styrP123.  

  

 

 

Figure 3.3. SAXS data for (a) SBA15P123; (b) SBA15_styrP123; (c) SBA15_styrP123 after 

polymerization of the astyrP123; (d) same as (a); (e) SBA15_acryP123; and (f) SBA15_acryP123 

following polymerization. Diffractograms in (c) and (f) were acquired without calcination, and thus in 

the presence of the polymer product in and around the silica mesopores. 

d 

e 

f 

a 

b 

c 
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Figure  3.4. Adsorption-desorption curves (on left) and pore size distribution (on right) of 

SBA15_P123 (a, d); SBA15_acryP123 (b, e); and SBA15_styrP123 (c, f) respectively. 
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Figures 3.5a-c shows representative TEM results for SBA-15 prepared from P123 in the 

traditional manner (SBA15_P123), SBA-15 prepared from acryP123 (SBA15_acryP123), and 

SBA-15 prepared from styrP123 (SBA15_styrP123).  In all three cases, the characteristic ca. 4 

nm hexagonally-arrayed channels are observed.  Again, the goal with these detailed 

characterizations is to show that modified surfactant macromers preserve SBA-15 templating, 

while providing the added post-synthetic polymerization capability needed to form a continuous 

organic phase both within and outside of the mesoporous silica particles.  Note that the scale for 

Figure 3.5b and 3.5c is twice that shown in 3.5a. 

 

 

 

 

 

                

 

The SBA15_acryP123 and SBA15_styrP123 composites, as synthesized, contain 30 wt% 

organic content as defined by the initial surfactant/TEOS reaction stoichiometry.  However, 

adding additional acryP123 or styrP123 added at the time of polymerization yields final products 

with much higher organic content.  In this way, we have systematically and repeatedly generated 

composites with up to 20 wt% silica content, as verified by TGA analysis on the final washed and 

dried products.  Representative TGA results for the composites made from SBA15_acryP123 

(i.e., the same dried starting materials used to generate the swollen samples in Figure 3.7) are 

shown in Figure 3.6, with silica contents of 0, 10, 20, and 70 wt%.  Figure 3.6a also shows the 

control experiment for the polymerization of pure acryP123; similar results were obtained for 

styrP123-generated composites.  

       
20 nm 

a b

  a 

c

  a 

Figure 3.5. TEM micrographs for (a) SBA15P123, (b) SBA15_acryP123, and (c) 

SBA15_styrP123.  Images (a) is at , at 100,000 magnification, while (b) and (c) is at 50,000 

magnification. 

 

40 nm 40 nm 
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Shown in Figure 3.7 are a series of solvent-swelling images in tetrahydrofuran, 

comparing pure acryP123 and composites derived from polymerizing acryP123 in the 

mesoporous host. From Figure 3.7a, we observe that there is essentially no swelling for 

acryP123, but polymerized acryP123 (3.7b) exhibits a large volume-swelling ratio.  The 

organic/inorganic composites prepared from the polymerization of the acryP123 are shown in 

3.7c-3.7e; all exhibit significant solvent swelling and none were soluble in any common solvent. 

 

 

  

 

 

Figure 3.6.  TGA results for polymer nanocomposites made using acryP123 composites with a) 

0% b) 10 % ; c) 20 %; and d) 70 wt% silica content. 
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Figure 3.8 shows a similar set of CP/MAS results for the acryP123/SBA15 system 

reveals that polymerization of the acryP123 templates takes place inside and around the SBA-15.  

The 30 wt% composite in 3.8b exhibits a complex, broad signal for the carbonyl group, ranging 

from 164-180 ppm, which is absent in the unpolymerized sample (3.8a), and is also not visible in 

the higher organic content composite in 3.8c.  This indicates that the polymerization does occur 

between adjacent macromers within the constrained SBA-15 channels in the as-prepared 

composite, prior to adding any additional acryP123, which is important since polymer chain 

connectivity through the SBA-15 channels is required if the organic phase is to be continuous 

throughout the material. Again, the swollen network results in Figure 3.7c clearly indicate that 

polymerization has also occurred outside of the SBA-15 channels as well even for the 30 wt% 

composite to which no additional acryP123 was added prior to polymerization.  The carbonyl 

signals are not observed in the CP spectrum of composite with 80 wt% of organic content as the 

bulk-averaged behavior of organic phase is much more mobile than the 30 % material, the latter 

of which has the majority of its chain density within the SBA-15 channels.  

Figure 3.7. Images acquired for THF-swollen of polymer nanocomposites using acryP123 (on 

left) and styrP123 (on right) of a) respective functionalized P123 i.e. acryP123 on left and 

styrP123 on right b) 0% c) 70 % t; d) 10 %; and e) 20 wt% silica content 

     
a b c d e a b c d e 
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The rheological experiments i.e. strain sweep and frequency sweep were performed at 

room temperature on a parallel plate RSAII rheometer from TA instruments on both acryP123 

(Figure 3.9) and styrP123 (Figure 3.10) nanocomposites. Linear viscoelastic regimes (LVR) 

were experimentally determined at 1Hz frequency with variable strain measurements (0.01 to 

10%). The top row of Figure 3.9 shows that the LVR of the nanocomposites are in between 

0.01% to 0.15% strain of acryP123 nanocomposites. In accordance with the strain sweep data, 

frequency sweep data was then collected at 0.15% strain and is shown in the bottom row of 

Figure 3.9. The frequency sweep data indicates that the modulus increases as the increase in 

content of silica of polymer nanocomposites. Also, the storage and loss modulus of the 

Figure 3.8. Solid-state 
1
H

13
C CP (cross-polarization)/MAS spectra for (a) the acryP123 

template in uncalcined SBA-15 following synthesis but prior to polymerization, (b) the 

organic fraction generated by polymerizing the acryP123 structure-directing agents inside and 

around the SBA-15 following crystallization, corresponding to a 30 wt% polymer composite, 

and (c) same starting material as in (a) but with additional acryP123 added prior to 

polymerization, resulting in a polymerized composite with 80 wt % organic fraction .  
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nanocomposites are independent of the frequency which draws the conclusion that the chemistry 

leads to the formation of perfectly network nanocomposites.  
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Figure 3.9. Storage moduli (G’) and loss moduli (G”) collected from strain sweep (top row) and 

frequency sweep (bottom row) of acryP123 nanocomposite networks with a) 0%, b) 10%, and 

c) 20 wt% silica content. 
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3.6 Conclusions 

A novel route to organic/inorganic composite materials has been introduced, which 

utilizes end-group functionalization of existing structure-directing agents to enable self-assembly 

synthetic methods that generate intimately-mixed nanocomposites.  Using acrylate- or styrenate-

functionalized P123 as a template, we have shown that crystallization of SBA-15 is preserved but 

that following the crystallization, the template readily polymerizes to form a composite 
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Figure 10. Storage moduli (G’) and loss moduli (G”) collected from strain sweep (top row) and 

frequency sweep (bottom row) of styrP123 nanocomposite networks with a) 0%, b) 10%, and 

c) 20 wt% silica content. 
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containing high molecular weight polymer filling and surrounding the SBA-15 crystallites in an 

intimately mixed arrangement.  The acrylate-functionalized P123/styrenated-functionalized P123 

route also introduces network properties to the nanocomposites. The network showed increase in 

storage and loss modulus with increase in silica content. This new self-assembly approach has 

driven us to synthesize new non-ionic polymer surfactant molecules that are not based on P123, 

but include polyethylene oxide, polycaprolactone, and polylactide blocks with end group 

functionalization to telechelic macromers.  Such telechelics should enable synthesis of polymer 

composites that are both biocompatible and truly bioremedial.  These new materials, as well as 

thorough investigations of physical and mechanical properties for the composites described here, 

will be discussed in the next chapter. 
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CHAPTER IV 
 

 

CREATING POLYMER TEMPLATES AND THEIR USE IN THE 

IN-SITU SYNTHESIS OF BIODEGRADABLE NANOCOMPOSITES 

 

Abstract.  A biodegradable polyethyleneoxide-polycaprolactone-polyethyleneoxide (PEO-PCL-

PEO or PECE) triblock polymer was synthesized as a structure-directing agent for high-surface 

area silica formation.  Systematic end-group functionalization of the triblock polymer, prior to its 

use as a structure-directing agent for high-surface area silica growth, imparts an additional 

reactive function that is exploited to grow a continuous organic phase within and around the silica 

particles.  With this strategy, the biodegradable triblock is both a template and a macromer whose 

dual function leads to in-situ generation of an intimately mixed biopolymer/nanoporous-silica 

nanocomposite that is biodegradable and in theory biocompatible, and whose modulus is 

comparable to other non-biodegradable materials. 
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4.1 Introduction  

Creating new hybrid materials able to satisfy multiple performance constraints in 

engineering, biomedical, and consumer product applications requires novel synthetic strategies.  

Polymer composites, or nanocomposites, composed of natural or synthetic polymers and natural 

or synthetic siliceous sources, including clays, have been targeted as promising materials during 

the last decade.
1,2

  Most commonly, silica-based composites are prepared via sequential synthetic 

schemes, in which the silica component is prepared separately, and then mixed with the organic 

components to create the composite.  Achieving homogeneous and intimately mixed distributions 

of the organic and inorganic constituents is challenging, especially for cases where the polymer 

(at its final molecular weight) and inorganic reinforcing agent of choice are combined via melt- or 

solvent-mixing.  This limitation may be addressed by introducing the monomer and completing 

the polymerization in the presence of the inorganic reinforcing agent
3-7

 or by grafting the 

mesoporous silica particles together using the organic-phase monomer.
9-11

 One area where 

composites are poised to have increased impact is in the design of materials that are 

biocompatible and biodegradable.  New synthetic routes for in-situ/self-assembled preparation of 

composites from constituent precursors could enable new applications. 

In this contribution, we propose an alternative approach where both the inorganic and 

organic phases self-assemble from their respective building blocks, each in the presence of the 

other, thereby ensuring an intimately mixed homogeneous product that cannot phase segregate. 

Unlike previous reports, there is no chemical grafting to the interior or exterior of the nanoporous 

silica surface, nor is there any separation of the components at any time during the synthesis. A 

key component of this work is the creation of polymerizable biodegradable structure-directing 

agents that can template formation of high-surface area mesoporous silica, and react with other 

template molecules to generate a biodegradable organic network through, around, and in between 

the silica particles in an in-situ approach.  The concept of functional and reactive surfactants,
12
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often referred to as “surfmers”,
13-15

 is not new in the field of micelle polymerization, but their 

successful application to synthesis of ordered silica-based composite materials has been limited to 

ionic small-molecule templates.
16,17

 Non-ionic, biodegradable, biocompatible macromolecular 

surfactants that serve both the structure-directing and “monomer” role, and whose structure and 

reactivity can be controlled through rational end-group chemistries, have not been reported. In 

this contribution, we describe the synthesis and application of end-group functionalized EO23-

CL16-EO23 (polyethylene oxide-polycaprolactone-polyethylene oxide or PECE-4K, where 4K 

denotes the molecular weight of the template) and EO45-CL16-EO45 (PECE-6K) triblock 

polymers, which serve the dual function of both template and macromer in chemistry that leads to 

hybrid nanocomposite biomaterials.   After nanoporous silica particles form around the triblock 

polymer micelles, the triblock polymer chains can react to yield a high molecular-weight 

continuous phase originating from within the mesoporous silica channels.  Details for the triblock 

synthesis, functionalization, and nanocomposite formation are given in the following sections, as 

well as preliminary information on the overall physical properties of the biopolymer 

nanocomposite. 

4.2 Experimental 

4.2.1 Materials 

 Polyethylene glycols of Mn=2000 g/mol and Mn=1000 g/mol were purchased from Alfa 

Aesar. Polycaprolactone diol (Mn=2000) was purchased from Sigma Aldrich and used as received 

for triblock copolymer synthesis. Acryloyl chloride was purchased from Alfa Aesar. All organic 

solvents were obtained from Pharmco-AAPER. 

4.2.2 Characterization 

 Surface area of mesoporous silica was determined on Nova2200e Quantachrome 

instruments. Transmission electron micrographs were acquired on JEOL JEM-2100 with Evex 

EDS. Scanning electron micrographs were acquired from FEI Quanta 600 field emission gun 
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ESEM with Evex EDS and HKL EBSD. 400 MHz liquid NMR spectrometer (Varian) was used 

to determine 
1
H NMR (in CDCl3) to determine the functionalized PECE at room temperature at 

the spinning speed of 20Hz.  

4.2.3 Synthesis of PECE-4K and PECE-6K triblock polymers.  PECE synthesis was carried 

out in solution, using as-received polycaprolactone diol (Sigma, molecular weight = 2000 g/mol) 

and polyethylene glycol (Alfa Aesar, molecular weight = 1000 for PECE-4K and molecular 

weight = 2000 g/mol for PECE-6K) as the primary reagents.
18-20

 In a typical synthesis, 2 mmol of 

hexamethylene diisocyanate (HMDI) and 15 ml of dry toluene were mixed and heated to 60-65
o
C 

under stirring and in an argon atmosphere. Then, 50 ml of a 1-mmol polycaprolactone-diol 

solution was added drop wise for one hour. The reaction was heated to 80-85
o
C and held for 10 

hours. This reaction produced polycaprolactone terminated on each chain end with a reactive 

hexamethylene isocyanate group.  Subsequent addition of 50 ml of a 2 mmol polyethylene glycol 

solution, at temperature, yielded the triblock copolymer after 24 hours.  (A one-pot synthesis 

easily avoids the problem of moisture contamination and reaction of the polycaprolactone 

hexamethylene isocyanate prepolymer, which leads to cross-linked gels).  After isolation by 

precipitation into diethyl ether, the polymer was dissolved in dichloromethane and re-precipitated 

by slowly adding diethyl ether. The solvent was removed by rotary evaporation, followed by 24 

hours at 50
o
C in a vacuum oven to remove any residual solvent.  The triblock copolymer PECE 

with 95% yield was isolated. The key step in the reliable synthesis of the triblock is the use of the 

hexamethylene diisocyanate linker.   The overall reaction is shown in Scheme 4.1 for the PECE-

4K system, and was similar for the PECE-6K synthesis. 
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Infrared spectroscopy on the isolated polycaprolactone product after reaction with HDMI, 

but prior to ethylene glycol addition, showed the characteristic peak for the –N=C=O stretch at 

2280 cm
-1

, which disappeared after reaction with the ethylene oxide blocks.  
1
H solution NMR 

confirmed that the triblock had been formed.  Specifically, the ratio of the PEG CH2 hydrogen 

signal to that of the CH2 group alpha to the PCL carbonyl carbon was 5.7:1, which is statistically 

identical to the expected ratio of 5.65:1 for the EO23-CL16-EO23 (PECE-4K) product.  The 

molecular weight from NMR analysis of the PECE-6K also agreed with the theoretical 

expectation for an EO45-CL16-EO45 triblock, in that the ratio of PEG CH2 hydrogen signal to that 

of the CH2 group alpha to the PCL carbonyl carbon in PECE-6K was 11.25:1, statistically 

identical to the expected 11.3:1. Complete infrared and quantitative NMR data are provided in the 

appendix C1.  Analysis of the peak areas for the amide hydrogen signal in the HDMI linker 

Scheme 4.1. Synthesis of triblock copolymer PECE 
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confirms that there are four such hydrogens per polymer, again in agreement with expectations 

for the triblock product as shown in Scheme 4.1. 

4.2.4 PECE end-group functionalization to form acrylated-PECE.   In order to render each 

PECE chain reactive, the hydroxyl end groups were converted to an acrylate moiety.  One 

millimole of PECE (4K or 6K) was dissolved in 100 ml of dry toluene under a dry argon 

atmosphere in a two-necked round bottom flask, to which was added 1.1 mmol of acryloyl 

chloride and 1.1 mmol of triethyl amine. This reaction mixture was refluxed for 24 hours in inert 

atmosphere. Triethylammonium chloride salt formed by the reaction was removed via filtration. 

The filtrate containing acrylated PECE (4K or 6K) was then precipitated in cold hexane, followed 

by dissolution in toluene and re-precipitation in cold hexane. The product was dried at room 

temperature overnight in a vacuum oven. Functionalized PECE with 85% yiled was isolated. 

NMR data provided in the appendix C2 confirm the presence of the acrylate moiety on the 

PECE’s.  The molar ratios were selected such that on average, one hydroxyl end-group per chain 

would be functionalized, but of course the final product will be a mixture of chains containing 

zero, one, and two acrylate end groups per chain. 

4.2.5 PECE-templated porous-silica formation. The molar composition for the targeted 

synthesis of mesoporous silica was tetraethoxyorthosilicate (TEOS) : PECE/acrylated-PECE : 

HCl : H2O = 1: 0.016 : 5.54 : 182.82. PECE (2.76 gms for PECE4K and 4.14 gms for PECE6K) 

was dissolved in 40 ml of tetrahydrofuran (THF), as this weight of copolymer is not completely 

soluble in water.  To this mixture was added 30 ml of deionized water, which as then stirred for 

three hours.  Subsequently, 113 ml of 2.1 M HCl was added dropwise to the solution.  After 

stirring for two hours, the solution was heated to 40
o
C and 9 g of TEOS was added, followed by 

an additional 48 hours stirring.  The mixture was then transferred to a Parr reactor and heated 

under static conditions for 24-48 hours at 100
o
C.  After cooling, the silica product was filtered 

and washed with 40 milliters of THF, excess deionized water, and then dried on the bench 
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overnight.  The same procedure was followed for pure PECE or acrylated-PECE.  TGA 

measurements showed that the as-prepared silica contained 14 wt% PECE6K.  For the surface-

area and porosity characterization of the nanoporous silica discussed below, the PECE or 

acrylated-PECE template was removed by calcination at 550
o
C.   

4.2.6 Preparation of polymer nanocomposites from PECE/silica products. To prepare control 

materials of reacted acrylated-PECE6K in the absence of porous silica, 1 g of acrylated-PECE6K 

was dissolved in 1 ml of dry THF. The vial was purged with ultra-high pure argon to remove any 

oxygen. To this, 0.1 wt. % (with respect to the organic content) azobis-isobutyronitrile (AIBN) 

was added and the temperature was then raised to 75-80
o
C. The reaction mixture was stirred for 

15 minutes. The solvent was evaporated and the trace amount of solvent was removed in vacuum 

oven at room temperature.  As described below, a cross-linked polymer network was obtained 

from this control reaction. Table 4.1 below shows the composition of the silica and acryPECE to 

synthesize polymer nanocomposite with different inorganic contents. 

Table 4.1. Composition of polymer nanocomposites 

Polymer 

composites with 

silica contents 

MSacryPECE6k 

(g) 
acryPECE6k (g) 

0 - 1 

7.5 0.1 3.34 

5 0.1 1.62 

10 0.1 0.76 

12.5 0.1 0.588 

15 0.1 0.473 

 

An essentially identical procedure was used when generating the composites or 

composite networks, except that the starting material was the dried as-synthesized PECE6K/silica 

product.  As synthesized, the starting composites contained 14-wt. % acrylated-PECE6K, to 

which was added additional acrylated-PECE6K that would react with the silica-bound template 

molecules to generate the desired organic content nanocomposite.  Subsequently, 0.1 wt. % (with 
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respect to the organic content) azobis-isobutyronitrile (AIBN) was added and the temperature was 

then raised to 75-80
o
C. The reaction mixture was stirred for 30 minutes. We successfully 

prepared 5, 7.5, 10, 12.5, and 15 wt. % silica content composites/composite networks using this 

one-pot strategy. 

4.3 Linear Viscoelastic Measurements.  Linear viscoelastic measurements were performed with 

a Rheometric Scientific RSA II to measure loss and storage moduli as a function of temperature 

using oscillating compression geometry. 10-mm parallel plate fixtures were used and 

measurements were made at 60
o
C with a gap size of 1.2 mm, dimensions which are in the range 

where such measurements are expected to give G’ and G”.
21

  Walberer and McHugh describe 

how force data from this type of measurement was converted to G’ and G” by making the 

lubrication approximation;
21

 however no instrumental inertia correction was required for this 

diameter plate according to instrument readings as well as data supplied by the manufacturer.  

4.4 Small-angle X-ray Scattering Measurements.  Small-angle x-ray scattering measurements 

were made in transmission with a SMax-3000 from Rigaku equipped with a CuKα source and a 

10 cm x 10 cm 2-D wire detector placed approximately 150 cm from the sample position.  Silver 

behenate was used to determine the exact pixel to q (q=4sin/;=0.5*scattering angle, 

=1.54 Å) conversion.    Data were also corrected for pixel-to-pixel intensity variations as 

measured via exposing the plate to radiation emanating from an 
55

Fe source. 

4.5 Results and Discussion  

 Two key questions must be addressed in order to determine if the in-situ and dual 

structure-directing agent/macromer approach is a successful method for general application.  

First, does the end group-functionalized PECE copolymer template the formation of high-surface 

area silica?
22,23

  Second, are the acrylate end-groups sufficiently reactive and accessible to 

generate a continuous organic phase using reasonable chemistry?  In addition, one would like to 
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know if the overall organic content can be varied systematically, if the physical properties are 

attractive, and if they track the composition distribution in a predictable manner.  Triblock 

copolymers made from ethylene-oxide and propylene oxide segments, known commercially as 

Pluronics
®
, are well known as structure-directing agents in the synthesis of ordered mesoporous 

silica, including SBA-15.
17-19

 These templates are usually removed from the porous silica 

following its synthesis either by high-temperature calcination or chemical methods, and more 

importantly, they are neither biocompatible, biodegradable, nor polymerizable macromolecules.  

 As described in the experimental section and Scheme 1, PECE molecular weights of 4K 

and 6K were assembled from their constituents.  Two different values were used to determine if 

the average pore diameter of the resulting high-surface area silica could be varied, based on the 

assumption that the size of the micelle formed by the PECE template depended on the molecular 

weight.  Results from nitrogen adsorption BET surface area measurements and BJH average pore 

diameter calculations are given in Table 1 for silica made from the PECE and the acrylated PECE 

macromers.  The PECE templates were removed via calcination prior to surface area and porosity 

characterization.  Table 4.2 clearly shows the PECE structure-directing agents template the 

formation of high-surface area silica, and the average pore diameter for the PECE-6K induced 

synthesis exceeds that of the PECE-4K process.  The surface areas reported in Table 1 are in the 

expected range for mesoporous silicas; surface areas for known systems like MCM-41
24-27 

and 

SBA-15
28,29

 are reported in the literature ranging from 700-1100 m
2
/g, depending on synthesis 

conditions. 
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Silica product from: 
Surface area (m

2
/g) Pore diameter (Å) 

a 

MS_PECE6K 730 36 

MS_PECE4K 848 32 

MS_acryPECE6K 952 40 

MS_acryPECE4K 831 36 

 

 Figure 4.1 shows a representative adsorption/desorption isotherm and pore size 

distribution for the silica product templated by the acrylated PECE-6K macromer.  Similar results 

were obtained for PECE-4K materials.  The isotherm in 1a is consistent with Type IV behavior 

and displays the characteristic hysteresis indicative of mesoporosity.
30 

Figure 1b indicates that the 

average pore diameter is 38-39 Å, calculated using a BJH model to analyze the data.
31,32 

In answer 

to the first posed question above, this new non-ionic surfactant PECE generates high-surface area 

mesoporous silica with a narrow pore size distribution.  To be more specific, the width of the pore 

size distribution as measured by the width at half-height of the distribution in 1b was 2.5 Å in 

radius, or 5 Å in pore/channel diameter.  For the materials made with the PECE4K template, the 

width at half-height of the pore diameter distribution was larger at 14 Å. 

 

 

 

 

Table 4.2.  BET surface area and pore volume results from nitrogen adsorption and 

desorption techniques.  

a.  values calculated using BJH model.
31 
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The results in Figure 4.1 are supported by representative TEM images of both the 

PECE4K- and PECE6K-templated silicas, as shown in Figures 4.2a and 4.2b, in which 30-40 Å 

channels (dark) and 150-160 Å thick walls are clearly distinguished.  Small angle x-ray scattering 

(SAXS) experiments were completed using an SMax3000 instrument, which has the ability to 

detect scattering vectors in the range of 0.008-0.24 A
-1

.  For the PECE6K silica, a principal 

scattering peak (2θ = 0.30
o
) is observed as shown in Figure 4.2d, which corresponds to the 

scattering vector q = 0.021 A
-1

 or a long period spacing of 290 Å assuming Bragg’s law. 

Similarly, the 2θ = 0.46
o
 scattering angle for the PECE4K silica corresponds to a scattering vector 

q = 0.033 A
-1

 or a long period spacing of 190 Å (Figure 4.2c).  Together, these results indicate an 

increased wall thickness for the silicas prepared from the new PECE templates, as compared to 

traditional mesoporous SBA15, which exhibits a scattering vector q = 0.06A
-1

 and average pore 

diameters of 38-40 Å.   

 

 

Figure 4.1. (a) Nitrogen adsorption-desorption isotherm for calcined silica synthesized using the 

non-ionic PECE-6K template, and (b) pore size distribution for the same material as in (a). 

a.  b.  
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A typical scanning electron microscopy (SEM) result is shown in Figure 4.3 for the same 

PECE6K shown in Figure 4.2b, i.e., after calcination to remove the PECE6K template.  Again, to 

avoid confusion, the PECE template is only removed for analysis of the resulting silica by surface 

area, SAXS, and microscopy methods.  To make composites, the acrylated-PECE template is left 

inside the channels of the silica so that it can react with other acrylated-PECE in order to form the 

continuous organic phase.  In the low magnification image shown in Figure 4.3a, one observes a 

highly anisotropic particle shape, as was observed in most images.  Typically, particle dimensions 

Figure 4.2. TEM images for silica templated by (a) the PECE4K macromer and (b) the PECE6K 

macromer, obtained following calcination to remove the PECE.  The open channels/pores appear 

dark in the image.  SAXS results (wavelength = 1.54 Å) for silica (c) templated by PECE4K, and 

(d) templated by PECE6K. 

a.  

b.  d.  

c.  100 nm 

100 nm 
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appeared to range from 1-10 µm’s.  More interesting is the high magnification image in 4.3b, in 

which one observes porosity defined by wall dimensions (30-33 nm) that generally agree with 

those reported in Figure 4.2, albeit with reduced accuracy relative to the TEM and SAXS results.  

The key conclusion is that the acrylated-PECE templates the formation of a mesoporous silica, 

and unless the PECE is removed by calcination, it will remain inside the mesoporous silica 

available for subsequent polymerization reactions. 

 

 

 

 

 

 

 

Control reactions using pure acrylated-PECE4K and acrylated-PECE6K were used to 

address the second question, regarding reactivity of functionalized PECE surfactants.  If AIBN-

initiated end-group chemistry does not lead to polymerization in the pure acrylated-PECE, then 

polymerization of the PECE template/silica composites to form the extended nanocomposite 

network will not work.  The control reactions generated a viscous gel that was not soluble in 

common solvents, but swelled in a manner consistent with formation of a cross-linked polymer 

network.  Such network formation is expected, given the presence of some di-acrylated PECE 

chains, and similarly, there may also exist some completely unreacted chains due to template 

molecules with no acrylate end groups.  Given the successful end-group reactions in the pure 

Figure 4.3. SEM images for silica templated by the acrylated-PECE6K macromer at (a) 20,000× 

and (b) 210,000× magnification.   

400 nm 5 µm 
a. b. 
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PECE controls, free radical polymerization of the PECE templates that are present within and 

around the mesoporous silica hosts following silica synthesis generated a crosslinked 

nanocomposite network in which the high-surface area silica particles were distributed 

throughout the matrix. In all cases, as shown in Figure 4.4a, the resulting PECE/silica 

nanocomposites swelled, but the overall swell ratio and solvent uptake capacities decreased with 

increasing mesoporous silica incorporation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. (a) Images acquired for 1,4-dioxane swollen polymerized acrylated-PECE6K (far left) 

and (proceeding to the right) its 5, 10, and 15 wt% silica nanocomposites following 

polymerization. The black mark on each vial indicates the starting volume of the networked 

material before swelling. (b) Solvent uptake capacities for polymerized pure acrylated-PECE6K 

and its nanocomposite networks, where solvent uptake capacity is defined as (solvent mass/mass 

swollen network)*100. 
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Linear viscoelastic regimes for rheological experiments were determined at 1 Hz 

frequency with variable strain measurements (0.01 to 10%).  The top row of Figure 4.5 shows 

that the linear viscoelastic region of the nanocomposite materials is in the 0.01% to 1% strain 

region. In accordance with the strain sweep data, frequency sweep data was then collected at 

0.15% strain and is shown in the bottom of Figure 4.5. The frequency sweep data indicates that 

the modulus increases almost 2 orders of magnitude with the addition of 15 wt. % silica.  

Considering the case of no added silica, the terminal behavior at low frequency does not reach 

that of a linear polymer (G’ ~ w
2
 and G” ~ w on a log scale) but also does not reach that of a 

highly crosslinked polymer either. Also, there is no evidence of a percolation transition in this 

data, as shown in Figure 4.6, since the modulus increases almost linearly with loading in the 

logarithmic plot.  Adding silicas of various types are known to improve the modulus in polymers; 

at this first stage in the project it appears that having the silica formed in-situ in the composite 

does not necessarily result in a lower percolation threshold relative to traditional mixing.  

Theoretical calculations predict that 30 wt. % silica is required to reach the percolation threshold, 

which is above the 15 % limit here, but reports vary widely as to actual amounts required.
33
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Figure 4.5. Storage moduli (G’) and loss moduli (G”) collected from strain sweep (top row) 

and frequency sweep (bottom row) of (♦) polymerized PECE6K; (▲) polymer 

nanocomposite network with 5, (Δ) 7.5, (●) 10, (○) 12.5 , and (■) 15 wt. % silica content. 
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 From the experimental results described above, we propose the schematic in Figure 4.7 

to depict a molecular view of the chemistry leading to the nanocomposite network formation.  

TEOS molecules organize around the PECE polymer micelles in the synthesis gel, and slowly 

react in the acidic solution to form the covalent silica network.  The PECE polymer molecules 

remain in the channels and voids of the silica, and react with one another and additional PECE 

polymers (depending on the desired organic content) at the time the AIBN initiator is added.  

Because both monofunctional and bifunctional acrylated-PECE polymers exist in the reaction 

mixture, the organic phase is a branched and cross-linked network, as illustrated in Figure 4.7.  

Again, if the PECE is removed prior to network reactions via calcination, then the ca. 900 m
2
/g 

silica is available for other uses. 
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Figure 4.6. Plot of storage modulus G’ (log scale) taken at 1 rad/s 

versus weight percentage of silica for nanocomposites prepared in-

situ using the PECE6K template.  Data were acquired at 60
o
C. 
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4.6 Conclusions 

A new ethylene oxide/caprolactone based biomacromolecular surfactant was synthesized 

and converted to a reactive macromer via acrylate end group functionalization.  The resulting 

triblock polymers organize the formation of high-surface area silica around their micelles, 

ultimately leading to the growth of hybrid organic/inorganic building blocks that can react via 

free-radical polymerization to form nanocomposite networks.  Crosslinking occurs due to the 

presence of diacrylate-functionalized triblocks, and when this occurs in the presence of the 

Figure 4.7. General schematic representation of self-assembly and synthesis of polymer composites using 

acrylated-PECE macromer templates.  After organization of the mesoporous silica matrix occurs, 

polymerization between PECE macromers takes place within and outside of those particles. The small 

orange circles in the lower left frame of the reaction scheme are an idealized representation of individual 

particles in the network, which of course are not regularly arrayed as shown.  Cross-linking to form 

networks occurred due to the reactivity of macromers that contain acrylate groups on both chain ends. 
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macromer/high-surface area silica products, the resulting nanocomposite network has a 

distribution of purely covalent nodes as well as nodes formed by the functional silica particles 

themselves.  The resulting storage and loss moduli show significant increases as the silica content 

increases.  The final composite should be both biodegradable and biocompatible given that its 

constituents are based on ethylene oxide and caprolactone, and future work will focus on 

exploring applications that exploit these properties. 
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CHAPTER V 

 

FUTURE WORK 

 

Apart from three routes: co-condensation, post-grafting, and sol-gel; we have developed 

another route to synthesis polymer nanocomposites via self-assembly. We have shown the 

application of surfmer to synthesis polymer nanocomposites with increased mechanical strength 

via network formation. Such crosslinked networks are difficult to transform the polymer 

nanocomposites into a desired shape using any fabrication techniques. The crosslinking resulted 

due to the mixture of mono- and bi- functionalized surfmer. Future work will include the 

separation of bi-functionalized from mono-functionalized surfmer. It would be interesting to 

synthesize the polymer nanocomposites via aforementioned self-assembly using mono-

functionalized surfmer. In this way, the obtained polymer nanocomposites will be thermoplastic 

and can be shaped for desired application. The characterization such as tensile strength, impact 

resistance, and flexural strength will be performed in order to determine its mechanical property.  

It is also important to compare the mechanical properties of the polymer nanocomposites 

obtained via self-assemble route with the traditional polymer nanocomposites containing non-

porous silica (such as Cab-O-Sil) as an inorganic component. 

 We have shown the application of biocompatible and biodegradable poly(ethylene 

oxide)-poly(caprolactone)-poly(ethylene oxide) (PECE) triblock copolymer as structure directing 

agent to organize the mesoporous silica. The mesoporous silica obtained has high surface area 
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and thick walls with some degree of disordered structure. Future work will include the fine tuning 

of the type of silica precursors and reaction conditions useful to obtain the resolved structural 

features of mesoporous silica using PECE as surfactant. The characterization such as adsorption-

desorption, BET surface area, TEM, SEM, and SAXS will be performed to observe the structure 

of mesoporous silica. 

 When silica used as additives, they are first pre-treated with the modifying agents to 

minimize the interfacial adhesion. The mesoporous silica synthesized in this research work 

possess reactive component inside the pores. Therefore, it will be interesting to find its 

application as additives as such silica does not require pre-treatment. 

 

 

 

 

 

 

 



121 
 

APPENDICES 
 

 

A1. End-group functionalization of triblock copolymer pluronic P123. 

Pluronic P123 was purchased from Sigma Aldrich and used as such for functionalization 

reactions. All organic solvents were obtained from Pharmco-AAPER.  In a 250 ml two-necked 

flask, Pluronic P123 (1mmol) was dissolved in 100 mL anhydrous tetrahydrofuran (THF) in an 

inert atmosphere.  4mmol of the Jones reagent (a solution of chromium trioxide in a diluted 

sulphuric acid) is added to the stirred solution. The reactants are allowed to react for 24hours at 

room temperature. The excess Jones reagent was then quenched using saturated solution of 

sodium bi-sulphite. The product was then extracted using dichloromethane. The product was 

recovered by evaporating dichlormethane.  

 

 

 

 

Scheme A1. Oxidation of pluronic P123 using Jones reagent 
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A2. Characterization of carboxy P123. Shown below in Figure A1 is the 600-MHz solution 
13

C 

NMR spectrum of carboxyP123. The spectrum was obtained with gated decoupling to minimize 

Overhauser effects. In order to preserve the structure-directing capabilities of P123, we targeted 

ca. 50% conversion of hydroxyl groups to carboxylic acid group in the oxidation reaction.  In 

other words, we wanted an average of one carboxylic acid and one hydroxyl chain end per 

carboxyP123 molecule.  From Figure A1, which compares the starting P123 spectrum to the 

product carboxyP123 spectrum, one observes based on the relative intensities of the 60, 67, and 

172 ppm end-group peaks in the two spectra that this target was achieved.  Note that the starting 

P123 in Figure 1 has only the characteristic 60-ppm end group peak for the methylene group 

adjacent the terminal hydroxyl.   

 

 

 

 

 

 

 

 

 

 

Figure A2.1. 600 MHz 
13

C solution NMR spectrum acquired with 
1
H decoupling of (bottom) 

pure P123 starting material and (top) carboxy-functionalized P123 following reaction 

according to Scheme A1.  End group signals are shown in the carboxyP123 inset. 
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A3.  Synthesis of SBA-15 and SBA-15 analogues.  The molar composition for the synthesis of 

SBA-15 or SBA-15 type materials is TEOS:P123/carboxyP123 :HCl:H2O = 1: 0.0016 : 5.54 : 

182.82, where TEOS is  tetraethylorthosilicate.  In a typical synthesis, 4 g of P123 or 

carboxyP123 was dissolved in 30 mL of de-ionized water and stirred for 3 hours at room 

temperature, and 112 mL of 2.133 M HCl was added drop-wise and kept under stirring for 2 

hours. The above solution was then heated to 40 
o
C and 9 g of TEOS was added drop-wise and 

stirred for 20 hours. The reaction mixture was aged at 100
o
C for 24 hours under static conditions. 

The materials from each solution was washed with excess de-ionized water, dried overnight, and 

calcined at 550
o
C for 7 hours using a temperature ramp of 1

o
C/min. As described in the text, 

TGA, XRD, and BET analysis verified that crystalline mesoporous SBA-15 siliceous materials 

were formed in the presence of either P123 or carboxyP123. 

A4. Characterization of SBA15_carboxyP123. 

Figure A4.1a and A4.1b shows a representative adsorption/desorption isotherm and pore 

size distribution for the silica product templated by the carboxyP123. The isotherm in A4.1a is 

consistent with Type IV behavior and displays the characteristic hysteresis indicative of 

mesoporosity.
 
Figure A4.1b indicates that the average pore diameter is 32 Å, calculated using a 

BJH model to analyze the data. For carboxyP123 template synthesis, the resulting mesoporous 

silica surface area was 900 m
2
/g identical to that expected for SBA-15 structures synthesized 

from the unfunctionalized P123.   
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The characteristic ca. 4 nm hexagonally-arrayed channels are observed in transimission 

electron microscopy image of SBA15_carboxyP123 (shown in Figure A4.2a). Figure A4.2b 

compares the powder SAXS results from materials synthesized using the control P123 and 

carboxyP123 prior to calcinations.  SBA15_carboxyP123 materials exhibit the specific 

diffraction peaks consistent with published SBA-15 topologies.   
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Figure A4.1. a) adsorption-desorption curves and b) pore size distribution of 

SBA15_carboxyP123 

 

                                           

  

40nm 

a b 

Figure A4.2. a) TEM image and b) SAXS data of SBA15_carboxyP123.  SAXS plot of 

SBA15_P123 is shown in solid line while SBA15_carboxyP123 is shown in dotted line.   
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B1. Thermal Gravimetric Analysis of Polymernanocomposites from styrP123 and 

SBA15_styrP123. 

Percentage organic contents of the polymer nanocomposites were determined on TA-instruments 

Hi-ResTGA2950. The samples were heated from room temperature to 500
o
C with a ramp rate of 

20
o
C/min under air flow. Figure B1.1 shows the THGA thermograms of polymer 

nanocomposites. 
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Figure B1.1. TGA thermograms of polymer nanocomposites prepared using styrP123 and 

SBA15_styrP123 with a) 0%, b) 10%, and c) 20% silica content.   
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B2. Fourier Transform Infra-red of acryP123. 

Fourier transform infrared (FT-IR) spectra were obtained in the wave number range 600-4000 

cm
-1

 using a Perkin Elmer Fourier transform infrared spectrometer using the NaCl plates with 32 

scans. Figure B2.1 shown below is a series of FTIR spectra of pluronic P123, acryloyl chloride, 

and acryP123. The presence of carbonyl stretch ca. 1725cm
-1 

in acryP123 (Figure B2.1c) 

confirms the functionalization of pluronic P123. 

 

Figure B2.1 FTIR spectra for a) pluronic P123, b) acryloyl chloride, and c) acryP123. The arrow 

denotes the carbonyl stretch from acrylic group. 

 

 

 

 

 

a 

b 
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C1. Characterization of the PECE (poly-ethylene oxide-caprolactone-ethylene oxide) 

triblock copolymer.  The overall reaction scheme is reproduced below for clarity.  In order to 

verify that the triblock copolymer sequence was produced, quantitative analysis of the 400 MHz 

1
H solution NMR data was required. 

 

 

Figure C1.1 and C1.2 show the NMR data of PECE4K and PECE6K, with peaks labeled 

according to the structure scheme provided above.  The most intense peak, labeled b at 3.6 ppm, 

arises from the ethylene oxide blocks, while the 4.0 ppm peak labeled a originates from the 

caprolactone block.  Given that the caprolactone reagent is a diol, there are four additional 

ethylene oxide units that contribute eight hydrogens to the b signal.  If the washed and purified 

product exists as the 4000 molecular weight triblock copolymer, the ratio of signal b to signal a in 

Figure S1 should be 5.65:1, as there are 198 ethylene oxide hydrogens and 34 caprolactone 

hydrogens for the groups in the respective signals b and a.   From the integral regions shown 
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below each peak, we see that the ratio 0.46:0.08 = 5.75:1.  Furthermore, peak c arises from the 

four urethane linkages per triblock, giving rise to four chemically unique hydrogens.  As such, the 

ratio of its intensity to peak b should be 192:4, or 48:1.  From the integral regions below each 

peak, we observe that the experimental ratio is 46:1, in agreement with the structure. Similar 

calculations on PECE6K confirm the molecular weight of that triblock copolymer as 6000. 
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Figure C1.1. 400 MHz 
1
H solution NMR data for the PECE4K triblock copolymer, with 

peaks labeled according the scheme on top.  The solvent was CDCl3. 
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The molecular weight of each block of triblock copolymer PECE4K and PECE6K is 

calculated from the equations shown below. Ib (3.63ppm), Ia (4.93), and Ic (4.05) are the 

intensities of protons of methylene of PEG, urethane, and ε-methylene from carbonyl carbon of 

PCL, respectively. 2X and Y are the respective blocks of polycaprolactone and polyethylene 

glycol respectively. It can be concluded that polyethylene glycol PEG are attached to both ends of 

polycaprolactone diol PCLvia urethane linkage in both: PECE4K and PECE6K. 

4
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Figure C1.2. 400 MHz 
1
H solution NMR data for the PECE6K triblock copolymer, with peaks 

labeled according the scheme on top.  The solvent was CDCl3. 
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FTIR results support formation of the triblock PECE as shown in the schematic.  Shown 

below in Figure C1.3 are a series of spectra obtained for the pure components (a and b), the 

reaction product of polycaprolactone (PCL) with HDMI (hexamethylene diisocyanate) in C1.3c, 

and the final triblock copolymer in C1.3d.  The arrow between S3c and S3d indicates the 

expected loss of the N=C=O stretch at 2280 cm
-1

 following reaction of the PCL-HDMI product 

with PEO. 

 

 

C2. End group functionalization of PECE with acryloyl chloride: 

The hydroxyl groups of PECE (4K or 6K) were converted to acrylate group using 

acryloyl chloride. The mole ratios were selected in such a way that on an average only one 

hydroxyl groups were converted to acrylate moiety. Shown in Figure B2.1 and B2.2 are the 
1
H 

liquid NMR acrylated PECE (4K and 6K). The presence of acrylate groups confirms the 

successful functionalization of PECE with acrylate groups. Comparing the integrals of acrylate, 

urethane, methylene of poly(ethylene glycol), and ε-methylene (relative to the carbonyl group) of 

5001000150020002500300035004000
Wavenumbers (cm-1) 

Figure C1.3. FTIR spectra for (a) pure PCL, (b) pure polyethylene oxide, (c) the PCL-

HDMI reaction product, and (d) the PECE triblock copolymer.  The arrow denotes the 

loss of the N=C=O stretch at 2280 cm
-1

 following reaction of the PCL-HDMI product 

with PEO. 
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polycaprolactone groups, it can be concluded that, on average one acrylate group is attached to 

each PECE chain. However, the final product will be a mixture of chains containing zero, one, 

and two acrylate end groups per chain. 
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Figure C2.1. 400 MHz 
1
H solution NMR data of acryPECE4K triblock copolymer in CDCl3, 

with peaks labeled according the chemical structure shown above the spectra. 
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Figure C2.2. 400 MHz 
1
H solution NMR data of acryPECE6K triblock copolymer in CDCl3, 

with peaks labeled according the chemical structure shown above the spectra. 
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