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摘要 

 

本研究製備出一新型帶有多面體聚矽氧(polyhedral oligomeric silsequioxanes, 

POSS)之 2,2,6,6-四甲基哌啶氧化物(2,2,6,6-tetramethylpiperidinooxy, TEMPO)起

始劑。以乙醯氧基苯乙烯(acetoxystyrene)為單體，進行氮氧調節自由基聚合反應

(nitroxide-mediated radical polymerization, NMRP)及一水解反應去除保護基，合成

出無機多面體聚矽氧烷團聯式共聚 (4-乙基苯酚 )高分子 (POSS-poly(4-vinyl 

phenol), POSS-PVPh)。 

在本論文中，我們著重於多面體聚矽氧烷團聯式共聚(4-乙基苯酚)高分子的

表面能、熱性質及液態自組裝的研究。我們發現多面體聚矽氧烷的無機核心傾向

於分佈在材料表面，造成高分子薄膜的表面能下降，且經過熱處理過後可得到更

低的表面能性質。 

本論文的另一主題是在探討多面體聚矽氧烷奈米粒子的聚(4-乙基苯酚)或聚

(4-乙基苯酚 )與聚甲基丙烯酸甲酯 (PMMA)混摻系統 (POSS-PVPh/PMMA 或

PVPh/PMMA blends)，利用傅立葉轉換紅外線光譜(FTIR)發現，帶有多面體聚矽

氧烷奈米粒子的混摻系統有較低的羰基的氫鍵作用力；然而，在相同的混摻比例



 XV

下，卻有較高的玻璃轉移溫度，因此我們可以推論多面體聚矽氧烷奈米粒子阻擋

了聚(4-乙基苯酚)分子鏈的運動，造成較高的玻璃轉移溫度。 

此外我們也發現在末端帶有多面體聚矽氧烷奈米粒子的聚(4-乙基苯酚)團聯

式共聚合物在溶液(四氫呋喃/甲苯 THF/toluene 或乙腈 acetonitrile)中呈現非常獨

特的自組裝行為；藉由改變四氫呋喃/甲苯的比例或是聚(4-乙基苯酚)高分子鏈段

的長度，可以得到不同的型態。 
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Abstract 

 

Polyhedral oligomeric silsequioxanes-polyacetoxystyrene (POSS-PAS), a novel 

inorganic-organic polymer, was synthesized through nitroxide-mediated radical 

polymerization (NMRP) by using a novel macroinitiator, 

POSS-2,2,6,6-tetramethylpiperidinooxy (POSS-TEMPO). An amphiphilic block 

copolymer, POSS-PVPh, was obtained from the hydrolysis of POSS-PAS copolymer. 

In this dissertation, we focus on the surface free energy, self-assembly in solution 

and thermal property of POSS-PVPh copolymer. We find that the POSS nanoparticle 

decrease the surface free energy of POSS-PVPh thin film when it populate on surface 

and POSS-PVPh polymer thin films possessed extreme low surface free energy after 

thermal treatment. 
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The miscibility and specific interaction behavior of POSS-PVPh/PMMA was 

another important subject in this dissertation. From FTIR results, the 

POSS-PVPh/PMMA blends possess a lower fraction of hydrogen-bonded carbonyl 

groups relative to those of PVPh/PMMA blends due to the hinder effect of POSS 

moiety. However, POSS-PVPh/PMMA blends possess higher Tg than that of the 

PVPh/PMMA blends at the same composition. This phenomenon suggests that the 

POSS nanoparticle hinder the large-scale segmental motions of the polymer chains 

and results in higher Tg. 

For phase behavior in solution, POSS-PVPh copolymer would aggregate in 

THF/toluene or acetonitrile and self-assembled to well-defined nanostructure. 

Through changing the composition of THF/toluene mix solution or the length of 

PVPh segment, the novel morphologies of POSS-PVPh could be observed. 
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Chapter 1 

Introduction to Polyhedral Oligomeric Silsesquioxane 

 

1-1  A Quick History of Polyhedral Oligomeric Silsesquioxane 

 In 1991, Lichtenhan and the Air Force Research Laboratory received funding 

from the Air Force Office of Scientific Research for his proposed development of 

Polyhedral Oligomeric Silsesquioxane (POSS) macromers containing a polymerizable 

functional group and the subsequent synthesis of a POSS-copolymer [1,2]. The 

University-Government collaboration between Lichtenhan and Feher rapidly 

expended to include more academic coaboraors including Laine and Sellinger [3], 

Mather et al. [4] and others who were all intrigued by the physical and mechanical 

property improvements imparted by incorporation of these nanostructured materials 

into polymer systems. In the late nineties not only was government and academic 

interest growing, but also that of the industrial sector which desired lower costs and 

larger quantities of the material. 

 The fall of 1998 marked the start-up of Hybrid Plastics in Fountain Valley, CA, 

which transitioned the government scale-up facilities to the commercial sector 

through a cooperative research and development agreement. In addition, the award of 

a 3 year multimillion dollar NIST Advanced Technology Program grant in 1998 to 

Hybrid Plastics was critical in both reducing the prices of the POSS feedstocks and 

macromers ($ 5000-$ 10000 down to $ 50-$ 2000 per pound) and increasing 

production (< 20 to > 2000 lb/year) to satify the more than 100 companies now 

investigating how the incorporation of POSS improves material properties for their 

applications. In the summer of 2003, Hybrid Plastics launched critical agreements 

with Southern Mississippi State University and the City of Hattiesburg for their 
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development of a 26000 sq ft production facility and a 1500 sq ft R&D center. 

 The nearly exponential increase in the number of academic researchers, 

academic publications (Figure 1-1), government programs, and industrial research 

efforts on POSS nanostructured chemicals has made it one of the top nanomaterials in 

the nanoscience/nanotechnology field. Indeed, the versatility of the POSS molecule, 

the more than one hundred demonstrated compatible polymer systems and the 

innumerable applications makes it difficult to understand and discern the current and 

future direction. However, it is clear that at least one concerted effort with a 

single-minded goal of predicting and controlling structure-property relationships is 

needed, and pursued by a number of research groups working with POSS 

nanostructured chemicals. 

 

 

Figure 1-1. Plot of the number of POSS publications versus the year in which they 

were published. 
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1-2  Silsesquioxanes and Polyhedral Oligomeric Silsesquioxane 

The term silsesquioxane refers to all structures with the empirical formula 

RSiO1.5, where the R is hydrogen or any alkyl, alkylene, aryl, arylene, or 

organofunctional derivative of alkyl, alkylene, aryl, or arylene groups. The 

silsesquioxanes include random structures, ladder structures, cage structures, and 

partial cage structures, as illustrated in Figure 1-2 [5]. 

In 1995, Baney et al. reviewed the structure, preparation, properties, and 

applications of silsesquioxanes, especially the ladder-like polysilsesquioxanes shown 

in Figure 1-2 (structure b). These include poly(phenylsilsesquioxane) (PPSQ) [6,7], 

poly(methyl silsesquioxane) (PMSQ) [8-10], and poly(hydridosilsesquioxane) (PHSQ) 

[11,12]. These ladder-like polymers have an outstanding thermal stability and they 

exhibit oxidative resistance even at temperatures of more than 500 °C. In addition, 

these ladder-like polymers have good insulating properties and gas permeability. 

Therefore, the ladder-like silsesquioxane polymers have a variety of applications 

in areas such as photoresist coatings [13,14] for electronics and optical devices, 

interlayer dielectrics and protective coating films [15,16] for semiconductor devices, 

liquid crystal display elements [17], magnetic recording media [18], optical fiber 

coatings [19], gas separation membranes [20], binders for ceramics [21]. However, in 

the past few years, much more attention has been paid to the silsesquioxanes with 

specific cage structures (Figure 1-2 structure c-f). These Polyhedral Oligomeric 

Silsesquioxanes have been designated by the abbreviation POSS. 

POSS compounds embody a truly hybrid (inorganic-organic) architecture, which 

contains an inner inorganic framework made up of silicone and oxygen (SiO1.5)x, that 

is externally covered by organic substituents. These substituents can be totally 

hydrocarbon in nature or they can embody a range of polar structures and functional 

groups. POSS nanostructure chemicals, with sizes of from 1 to 3 nm in diameter, can  
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Figure 1-2. Structures of silsesquioxanes. 

 

be thought of as the smallest possible particles of silica, as shown in Figure 1-3. They 

may be viewed as molecular silicas. However, unlike silica, silicones, or fillers, each 

POSS molecule contains organic substituents on its outer surface that make the POSS 

nanostructure compatible with polymers, biological systems, or surfaces. Furthermore, 

these groups can be specially designed to be non-reactive or reactive. 

 

 

 

 

 

 

 

 

Figure 1-3. POSS nanostructured chemicals. 
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A variety of POSS nanostructure chemicals have been prepared which contain 

one or more covalently bonded reactive functionalities that are suitable for 

polymerization, grafting, surface bonding, or other transformations [22]. Unlike 

traditional organic compounds, POSS chemicals release no volatile organic 

components, so they are odorless and environmentally friendly. 

 

1-3  POSS Polymers and Copolymers 

The incorporation of POSS derivatives into polymeric materials can lead to 

dramatic improvements in polymer properties which include, but are not limited to, 

increases in use temperature, oxidation resistance, surface hardening, and improved 

mechanical properties, as well as reductions in flammability, heat evolution, and 

viscosity during processing. These enhancements have been shown to apply to a wide 

range of thermoplastics and a few thermosetting systems [23]. It is especially 

convenient that the use of POSS monomers doesn’t require dramatic changes in 

processing. Monomers are simply mixed and copolymerized. As long as the POSS 

monomer is soluble in the monomer mixture, it is incorporated in a true molecular 

dispersion into the copolymer. No phase separation will occur although some 

aggregation of POSS units bound with polymer will occur. This is a significant 

advantage over current filler technologies. POSS nanostructures have also shown 

significant promise for use in catalyst supports and biomedical applications as 

scaffolds for drug delivery, imaging reagents, and combinatorial drug development. 
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1-4  Surface Free Energy of POSS Polymer Surface 

 

1-4-1 Wettability of POSS Nanostructured Polymer Surfaces[24,25] 

 S. Turri and M. Levi prepared polyurethane anionomers containing various 

amounts (ca. 3-20 %) of a diol functionalized polyhedral oligomeric silsesquioxane 

(POSS) nanofiller. X-ray diffraction showed the formation of a nanocrystalline 

structure in all copolymers considered. Static contact angle measurements indicated a 

significant enhancement of surface hydrophobicity as well as reduction in surface 

tension components even at the least POSS level (3 %). In particular, the polar 

component seems very sensitive to the presence of even few POSS percentages. The 

result is achieved very fast in 3 % POSS-modified sample, and does not significantly 

improve in the 3-20 % POSS range. This would mean the POSS nanostructures screen 

the polar groups like urethanes and carboxyls and are preferentially oriented air-side. 

AFM topography images are shown in Figure 1-4, while numerical results are Ra=94 

A°, Rq=132 A° for sample A10 (with 10 wt% POSS present), and Ra=8.5 A°, Rq=11 A° 

for sample A (without POSS units present). The presence of POSS macromers 

therefore seems to increase the surface roughness significantly, although it is 

considered by both theoretical and experimental evidence that Ra < 100 nm generally 

has a limited effect on contact angles and hysteresis. Therefore, surface roughness, 

although significantly raised, cannot explain the decreased wettability of the POSS 

nanostructured polyurethane surfaces. This effect is likely related to surface-oriented 

enrichment of POSS structures bearing low-surface-tension alkyl substituents. Similar 

results wee found very recently for poly(methyl methacrylate) (PMMA) blended with 

fluorinated POSS-terminated polymers, [24] and were attributed to coverage of the 

outermost layer by POSS heads. 
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Figure 1-4. AFM topography images of surfaces A (a) and A10 (b). 

 

1-4-2  Nanostructured Thermosets from Epoxy Resin and an 

Organic-Inorganic Amphiphile [26] 

POSS-capped PCL was synthesized via ring-opening polymerization of 

ε-caprolactone with 3-hydroxypropylheptaphenyl POSS as the initiator. The novel 

organic-inorganic amphiphile was incorporated into epoxy resin to prepare the 

organic-inorganic hybrid thermosets. The morphology of the organic-inorganic 

hybrids was characterized by means of atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). It is found that the epoxy thermosets 

displayed a variety of nanostructures depending on the concentration of the 

POSS-capped PCL. The formation of nanostructures was addressed on the basis of 

miscibility and phase behavior of the subcomponents (viz. POSS and PCL chains) of 

the organic-inorganic amphiphile with epoxy after and before curing reaction. It is 

judged that the nanostructures in the organic-inorganic hybrid composites were 

formed via a mechanism of self-assembly. The static contact angle measurements 

show that the organic-inorganic nanocomposites displayed a significant enhancement 

in surface hydrophobicity as well as reduction in surface free energy. The 
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improvement in surface properties was ascribed to the enrichment of POSS moiety on 

the surface of the nanostructured thermosets, which was evidenced by X-ray 

photoelectron spectroscopy. 

 

Table 1-1. Static contact angles and surface free energy of epoxy thermosets 

containing POSS-capped PCLa. 

 
aH2O: 80.72=Lγ  mN m-1, 80.21=d

Lγ  mN m-1, 00.51=p
Lγ  mN m-1 (ref 14f). 

Ethylene glycol: 3.48=Lγ  mN m-1, 3.29=d
Lγ  mN m-1, 0.19=p

Lγ  mN m-1 (ref 14f) 

 

Table 1-2. Elemental compositions of the surfaces of the epoxy thermosets containing 

POSS-capped PCL determined by means of XPS. 

 
 

1-4-3 Structure and Dewetting Behavior of Polyhedral Oligomeric 

Silsesquioxane (POSS)-Filled Polystyrene (PS) Thin Films [27] 

POSS meets increasing interest as a building unit for inorganic-organic hybrid 

materials. Structural analysis of the cyclopentyl-substituted POSS (CpPOSS) into 

polystyrene (PS) thin films revealed that CpPOSS segregated to the film surface and 

crystallized. The segregation of CpPOSS to the surface changes the surface free 

energy and spreading coefficient of the film. Interfacial structure was also roughened 

by the segregation of CpPOSS, which can contribute to the inhibition of dewetting by 

pinning the contact line of the PS film with the substrate. The inhibition of dewetting 
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can be attributed to the modification of the film surface and interface by the 

segregation of CpPOSS. 

 

Table 1-3. Static contact angles of water and diiodomethane and surface and 

interfacial free energies and spreading coefficient of the PS44k film, CpPOSS/PS44k 

hybrid films, and the CpPOSS model surface. 

 

 

1-5  Thermal Properties of POSS Polymer 

 

1-5-1 POSS Reinforced Epoxy Systems [28] 

Recently, families of mono- and difunctionalized POSS macromers bearing 

epoxide groups have been developed. This paper presents an investigation of the 

thermal property enhancements in commonly used model epoxy resins reinforced 

with monofunctional POSS-epoxy macromers. The glass transitions of these 

POSS-epoxy nanocomposites were studied using differential scanning calorimetry. 

They were effective at hindering the molecular motion of the epoxy network junctions. 

Thus the glass transition temperature, Tg, was observed to increase with increasing 

weight fraction of the monofunctional POSS-epoxy. 

 

Table 1-4. DSC results of epoxy glasses. 

 

 



 10

1-5-2  Thermal Properties of Poly(norbornyl-POSS) Copolymers 

[29] 

The mechanical relaxation behavior and microstructure of a series of novel 

norbornyl-POSS organic-inorganic copolymers have been investigated. Table 1-5 

gives a summary of the thermal properties of both CyPOSS and CpPOSS copolymers. 

The Tg data, as determined from a second heating scan. It can be seen that the glass 

transition increases with increasing weight percentage of POSS, with the effect being 

slightly more pronounced in the CyPOSS copolymers than for the CpPOSS 

counterparts. 

 

Table 1-5. Summary of thermal characteristics of polynorbornene-POSS copolymers. 

 
 

1-5-3 The Effect of POSS on Thermal Properties in PMMA System 

[30] 

The ATRP initiator was synthesized by the reaction of incompletely condensed 

POSS and trichlorosilanes. The solution polymerization of MMA using these 

initiators mediated by a copper complex proceeded in a living fashion, thus providing 

tadpole-shaped polymers with an “inorganic head” of POSS and an “organic tail” of 

well-defined polymer. DSC studies showed that Tg of the organic/inorganic hybrid 

polymers were more and more enhanced compared to those of the model polymers 

without a POSS moiety, as the polymer tail became shorter or the weight fraction of 
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the POSS moiety became larger. Figure 1-5 shows the Tgs of POSS-PMMA and 

PMMA as a function of Mn. For both samples, Tg increases with increasing Mn, 

leveling off at around 125 °C. This is a well-known behavior of PMMA. Importantly, 

the Tg value of POSS-PMMA is higher than that of the corresponding PMMA, in 

particular, in the lower molar mass region. Namely, the observed Tg enhancement 

may be attributed to the high Tg or the low mobility of the POSS segment. 

 

Figure 1-5. Glass transition temperatures Tgs of POSS-PMMA (●) and PMMA (○) 

as a function of number-average molecular weight (Mn). The data are the mean of the 

three individual experiments. 
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1-6  Phase Separation of POSS Polymer 

 

1-6-1 An Overview of Self-Organization of Block Copolymers 

Today’s materials require additional processing or modification steps in order to 

obtain the properties that make them suitable for a particular application. Recently, 

materials science deals increasingly with nanostructures, i.e. structures with a 

characteristic dimension of 1-100 nm. This particular range of length scale is called 

the mesoscopic range, as it is located between the microscopic range of atoms and 

molecules and the macroscopic range of solids. 

Solid-state physics and electronics have entered the field of nanostructures by 

making use of lithography and etching processes (“top-down” approach), which 

enable the fabrication of structures no smaller than ~200 nm. Nature, on the other 

hand, may serve as a model for the building-up of smaller structures. As an alternative 

to these traditional fabrication pathways, routes that use the self-assembly of low 

molecular weight oligomeric or polymeric building blocks are attracting increasing 

attention. By designing these building blocks in such a way that they contain all the 

necessary information to direct their self-assembly into functional materials, 

additional processing or modification steps could become superfluous. Individual 

molecules are integrated into larger functional units and complex structural 

hierarchies via self-organization (“bottom-up” approach), leading to such advanced 

materials as wood or bone (Figure 1-6) [31]. It is one of the great challenges in 

research disciplines like chemistry, physics, or materials science to find ways to 

structure molecules so as to enable them to produce functional superlattices by 

self-organization, for example by making use of the self-assembly features of 

supramolecular chemical devices [32] or block copolymers. [33, 34] Here, we focus 

on block copolymer type building blocks and discusses their potential for the 
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development of self-assembled materials. 

Block copolymers are macromolecules composed of two or more polymer blocks 

of chemically different monomers that are linked together by chemical bonds. The 

resulting chain topologies can be linear, branched, or cyclic. Systematic studies of 

these materials became possible through developments in polymerization techniques, 

which made possible the synthesis of well-defined block copolymers with a very 

small polydispersity. Among the linear block copolymers, the diblock copolymers 

have been studied in great detail. They can be considered as model systems for more 

complicated block copolymers, such as block copolymers with more than two 

components, or block copolymers with other block distributions. 

Different microphase separated morphologies of block copolymers occur 

depending on the relative compositions of the different components and the total 

molecular weight as expressed by the degree of polymerization. In addition, the 

aggregation state of the blocks largely influences the morphology, too. The micellar 

aggregates, lyotropic phases, and solid-state mesophases of diblock copolymers are 

among the best examined supramolecular systems, which is due to the fact that a 

simple encoding via the chemical composition and the overall number of repeating 

units (N) makes it possible to control both the shape and the size of the resulting 

superstructures. [35, 36] The phases of amphiphilic diblock copolymers which are 

most commonly observed in solution are spherical and cylindrical micelles and 

vesicles, and in the solid state bcc-packed spheres (BCC), hexagonally packed 

cylinders (HEX), lamellae (LAM), and gyroid (Figure 1-7) [37]. 
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Figure 1-6. Schematic representation of diversity vs. complexity in natural and 

synthetic polymers. 

 

 

Figure 1-7. A variety of architectures can be produced by manipulating the ratio of the 

volumes of the two blocks and the degree of immiscibility between blocks in solution 

and bulk states. 



 15

In the following section the self-organization of block copolymers will be 

described with the help of some examples. They are divided into dilute solutions and 

bulk phases, each of them being well-suited for the preparation of interesting 

materials. 

 

1-6-2 In Dilute Solutions 

1-6-2-1 Core-Corona Structure of POSS-Poly(ethylene oxide) in 

Aqueous Solution [38] 

Amphiphilic cubic silsesquioxane-poly(ethylene oxide) (CSSQ-PEO) was 

prepared from octakis (dimethylsiloxy)octasilsesquioxane ( HMQ 88 ) and allyl-PEO 

through a hydrosilylation reaction and its aggregation process of CSSQ-PEO in 

aqueous solution were investigated by fluorescence, dynamic and static light 

scattering (DLS and SLS), and transmission electron microscopy (TEM). The critical 

aggregation concentration (CAC) determined by fluorescence measurements was 

found to be 0.28 mg/mL. Combinations of DLS, SLS, and TEM studies showed the 

existence of core-corona micelle with hydrophobic CSSQ as the core and hydrophilic 

PEO as the corona in aqueous solution. A large Rg/Rh ratio (1.46) and the extremely 

small value of average chain density (4×10-4 g/cm3) indicate the small hydrophobic 

CSSQ core was surrounded by the extended PEO coronae. The interconnections 

between the micellar aggregates lead to the formation of network-like structures at 

higher concentration.The long PEO segments act as a spacer between the spherical 

aggregates, which facilitate the formation of a network-like structure at high 

concentration. 
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Figure 1-8. (Left) TEMs of CSSQ-PEO at different concentrations: (a) 0.25 mg/mL, 

(b) 1.0 mg/mL, and (c) 5.0 mg/mL. (Scale bar: 200 nm). (Right) Schematic 

representation of CSSQ-PEO aggregates formation at different concentrations. (a) 

C≤CAC, (b) C＞CAC, and (c) C＞＞CAC. 

 

1-6-2-2 Vesicle Formation and Its Fractal Distribution by Bola- 

Amphiphilic [60]Fullerene [39] 

A novel amphiphilic [60]fullerene derivative with two ammonium headgroups is 

synthesized, and its self-organization characteristics in water in the scale ranging from 

nanometer to micrometer are reported. At the molecular scale, the bola-amphiphilic 

[60]fullerene forms spherical vesicles. At large scales, most vesicles are not dispersed 

randomly, but are concentrated in thin walls that are connected three-dimensionally. 

The connected foam like structure (although the mixture does not foam) produces the 

large voids whose sizes range from a hundred nanometers to a few micrometers. Only 

a few vesicles are visible within the voids. At low magnification, only the voids are 

visible. The novel aggregation modes result from the hydrophobic interaction 

produced by the [60]fullerene moieties exposed to water molecules by the disordered 

alkyl tails. 
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(a)            (b) 

 

Figure 1-9. (a) TEM micrographs of dispersed vesicles at various magnifications. (b) 

Schematic drawing showing the contacting regions of two vesicles. The double chains 

are disordered to expose the [60]fullerene moieties to water molecules, producing the 

hydrophobic force. 

 

1-6-3 Bulk Phases 

1-6-3-1 Coughlin’s Model [40] 

Coughlin et al. have provided a visual model of a POSS-copolymer based on the 

morphology of POSS polybutadiene and polyethylene copolymers. The hybrid 

inorganic/organic polymers were made by either ring-opening metathesis 

copolymerization or single site catalysis, both allowing for good control of POSS 

incorporation. Physical and mechanical data were taken of the materials and a visual 

model was proposed (Figure 1-10). This model matches their TEM data, displaying 

the ‘raft-like’ or lamellae structure of POSS within the polymer matrix. 

Two-dimensional networks are the highest possible architecture that a POSS 

copolymer can adopt due to the constraints of the polymer chain, while 

three-dimensional structures can be expected for most POSS-polymer blends. TGA of 
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the POSS-polyethylene (12 wt% POSS) showed a 70 °C improvement in the onset of 

decomposition. 

   (a)      (b) 

 

Figure 1-10. Coughlin model for structure of POSS-copolymer. (a) the TEM image of 

a POSS-polybutadiene copolymer (43 wt% POSS) shows raft-like structure. (b) A 

model of the 2-D crystallization of the POSS macromers. 

 

1-6-3-2  ABA Triblock Copolymers Containing POSS Pendant 

Groups [41] 

The synthesis of ABA triblock copolymers possessing a central rubbery segment 

of poly(n-butyl acrylate) (pBA) and outer blocks of poly(methacryate-POSS) 

(p(MA-POSS)) was conducted using a two-step atom transfer radical polymerization 

(ATRP) strategy. Morphological investigations of p(MA-POSS)6-b-pBA481-b- 

p(MA-POSS)6 triblock copolymer thin films prepared with pBA macroinitiator of 

higher molar mass (Mn SEC=64,010 g/mol; Mw/Mn= 1.39) by using SAXS and TEM 

indicated that no microphase separation was induced during sample preparation; i.e. 

the resulting morphology and SAXS scattering patterns were completely featureless. 

However, the morphology of p(MA-POSS)10-b-pBA201-b-p(MA-POSS)10 triblock 

copolymer thin films prepared with a difunctional pBA macroinitiator of lower molar 

mass (Mn SEC= 25,800 g/mol; Mw/Mn=1.20) show remarkably well-defined microphase 
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separated structures. (Figure. 1-11) In a relatively low magnification TEM image, 

well-defined white cylinders of pBA are clearly discerned to be oriented both in and 

out of the continuous dark phase consists of the p(MA-POSS) block. 

 

 

Figure 1-11. TEM of thin sections of POSS triblocks prepared with cryomicrotomy at 

T = -80 °C to yield samples of thickness ~50 nm. The microtomed sections were 

chemically treated with RuO4, an agent selective for POSS. (a) Low magnification 

micrograph showing overall morphology, (b)-(c) Higher magnification micrographs 

revealing cylindrical morphology, (d) Fourier transform of selected area from 

micrograph (a) revealing symmetry consistent with local hexagonal packing of the 

cylinders. 
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Chapter 2 

Theory 

 

2-1  Living Free Radical Polymerization 

 

2-1-1 Requirements for Living Free Radical Polymerization 

Living free radical polymerization was first defined by Szwarc [1] as a chain 

growth process without chain break reactions transfer ant termination. Such a 

polymerization provides end-group control and enables the synthesis of block 

copolymers by sequential monomer addition. However, it does not necessarily 

provide for molecular weight control and narrow molecular weight distribution (MwD 

or PDI). Additional prerequisites to achieve these goals are that the initiator should be 

consumed at early stages of polymerization and that exchange between species of 

various reactivities is fast in comparison with propagation [2-4]. If these additional 

criteria are met, a controlled polymerization results. Polymerization can also be 

defined as controlled of side reaction occur, but only to an extent which does not 

considerably disturb the control of the molecular structure of the polymer chain. 

Recently, many new “living” polymerization systems, such as carbocationic, 

ring-opening metathesis, group transfer, and radical polymerization, have been 

developed. The term ‘living’ (with quotation marks) indicates synthesis of 

well-defined polymers under conditions in which chain breaking reaction undoubted 

occur, as in radical polymerization, but polymerization systems which lead to 

well-defined polymers but are not completely free of termination or transfer, as are 

radical polymerization, should be named controlled/living may also described the 

essence of these systems [5]. 
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Ideally, controlled/living systems lead to polymers with degrees of 

polymerization predetermined by the ratio of the concentrations of consumed 

monomers to the introduced initiator 0]/[][ IMDPn Δ= , polydispersities close to 

Poission distribution ( nnw DPDPDP /11/ += ), and with all chains end-functionalized. 

Experimentally, the best way to evaluate such system is to follow the kinetics of 

polymerization and the evolution of molecular weights, polydispersities and 

functionalities with conversion. Well-defined systems should provide: 

(a) Linear kinetics plots in semilogarithmic coordinates ( ( )]/[][ln 0 MM  vs time), 

if the reaction is first order in monomer concentration; acceleration on such plots may 

indicate slow initiation whereas deceleration may indicate termination or deactivation 

of the catalyst. 

(b) Linear evolution of molecular weights with conversion; molecular weights 

lower than predicted by 0]/[][ IMΔ  ratios indicate transfer, molecular weights higher 

than predicted by 0]/[][ IMΔ  ratios indicate inefficient initiation or chain coupling 

(at most, twice higher than predicted molecular weights can be formed by bimolecular 

radical coupling). 

(c) Polydispersities should decrease with conversion for systems with slow 

initiation and slow exchange; polydispersites increase with conversion when the 

contribution of chain breaking reactions becomes significant. 

(d) End functionalities are not affected by slow initiation and exchange but they 

are reduced when chain breaking reactions become important. 

 

2-1-2 Peculiarities of Living Free Radical Polymerization 

Conventional radical polymerizations can never be controlled due to slow 

initiation and unavoidable termination. Fortunately, the concept of exchange between 

active and dormant species has been very helpful in converting ill-defined radical 
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systems to controlled polymerizations. 

(a) Suppression of chain transfer and termination: 

Chain transfer is not the main obstacle for the synthesis of well-defined polymers 

by a radical mechanism. Monomer transfer coefficients are usually below 

410/ −<ptrm kk . This means that half of the chains participate in transfer at the stage of 

10000=nDP  but less than 10 % of chains at 1000=nDP . Thus, transfer to monomer 

should not interfere with the synthesis of polymers with 1000<nDP . Of course, 

transfer to solvent, polymer and transfer agents will operate as usual, but the proper 

choice of reaction conditions should lead to well-defined polymers, especially at 

lower ranges of molecular weights. 

In contrast, termination is impossible to avoid in homogeneous radical 

polymerization. Two radicals will recombine or disproportionate with nearly diffusion 

controlled rates. Fortunately, propagation is first order, whereas termination is second 

order with respect to the concentration of growing radicals. Thus, the contribution of 

termination decreases when the concentration of propagating radicals is reduced. In 

conventional radical polymerization, a sufficiently low concentration of radical is 

attained by slow initiation. However, as discussed above, slow concentration of 

growing radicals must be achieved by other means. 

(b) Exchange between active and dormant species: 

Thus, a requirement for controlled radical system is that initiation should be 

completed at low monomer conversions; the concentration of propagating radicals 

should be low, but the total concentration of growing chains should be much higher. 

These requirements can be met through dynamic equilibration of minute amounts 

(ppm) of propagating radicals with some form of dormant chains. Three general 

equilibrium systems are shown schematically below: 
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System Ⅰ ⋅+⋅ XPn  

kd

ka  XPn −  

System Ⅱ ZPn +⋅   

kd

ka  { }⋅− ZPn  

System Ⅲ XPP mn +⋅
kexch

 XPn −  + ⋅mP  

 

The first system is based on the deactivation of growing radical with relatively 

stable (persistent) radicals, which may also be inorganic or organometallic species. 

The deactivation in the second system involves species with even numbers of 

electrons forming stable (persistent) radicals. Z may be a nonpolymerizable vinyl 

monomer, or inorganic, or organometallic species, etc. In both systems, the 

equilibriums are very strongly shifted towards the dormant species to reduce the 

concentration of growing radicals. 

The last system employs the so-called degenerative transfer process which has 

equilibrium constant of K=1. In this case, the protected group is never spontaneously 

cleaved but rather transferred in bimolecular process from the dominating dormant 

species carrying the protecting group X to a minute amount of propagating radicals. If 

exchange is faster than propagation, well-defined polymers can be prepared. This 

system can employ conventional initiators such as AIBN, benzoyl peroxide (BPO), 

etc, provided that their concentration is smaller than that of the transfer agent (R-X). 

In these systems, the prerequisite for the synthesis of controlled polymers is a 

sufficiently fast exchange process. Polydispersities decrease with conversion and are 

lower systems with higher concentration of deactivator, lower dp kk /  ratios and 

lower concentration of chains. 

The thermodynamics and the dynamics of exchange in these reactions are the 

most important parameters affecting the control of radical polymerizations. Therefore, 
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structures and reactivities of persistent radicals and catalyst, which may accelerate 

exchange, are among the most important features of these systems. 

(c) Contribution of thermal self-initiation: 

In the controlled polymerization of styrene and substituted styrenes, the thermal 

self-initiated polymerization of styrene occurs simultaneously with the controlled 

process (system ⅠⅡⅢ). The contribution of thermal self-initiation to the overall 

rate and to the total number of polymer chains in the system should be carefully 

assessed. 

The rate of self-initiation has been studied and the rates of generation of new 

radicals are known at various temperatures [6]. The so-called Mayo dimmer [7], 

which is an intermediate in this process, is additionally responsible for the reduction 

of molecular weights since it has a very large transfer coefficient [8]. The overall rate 

of self-initiated polymerization, however, should not be confused with the rate of 

radical generation. For example, approximately 1 M/hour of styrene is consumed at 

130 °C in bulk polymerization, but less than 10-3 M/hour of radicals are generated. 

Thus, in ten hours less than 10-2 M radicals are generated. Usually this number may 

even be lower because the rate of self-initiation is second or third order in respect to 

monomers [6]. 

 

2-1-3 Evolution of Living Free Radical Polymerization 

Table 2-1 illustrates development of fundamental concepts in organic radical 

processes, some concepts in living polymerization and advanced in radical 

polymerization which all have contributed to controlled/living free radical 

polymerization and without which the present understanding and control of radical 

reactions would possible. 

Radical addition reactions have for a long time been considered to be very 
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difficult to control due to termination reactions which could not be avoided. Probably 

the first example of successful addition of halogenated compounds to alkenes via 

radical intermediates (Atom transfer radical addition, ATRA) was provided by 

Kharach [9] under photochemical condition. This atom transfer radical process was 

subsequently converted to metal catalyzed reactions by Minisci [10], Vofsi [11] and 

others during the 1960s. At approximately the same time, various nitroxides were 

prepared as stable radicals but without any application to organic synthesis at that 

time [12]. 

These reactions have found many synthesis applications as thoroughly 

summarized by Bellus in 1985 [13]. At that time, it was not clear how these reactions 

occurred until Fischer [14] provided the explanation based on the persistent radical 

effect for the observed unexpectedly high chemoselectivities. Numerous systems 

based on atom transfer reactions were used for structure-reactivity comparisons and 

for refined organic/bioorganic synthesis [15] with many organometallic catalysts [16]. 

Atom transfer radical reactions gained increasing importance in organic synthesis 

because of their high chemo-, region-, and stereoselectivity and tolerance to many 

useful functional groups [17]. Future progress in this area requires additional 

developments of new catalysis which could increase the rates and selectivity of the 

addition, elimination and rearrangement reactions. 
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Table 2-1. Evolution of living free radical polymerization. 

 Organic Synthesis Living Polymerization 
Controlled Radical 

Polymerization (CRP) 

1940’s Kharash 

(1st ATRA (hv)) 

  

1950’s  Szwarc (Living Anionic, Block 

Copolymer) 

 

1960’s Minisci (CuX/RX/olefin) 

Rosantsev (Nitroxide) 

  

1970’s  Matyjaszewski 

(A*⇔ D in CROP) 

Borsig (Ar2CH, Ar3C) 

Minoura 

(Cr(Ⅱ)Acetate/MMA) 

1980’s Fisher (Persistent 

Radical Effect) 

Curran 

(RI, RSn, RSeAr) 

Kochi 

(Organocobalt) 

Kennedy (Inifers) 

Matyjaszewski, Sawamoto 

(“living” Carbocationic) 

DuPont: Quirk (GTP) 

Novak, Grubbs 

(Living ROMP) 

Otsu 

(1st CRP, Iniferters) 

Solomon/Rizzardo (TEMPO)

Rizzardo 

(RAFT) 

1990’s Various Mt in ATRA 

Stereo-control…. 

Matyjaszewski (Controlled & 

Ranking) 

Muller 

(Exchange Reactions) 

George (TEMPO/Styrene) 

Matyjaszeski (ATRP) 

Sawamoto 

(Various Nitroxides & Mt/RX 

in ATRP) 
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In this section we introduce two polymerizations; nitroxide mediated radical 

polymerization and anionic polymerization, which are utilized in this thesis. 

 

2-1-4 Nitroxide Mediated Radical Polymerization (NMRP) 

In 1993, Georges et al. [18] reported on the controlled radical polymerization of 

styrene initiated by benzoyl peroxide (BPO) and mediated by 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) as a stable radical together as shown 

in Figure 2-1 with a conventional radical initiator such as BPO to prepare polystyrene 

with molecular weights approaching Mn≒100000 and relatively low polydispersities, 

Mw/Mn = 1.2 to 1.4. In fact, TEMPO alone can also be used as a moderator as styrene 

self-initiates [19]; however, control of the polymerization is reduced because of 

competing some side reactions. The current knowledge of nitroxide-mediated radical 

polymerization can be summarized as follows. Firstly controlled polymerization in the 

presence of TEMPO is limited to styrene and styrene copolymers in the temperature 

range of 110-140 °C. Molecular weight up to Mn ≒ 50000 are well controlled and 

predetermined by the ratio of reacted monomer to the initial concentration of TEMPO 

or its adducts. 

Secondly, polymerization of styrene with TEMPO and some other nitroxide as 

the counter radical is very slow and independent of the concentration of alkoxyamines 

present in the system [20]. The rate of polymerization is very similar to the rate of 

styrene thermal polymerization [21]. This indicates that self-initiation controls the 

polymerization rate but that generated radicals must exchange with dormant chains 

that are reversibly homolytically cleaved. 

A third thing we know about nitroxide-mediated radical polymerization is that 

styrene is a unique monomer for TEMPO-mediated polymerization, because not only 

does it self-initiate, but it also polymerizes more slowly than acrylaies and 
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methacrylaies, enabling the preparation of polymers with low polydispersities. In 

contrast an increase in polydispersity is observed at higher conversion and higher 

molecular weights: this increase has been ascribed, at least in part, to self-initiation 

and the decomposition of alkoxyamines [22]. Fourthly, TEMPO-mediated systems 

allow the preparation of some block and random copolymers (although at present 

styrene must be a part of both blocks [23] as well as of branched and hyperbranched 

polymers [24]. 

To summarize, TEMPO-mediated systems are currently limited to styrene and 

copolymers of styrene but it is expected that, by using other nitroxides, these systems 

can be successfully extended to (meth)acrylates and other monomers. The slow 

polymerization rate can be increased by using some additives, acids and salts for 

example [25], although the higher rate is often accompanied by an increase in 

polydispersity. 
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Figure 2-1. Mechanism of polymerization of styrene by TEMPO-mediated. 
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2-1-5 Anionic Polymerization 

Anionic polymerization is a method of making polymers from small molecules 

containing carbon-carbon double bonds. It is a type of vinyl polymerization. In 

anionic polymerization, the process is begun by an initiator. In this case, the initiator 

is an anion; that is, an ion with a negative electrical charge. There are a lot of different 

initiators used in anionic vinyl polymerization, but the most often used is an 

unassuming little molecule called butyl lithium. 

A little bit of the butyl lithium will always fall apart. Not a lot, but some. If falls 

apart to form a positive lithium cation and a negative butyl anion. We call an anion 

like this where the negative charge is on a carbon atom a carbanion. A pair of election 

from the butyl anion will be donated to one of the double bond carbon atoms of the 

monomer. Now this carbon atom already has eight elections in its outer shell which it 

shares with the atoms to which it is bonded, so one pair of these electrons, specifically 

a pair on the carbon-carbon double bond, will leave the carbon atom, and settle on the 

other carbon atom of the carbon-carbon double bond. This forms a new carbanion, 

with the negative charge resting on that carbon. The process in which the butyl 

lithium falls apart, and the butyl anion reacts with a monomer molecule is called 

initiation. The carbanion now reacts with another monomer molecule in just the same 

manner as the initiator reacted with the first monomer molecule; another carbanion is 

generated. This keeps happening, and each time another monomer is added to the 

growing chain, a new anion is generated allowing another monomer to be added. In 

this way the polymer chain grows. This adding of monomer after monomer is called 

propagation. 

Termination of propagation carbanion by combination with the counterion 

occurs in only a few instances, such as in electroinitiated polymerization when the 

contents of the anode and cathode chambers are mixed and in initiation by ionizing 
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radiation. Termination by combination of the anion with a metal counterion does not 

take place. Many anionic polymerizations, especially of nonpolar monomers such as 

styrene and 1,3-butadiene, take place under conditions in which there are no effective 

termination reactions. Propagation occurs with complete consumption of monomer to 

form living polymers. The propagating anionic centers remain intact because transfer 

of proton or other positive species from the solvent does not occur. Living polymers 

are produced as long as one employs solvents, such as benzene, tetrahydrofuran, and 

1,2-dimethoxyethane, which are relatively inactive in chain transfer with carbanions. 

The polymerization of styrene by amide ion in liquid ammonia, one of the first 

anionic systems to be studied in detail, is one of the few anionic polymerizations 

where chain transfer to solvent is extensive. [26] 

The nonterminating character of living anionic polymerization is apparent in 

several different ways. Many of the propagating carbanions are colored. If a reaction 

system is highly purified so that impurities are absent, the color of the carbanions is 

observed to persist throughout the polymerization and does not disappear or change at 

100 % conversion. Further, after 100 % conversion is reached, additional 

polymerization can be effected by adding more monomer, either the same monomer 

or a different monomer. The added monomer is also polymerized quantitatively and 

the molecular weight of the living polymer is increased. 
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2-2  Surface Free Energy 

 

2-2-1 Interfacial Thermodynamics 

The interface (surface) is a region of finite thickness (usually less than 0.1 μm) in 

which the composition and energy very continuously from one bulk phase to other. 

The pressure (force field) in the interfacial zone is therefore nonhomogeneous, having 

a gradient perpendicular to the interfacial boundary. In contrast, the pressure in a bulk 

phase is homogeneous and isotropic. Consequently, no net energy is expended in 

reversibly transporting the matter within a bulk phase. However, a net energy is 

required to create an interface by transporting from the bulk phase to the interfacial 

zone. The reversible work require to create a unit surface area is the surface free 

energy, that is, 

nPTA
G

,,
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=γ                (2.1) 

where γ  is the surface free energy, G the Gibbs free energy of the total system, A 

the interfacial area, T the temperature, P the pressure, and n the total number of moles 

of matter in the system. 

The work requires separating reversibly the interface between two bulk phases 

α  and β  form their equilibrium separation to infinity is the work of adhesion. 

aW Wαβ α β αβγ γ γ= = + −              (2.2) 

Where aW  is the work of adhesion, αγ  the surface free energy of phase α , βγ  

the surface free energy of phase β , and αβγ  the interfacial energy between phase 

α  and β  (Figure 2-2). 
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Figure 2-2. Work of adhesion. 

 

This was apparently first purpose by Dupré. [27] When the two phases are 

identical, the reversible work is the work of cohesion (Figure 2-3), 

jjjjjc WW γγγ 20 =−+==             (2.3) 

where cW  is the work of cohesion for phase j. 

 
Figure 2-3. Work of cohesion. 

 

The work of adhesion is the decrease of Gibbs free energy per unit area when an 

interface is formed from two individual surfaces. Thus, the greater the interfacial 

attraction, the greater the work of adhesion will be. Rearrangement of Eq. (2.1) gives 

aWαβ α βγ γ γ= + −               (2.4) 

cW jγ

jγ

αβγ
αγ

βγ

aW
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indicating that the greater the interfacial attraction, the smaller the interfacial energy 

will be. The works of adhesion can be related to the cohesion theoretically. Thereby, 

the interfacial energy can be linked to the properties of the two individual phases. 

Thermodynamic discussions of adhesion in solid-liquid systems should be 

carried out in terms of surface free energy rather than surface tension. Discussions 

that involve the shape of liquid-gas or liquid-liquid interfaces can be carried out either 

in terms of surface tension or surface free energy. 

 

2-2-2 Contact Angle Equilibrium: Young Equation 

A liquid in contact with a solid will exhibit a contact angle (Figure 2-4). If the 

system is at rest, a static contact angle is obtained. If the system is in motion, a 

dynamic contact angle is obtained. Here, static contact angles are discussed. A system 

at rest may be in stable equilibrium (the lowest energy state), or in metastable 

equilibrium (an energy through separated from neighboring states by energy barriers). 

 

 

 

 

 

 

Figure 2-4. Contact angle equilibrium on a smooth, homogeneous, planar, and rigid 

surface. 

 

Stable equilibrium will be obtained if the solid surface is ideally smooth, 

homogeneous, planar, and nondeformable; the angle formed is the equilibrium contact 

angle, θ . 
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On the other hand, if the solid surface is rough or compositionally heterogeneous, 

the system may reside in one of many stable states; the angle formed is a metastable 

contact angle. The amount of mechanical energy in the liquid drop (such as vibration 

energy) determines which metastable state is to be occupied. Therefore, metastable 

contact angle vary with drop volume, external mechanical energy (such as vibration), 

and how the angle is formed (whether by advancing or receding the liquid front on the 

solid). The stable equilibrium contact angle may sometimes (but rarely) be observed 

on a rough or heterogeneous surface. This equilibrium angle corresponds to the lowest 

energy state. 

The angle formed by advancing the liquid front on the solid is termed advancing 

contact angle, aθ  (Figure 2-5). The angle formed by receding the liquid front on the 

solid is termed receding contact angle, rθ  (Figure 2-6). 

 
Figure 2-5. Advancing contact angle. 

 

 
Figure 2-6. Receding contact angle. 



 38

Advancing contact angle are usually greater than receding contact angle when 

the system is in a metastable state. On the other hand, the advancing and the receding 

angles are identical when equilibrium angles are formed. Many real surfaces are 

rough or heterogeneous. Thus, variable contact angles are often observed. This has 

previously led to concern as to whether is a true thermodynamic quality. The origin of 

variable contact angle has now been clearly established and the thermodynamic status 

of contact angle ascertained. 

The equilibrium contact angle (abbreviated θ here) for liquid drop on an ideally 

smooth, homogeneous, planar, and nondeformable surface (Figure 2-4) is related to 

the various interfacial tensions by 

LV SV SLcosγ θ γ γ= −               (2.5) 

where LVγ  is the surface tension of the liquid in equilibrium with its saturated vapor, 

SVγ  the surface free energy of the solid in equilibrium with the saturated vapor of the 

liquid, and SLγ  the interfacial tension between the solid and the liquid. This is known 

as the Young equation. Young [28] described the relation in words, and did not 

attempt to prove it. Several proofs were offered later by others. [29-31] 

Many real surfaces are rough or heterogeneous. A liquid drop resting on such a 

surface may reside in the stable equilibrium (the lowest energy state), or in a 

metastable equilibrium (energy trough separated from neighboring states by energy 

barriers). The equilibrium contact angle eθ  corresponds to the lowest energy state 

for a system. On an ideally smooth and compositionally homogeneous surface, the 

equilibrium contact angle is the Young’s angle Yθ , which is also the microscopic 

local contact angle on any rough or heterogeneous surface; hence also known as the 

intrinsic contact angle 0θ . The fact that 0θ  equals Yθ  has been proved theoretically 

as the condition for minimization of system free energy. 

The equilibrium contact angle on a rough surface is Wenzel’s angle Wθ . The 
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equilibrium contact angle on a heterogeneous surface is Cassie’s angle cθ . These 

angles correspond to the lowest energy state, but are often not observed 

experimentally. Instead, the system often resides in a metastable state, exhibiting a 

metastable contact angle. In this case, advancing and receding angles are different, 

known as hysteresis (H). The different ra θθ −  is the extent of hysteresis. 

 

2-2-3 Determination of Surface Free Energy 

The surface free energy of a solid polymer cannot be measured directly, as 

reversible formation of its surface is difficult. Many indirect method have been 

proposed, including the polymer melt (temperature dependence) method, 

Good–Girifalco Method, Owens, Wendt, and Kaelble’s Method (Two-Liquid 

Geometric Method), Wu’s Method (Two-Liquid Harmonic Method), Lifshitz–van der 

Waals Acid-Base Theory (Three-Liquid Acid-Base Method), critical surface tension 

and others. 

 

Good–Girifalco Method 

Good and Girifalco in the 1950s proposed the following equation to describe the 

surface energy of interfacial phase systems: [32-34] 

1/ 22 ( )ab a b a bγ γ γ γ γ= + − Φ             (2.6) 

The subscripts a and b refer to the two phases, which may be liquid or solid. Φ is a 

constant between interfaces of a system and is defined as: 

( ) Φ=
ΔΔ

Δ
− 21c

b
c

a

a
ab

FF
F               (2.7) 

where =Δ a
abF the free energy of adhesion for the interface between phases A and B, 

per cm2, baab γγγ −−= and =Δ c
nF free energy of cohesion for phase nN γ2= . 



 40

Equation (2.6) can be rewritten as the well known Good and Girifalco equation: 

γSL =γS +γLV − 2(ΦγS γLV)1/2            (2.9) 

Combined equations 2.5 and 2.9 yield: 

γLV(1+cosθ) = 2Φ(γS γLV )1/2              (2.10) 

Or 

( )
2

2

4
cos1
Φ
+

=
θγγ LV

s                (2.11) 

Suppose the value of Φ is known for a pair of the testing solid and liquid, sγ  can be 

calculated from contact angle data with eq. (2.11). In the zeroth order approximation, 

Good and Girifalco suggested that Φ was equal to unity. 

 

Fowkes’ Method 

Fowkes [35,36] proposed that “the surface tensions are a measure of the 

attractive forces between surface layers and liquid phase, and that such forces and 

their contribution to the free energy are additive.” He designated, in the case of the 

surface tension of water, the surface tension could be considered the sum of 

contributions from dispersion forces ( dγ ) and dipole interactions, mainly hydrogen 

bonds ( hγ ): 

h
OH

d
OHOH 222

γγγ +=                 (2.12) 

where superscript h refers to hydrogen bonding, and d to dispersion. In addition, at the 

interface between a liquid and solid, as Fowkes pointed out, the interfacial molecules 

are attracted by the bulk liquid from one side and from the other side by the 

intermolecular forces between the two phases. Fowkes defined the dispersion force 

contribution to surface tension of the solid in terms of the interaction with the 

dispersion forces of the liquid. As a result, the Young–Good–Girifalco equation can 

be modified as: 
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( ) 212 d
LV

d
sLVsSL γγγγγ −+=               (2.13) 

Combine eqs. (2.5) and (2.13) results in: 

( ) ( ) 212cos1 d
LV

d
sLV γγθγ =+               (2.14) 

Strictly speaking, eq. (2.14) provides a method to estimate the value of d
sγ , but 

not total γs , from a single contact angle measurement, where only dispersion forces 

operate in the liquid, such as a hydrocarbon liquid. The d
sγ  of any solid can be 

determined using a “dispersion force only” liquid. 

 

Owens, Wendt, and Kaelble’s Method 

(Two-Liquid Geometric Method) 

Owens and Wendt [37] and Kaelble [38] extended Fowkes’ equation to a more 

general form: 

( ) ( ) 2121 22 p
LV

p
S

d
LV

d
SLVSSL γγγγγγγ −−+=            (2.15) 

Combine eqs. (2.5) and (2.15) yield: 

( ) ( ) ( ) 2121 22cos1 p
LV

p
S

d
LV

d
SLV γγγγθγ +=+             (2.16) 

where superscript d refers to a dispersion (nonpolar) component, and p refers to a 

polar (nondispersion) component, including all the interactions established between 

the solid and liquid, such as dipole-dipole, dipole-induced dipole and hydrogen 

bonding, etc. 

Since sγ  is the sum of surface tension components contributed from dispersion 

and polar parts: 

p
S

d
SS γγγ +=                  (2.17) 

Equations (2.15) and (2.16) provide a method to estimate surface tension of solids. 
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Using two liquids with known d
Lγ and p

Lγ  for contact angle measurements, one 

could easily determine d
Sγ  and p

Sγ  by solving the following two equations: 

( ) ( ) ( ) 21
1

21
111 22cos1 p

LV
p
s

d
LV

d
sLV γγγγθγ +=+  

( ) ( ) ( ) 21
2

21
222 22cos1 p

LV
p
s

d
LV

d
sLV γγγγθγ +=+            (2.18) 

The values of d
Lγ  and p

Lγ  of reference liquids have been provided by Kaelble. 

 

Wu’s Method 

(Two-Liquid Harmonic Method) 

This method uses the contact angle s of two testing liquids and the 

harmonic-mean equation. The result agrees remarkable well with the liquid homolog 

method, polymer melt method, and the equation of state method. 

Based on “harmonic” mean and force addition, Wu proposed the following 

equations: [39, 40] 

p
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p
S

p
LV

p
S

d
LV

d
S

d
LV

d
S

LVSSL γγ
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γγ
γγγγγ

+
−

+
−+=

44             (2.19) 

Equation (2.19) can be written as follows with the aid of eq. (2.5): 
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p
S

p
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S

d
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d
S

d
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d
S

LV γγ
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γγ
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+
+

+
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44cos1             (2.20) 

Equations (2.19) and (2.20) provide a method to estimate surface tension of 

solids. Using two liquids with known d
Lγ  and p

Lγ  for contact angle measurements, 

one could easily determine d
Sγ  and p

Sγ  by solving the following two equations: 

( ) p
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p
S
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=+             (2.21) 

Wu [39] claimed that this method applied accurately between polymers and 

between a polymer and an ordinary liquid. 
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Lifshitz–van der Waals Acid-Base Theory 

(Three-Liquid Acid-Base Method) 

Van Oss et al. have proposed a methodology that represents both 

Fowkes–Owens–Wendt–Kaelble and Wu. This methodology introduces a new 

meaning of the concepts, “apolar” and “polar,” the later cannot be represented by a 

single parameter such as pγ . 

As shown in eq. (2.12), surface tension γ  could be divided into an apolar 

component and hydrogen bonding component or (more generally) acidbase 

interaction. One may follow Fowkes’ approach [41, 42] and separate surface energy 

into several components as: 

d dip ind h ...γ γ γ γ γ= + + + +               (2.22) 

d ABγ γ γ= +                  (2.23) 

where the superscripts, d, dip, ind, and h refer to (London) dispersion, (Keesom) 

dipole-dipole, (Debye) induction, and hydrogen bonding forces, respectively. And the 

superscript AB refers to the acid-base interaction. 

By regrouping components in eq. 18-1, van Oss and Good expressed the surface 

energy as: 

LW ABγ γ γ= +                  (2.24) 

LW d dip indγ γ γ γ= + +                (2.25) 

where LW stands for Lifshitz–van der Waals. Because a hydrogen bond is a 

proton-sharing interaction between an electronegative molecule or group and an 

electropositive hydrogen, a hydrogen bonding is an example of Lewis acid (electron 

acceptor) and Lewis base (electron donor). Van Oss et al., [43-49] therefore, treated 

hydrogen bonding as Lewis acid-base interactions. In addition, van Oss et al. [50-52] 

created two parameters to describe the strength of Lewis acid and base interactions: 

=+γ Lewis acid parameter of the surface free energy 
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=−γ Lewis base parameter of the surface free energy 

−+= γγγ 2AB                 (2.26) 

Based on these definitions, a material is classified as a bipolar substance if both 

its +γ  and its −γ  are greater than 0 ( 0≠ABγ ). In other words, it has both 

nonvanishing +γ  and −γ . A monopolar material is one having either an acid or a 

base characters, which means either 0=+γ  and 0>−γ  or 0>+γ  and 0=−γ . 

An apolar material is neither an acid nor a base (both its +γ  and its −γ  are 0). 

For both monopolar and apolar materials, their 0=ABγ . Therefore, according to the 

Fowkes notation, the criterion for a substance to be apolar, is, 0=ABγ . This is not 

true in the van Oss and Good’s methodology. 

How do we calculate these surface energy parameters? van Oss, Good, and their 

coworkers, have developed a “three-liquid procedure” eq. (2.27) to determine sγ  by 

using contact angles techniques and a traditional matrix scheme. 

( ) ( )+−−+ ++=+ 11111 2cos1 LVSLVS
LW
LV

LW
SLV γγγγγγθγ  

( ) ( )+−−+ ++=+ 22222 2cos1 LVSLVS
LW
LV

LW
SLV γγγγγγθγ  

( ) ( )+−−+ ++=+ 33333 2cos1 LVSLVS
LW
LV

LW
SLV γγγγγγθγ          (2.27) 

In short, to determine the components of sγ  of a polymer solid, it was 

recommended [50,51] to select three or more liquids from the reference liquids table, 

with two of them being polar, the other one being apolar. Moreover, the polar 

pairs—water and ethylene glycol, and water and formamide— were recommended to 

give good results, while aploar liquids are either diiodomethane or 

a-bromonaphthalene. Because the LW, Lewis acid, and Lewis base parameters of 

1LVγ , 2LVγ , and 3LVγ  are vailable, one can determine the LW, Lewis acid, and base 

parameters of sγ  by solving these three equations simultaneously. 
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Critical Surface Tension – Zisman plot 

The concept of critical surface tension was first proposed by Fox and Zisman 

[52-54]. An empirical rectilinear relation was found between θcos  and LVγ  for a 

series of testing liquid on a given solid. When homogeneous liquids are used as the 

testing liquids, a straight line is often obtained. When nonhomologous liquids are used, 

however, the data are often scattered within a rectilinear band or give a curved line. 

The intercept of the line at 1cos =θ  is the critical surface tension cγ . When a 

band is obtained, the intercept of lower line of the band is defined as the critical 

surface tension. The θcos  versus LVγ  plot is known as the Zisman plot. The 

example is given in Figure 2-7. 

 

 
Figure 2-7. Zisman plot foe poly(tetrafluoroethylene) (PTFE) using various testing 

liquids. 
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Adhesion Force Measurements─Johnson, Kendall, and Roberts (JKR) 

Theory 

Although contact angle goniometry is the method of choice for the determination 

of surface energies, atomic force microscopy may be a more readily accessible 

alternative. Atomic force microscopy can be used to measure the force of adhesion 

between polymer surfaces and an AFM tip (Figure 2-8). [55] The work of adhesion is 

related to the surface free energy of the polymer using Johnson, Kendall, and Roberts 

(JKR) theory of adhesion mechanics. [56, 57] According to this model, the “pull-off” 

force, adF , required to separate an AFM tip of radius R  from a planar surface is 

given by 

SMTad RWF π23=  

STTMSMSMTW γγγ −+=             (2.28) 

SMTW  is the thermodynamic work of adhesion for separating the sample and tip; 

SMγ  and TMγ  are the surface free energies of the sample (S) and tip (T), respectively, 

in contact with the medium M; and, STγ  is the interfacial surface free energy of the 

two interacting solid surfaces. [58] Indeed, a correlation has been reported between 

work of adhesion, as determined from force-distance curves (Figure 2-9), and surface 

free energies obtained from other techniques. [59, 60] 

 
Figure 2-8. Process of adhesion force measurement 
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Figure 2-9. Force-distance curve and adhesion force 

 

Adhesion Force Measurements - Derjaguin-Muller-Toporov (DMT) theory 

The work of adhesion is related to the surface free energy of the polymer using 

Derjaguin-Muller-Toporov (DMT) theory of adhesion mechanics. [56] According to 

this model, the “pull-off” force, adF , required to separate an AFM tip of radius R  

from a planar surface is given by 

SMTad RWF π2=              (2.29) 

According to previous report, [61] the interfacial surface energy can be 

approximated by the following expression: 

210 2 γγ==DW              (2.30) 

The 1γ  and 2γ  are the surface energy of the two bodies in contact .Therefore, 

the Derjaguin approximation (DMT theory) becomes: 

21)0( 4 γγπRF D ==              (2.31) 
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2-2-4 Surface Free Energy of Polymer 

Molecular-Weight Dependence 

The surface free energy of homologous series tends to increase, while the surface 

entropy tends to decrease, with increasing molecular weight. At infinite molecular 

weight, both the surface free energy and the surface entropy are, however, finite.  

The surface free energy of homologous series varies linearly with Mn
-2/3, [62, 63] 

32
n

e

M
k

−= ∞γγ                  (2.32) 

Where ∞γ  is the surface free energy at infinite molecular weight and ek  is a 

constant. This equation fits the data for n-alkanes with standard deviations in γ  

about 0.05 dyne/cm, and for prefluoroalkanes, polyisobutylenes, 

polydimethylsiloxanes, and polystyrenes with standard deviations in γ  about 0.2 

dyne/cm (Table 2-2). 

 

Table 2-2. Numerical constant for molecular weight dependence of surface free 

energy. 

polymer Temp. °C ∞γ  dyne/cm ek  aσ  

n-alkanes 20 37.81 385.9 0.03 

Polyisobutylenes 24 35.62 382.7 0.34 

Polydimethylsiloxanes 20 21.26 166.1 0.09 

Prefluoroalkanes 20 25.85 682.8 0.30 

Polystyrenes 176 29.97 372.7 0.08 

Poly(ethyleme oxide)- 

dmethyl ether 
24 44.35 342.8 0.44 

σa  is the standard deviations in  
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The surface free energy variation decreases with increasing molecular weight. 

The ek  values in Table 2-2 indicate that γ will be smaller than ∞γ  by less than 1 

dyne/cm when the molecular weight is greater about 3000. Accordingly, for instance, 

the surface free energy of poly(vinyl acetate) melts having molecular weight 

11,000-120,000 are found to be practically independent of molecular weight. [64] 

 

Effects of Phase Transitions 

At the crystal-melt transition, the surface free energy of crystalline phase cγ  is 

related to that of the amorphous phase aγ  by [65] 

a
n

a

cc γ
ρ
ργ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=                  (2.33) 

where cρ  is the crystalline density, aρ  the amorphous density, and n  the 

Macleod’s exponent (Table 2-3). 

 

Table 2-3. Macleod’s exponent for some polymers. 

Polymer Macleod’s exponent 

Polychloroprene 4.2 

Poly(methyl methacrylate) 4.2 

Poly(n-butyl methacrylate) 4.2 

Polystyrene 4.4 

Poly(vinyl acetate) 3.2 

Poly(ethylene oxide) 3.0 

Polybutylene 4.1 

Polypropylene 3.2 

Polyethylene, linear 3.2 
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Polyethylene, branched 3.3 

Polydimethylsiloxane 3.5 

 

Thus, at the crystal-melt transition, the surface free energy changes 

discontinuously, since the density is discontinuous. As cρ  is usually greater than 

aρ , the crystalline phase will higher surface free energy than amorphous phase. For 

instance, polyethylene has 2.3=n , 7.35=aγ  dyne/cm, and 855.0=aρ  g/mL at 

20 °C. The crystalline density cρ  is 1.000 g/mL. Thus cγ  is calculated by eq. (2.33) 

to be 58.9 dyne/cm, which compares rather well with an experimental value of 53.6 

dyne/cm. [66] 

Semicrystalline polymers tend to be covered with an amorphous surface layer. 

As the amorphous phase has lower surface free energy, it tends to migrate to the 

surface. 

 

Copolymers and Blends 

Low-energy components in copolymers or blends tend to preferentially adsorb 

on the surface, just as in small-molecule liquids, as this will lower the free energy of 

the system. 

Random Copolymers 

The surface free energy of a random copolymer usually follows the linear 

relation [67] 

2211 γγγ xx +=                  (2.34) 

where γ  is the surface free energy and x  is the mole fraction. The subscripts 1 and 

2 refer to the components 1 and 2, respectively. Such behavior is shown for random 

copolymers of ethylene oxide and propylene oxide in Figure 2-10. 
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Block and Graft Copolymers 

However, block and graft copolymers show considerable surface activity of the 

lower energy component, when the lower-energy blocks or grafts are sufficient long 

that they can accumulate and orient on the surfaces independently of the rest of the 

molecule. For instance, pronounced surface activity is observed for ABA block 

copolymers of ethylene oxide (A block, higher surface free energy) and propylene 

oxide (B block, lower surface free energy) (Figure 2-11). [67] 

 
Figure 2-10. Linear additively of surface tension of random copolymers of ethylene 

oxide and propylene oxide, and surface-active behavior of blends of poly(ethylene 

oxide) (PEG 300) and poly(propylene oxide) (PPG 425). [67] 

 
Figure 2-11. Surface tension versus composition for ABA block copolymers of 

ethylene oxide (A block) and propylene oxide (B block). Degree of polymerization 

are (1) DP = 16, (2) DP = 30, (3) DP = 56. [67] 
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Blends of Polymers 

Blends of both compatible and incompatible polymers show pronounced surface 

activity, incompatible blends being more pronounced than compatible blends. The 

surface activity of incompatible blends is further complicated by heterogeneous phase 

structure. 

Surface activity of compatible blend of poly(ethylene oxide) and poly(propylene 

oxide) is shown in Figure 2-12. [67] The surface activity increases with increasing 

molecular weight, apparently because of increased in compatibility. 

 

Figure 2-12. Surface tension of blends of compatible homopolymers. (1) 

poly(ethylene oxide) (PEG 300) + poly(propylene oxide) (PPG 425), (2) PPG 2025 + 

polyepichlorohydrin (PECH 1500), (3) PPG 400 + PECH 2000. [67] 
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Chapter 3 

Experimental Section 

 

3-1  Materials 

 

1. Ethyl acetate 

TEDIA, > 99.9%, be dried over CaH2 for 24 hrs and then distilled under reduced 

pressure just before use. 

Mw: 88.11, d: 0.901, b.p.: 77.1 °C 

CAS: 141-78-6 

CH3COOC2H5 

 

2. Toluene 

TEDIA, > 99.8%, be dried over CaH2 for 24 hrs and then distilled under reduced 

pressure just before use. 

Mw: 92.14, d: 0.867, b.p.: 110.6 °C 

CAS: 108-88-3 

C6H5CH3 

 

3. Ethyl ether 

TEDIA, 99.5%, be dried over CaH2 for 24 hrs and then distilled under reduced 

pressure just before use. 

Mw: 74.14, d: 0.7134, b.p.: 34.6 °C, m.p.: -116 °C 

CAS: 60-29-7 

(C2H5)2O 
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4. Benzoyl peroxide (BPO) 

Fluka, > 97% 

Mw: 242.23, d: 1.334, m.p.: 103-106 °C 

CAS: 94-36-0 

C6H5COO-COOC6H5 

 

5. Hydrazine monohydrate 

Aldrich, > 99% 

Mw: 50.56, d: 1.03, b.p.: 120.1 °C, m.p.: -51.7 °C 

CAS: 79785-97-0 

N2H4．H2O 

 

6. Potassium hydride (KH) 

Aldrich, 30-35 % (w/w) in Mineral Oil 

Mw: 40.11, d: 1.54, b.p.: 316 °C, f.p.: 113 °C 

CAS: 7693-26-7 

 

7. Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane, [Pt(dvs)] in xylene 

Aldrich, Pt~ 2% 

Mw: 381.48, d: 0.984, b.p.: 138 °C, m.p.: 12-13 °C 

CAS: 68478-92-2 

O[Si(CH3)2CH=CH2]2Pt 

 

8. 4-Acetoxystyrene (AS) 

Aldrich, 96% 

Mw: 162.19, d: 1.06, b.p.: 260 °C, m.p.: 7-8 °C 
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NO

N

CAS: 2628-16-2 

H2C=CHC6H4OCOCH3 

 

9. Trisilanolisobutyl polyhedral oligomeric silsesquioxane 

(T7-POSS)  

Hybrid Plastic Corporate Headquarters Inc. 

Mw: 791.41 

C28H66O12Si7 

 

10. Octakis (dimethylsiloxy) octasilsesquioxane 

( HMQ 88 ) 

Hybrid Plastic Corporate Headquarters Inc.  

Mw: 1009.91 

C16H48O20Si16 

 

11. 2,2,6,6-tetramethylpiperidinooxy (TEMPO) 

Acros, 98% 

Mw: 156.25, d: 1, m.p.: 36-40 °C, b.p.: 193 °C 

CAS: 2564-83-2 

C9H18NO 

 

12. Triethylamine (TEA) 

Acros, 99% 

Mw: 101.19, d: 0.728, m.p.: -115 °C, b.p.: 90 °C 

CAS: 121-44-8 

Si

Si

Si

Si

Si

Si

Si

O

O
O

OH

OHO
OH

O

O

O
OO

Si

Si

Si

Si

Si

Si

Si

O

O

O

O

OO

O
O

O

O
O

O O

OO

O

O

O

O
Si

Si

Si

Si

Si

Si

Si

Si
O

Si
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SiH
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Cl

Cl

O

13. Trichlorosilane 

Acros, 99% 

Mw: 135.45, d: 1.34, m.p.: -127 °C, b.p.: 31-32 °C 

CAS: 10025-78-2 

Cl3SiH 

 

14. Calcium hydride 

Acros, 99% 

Mw: 42.09, d: 1.9, m.p.: 190 °C 

CAS: 7789-78-8 

CaH2 

 

15. Tetrahydrofurane (THF) 

TEDIA, 99.8% 

Mw: 72.11, d: 0.889, b.p.: 65-67 °C, m.p.: -108 °C 

CAS: 109-99-9 

C4H8O 

 

16. Methanol (MeOH) 

Aldrich, > 99.9% 

Mw: 43.04, d: 0.8100, b.p.: 64.7 °C, m.p.: -97.8 °C 

CAS: 67-56-1 

CH3OH 
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3-2  Experimental Part 

 

3-2-1 Preparation of POSS-TEMPO Macroinitiator 

3-2-1-1 Synthesis of N-alkoxyamines (TEMPO-1) 

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 25.0 g, 0.16 mol) was added to a 

mix solution of benzoyl peroxide (BPO, 75.0 g, 0.72 mol) and styrene (250.0 mL, 

1.03 mol). The temperature of solution was kept at 5 °C by immersing in ice bath 

during this process. The reddish-brown solution gradually faded away and turned into 

pale green after several hours. The excess styrene was removed by vacuum distillation. 

The residual solid was dissolved in ethyl ether and extracted with alkaline aqueous 

solution (1 N NaOH). The product in organic phase was dried over anhydrate MgSO4 

then obtained a light yellow powder after solvent evaporation. Finally, white 

TEMPO-1 crystals obtained by recrystallization from methanol. 

 

3-2-1-2 Synthesis of Hydroxyl-N-alkoxyamines (TEMPO-2) 

The TEMPO-1 adduct was dissolved in a mixture of THF (50 mL)/NaOH(aq) (50 

mL, 10 N) and MeOH (150 mL) was added by drops, then reacted overnight. The 

resulting solution was dried by rotary evaporation and then washed with excess ethyl 

ether and NaOH(aq) (1 N) to obtain the desired product. The organic phase was dried 

with anhydrate MgSO4 and the light yellow oil of TEMPO-2 was obtained. 

 

3-2-1-3 Synthesis of Allyl-N-alkoxyamines (TEMPO-3) 

The allylation approach was used to prepare TEMPO-3. The potassium hydride 

(14.43 g, 0.36 mol) in mineral oil was washed with dried hexane three times before 

used. The potassium hydride was dissolved in the dried THF (10 mL) and TEMPO-2 

((9.367 mL, 0.11 mol), dissolved in dried THF 20 mL) was added slowly. After one 
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hour, the solution was allowed to stand for 10 minutes to separate into two layers. The 

solution was drawn out via syringe to another flask under argon. Allyl bromide (9.376 

mL, 0.11 mol) was added to the mixture by drops over 10 minutes and reacted 

overnight. The resulting solution was dried by rotary evaporation and then washed 

with excess ethyl ether and NaOH(aq) (1 N). Finally, the organic phase was dried with 

anhydrate MgSO4 to obtain TEMPO-3. 

 

3-2-1-4 Synthesis of POSS-SiH  

The corner-capping reaction of the trisilanol-POSS is carried out using a variety 

of trichlorosilane coupling agent to prepare POSS-SiH. The isobutyl-trisilanol-POSS 

(T7-POSS, 5.0 g, 6.30 mmol) and triethylamine (1.6 g, 15.8 mmol) were dissolved in 

20.0 mL of dried THF under argon. The solution was cooled in an ice bath, and 

n-hexane solution of trichlorosilane (0.70 g, dissolved in 7.0 mL n-hexane) was added 

to the mixture. The resulting solution stirred at room temperature overnight and 

removed the HNEt3Cl byproduct by filtration, and then the POSS-SiH was 

precipitated into acetonitrile. 

 

3-2-1-5 Synthesis of POSS-TEMPO Macroinitiator 

Scheme 3-1 depicts the hydrosilylation approach used to prepare POSS-TEMPO 

[1, 2]. The excess TEMPO-3 (0.7 g, 2.2 mmol) was dissolved in toluene (50 mL) and 

POSS-SiH (1.3 g, 1.6 mmol) was added. The reaction mixture was heated to 50 °C 

under argon and Pt(dvs) (0.2 mL, 0.4 mmol) was added via syringe. The reaction 

monitored by measuring the decrease in intensity of the FTIR spectral signal at 2134 

cm-1 which assigned to the Si-H bonds. The yellowish, transparent reaction mixture 

became clear after removal of the Pt(dvs) catalyst by stirring with carbon black for 

one day. The residual solid was dissolved in ethyl acetate and precipitated into excess 
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acetonitrile. 

 

3-2-2 Preparation of POSS-Poly(4-vinyl phenol) (POSS-PVPh) by 

Nitroxide Mediated Radical Polymerization 

TEMPO-POSS (1.3995 g, 1.23 mmol), acetoxystyrene (AS, 6 mL, 37.6 mmol) 

and xylene (2 mL) were charged into a reactor. This mixture was degassed three times 

by freeze-pump-thaw cycles. Polymerization was started by placing the reactor into a 

120 °C oil bath. The resulting POSS-polyacetoxystyrene (POSS-PAS) copolymers 

were obtained as a precipitate from a large excess of methanol. The length of PAS 

segment of POSS-PAS was determined by NMR and molecular weight distribution 

(PDI) was obtained from GPC. The hydrolysis of acetoxyl groups was carried out 

according to previous report [3]. POSS-PAS (4.8 g, 28.1 mmol) was dissolved in 

1,4-dioxane (78.5 g) and then hydrazine monohydrate (3.19 g, 63.8 mmol) was added. 

The reaction was precipitated into excess deionized water after 6 hrs and dried at 60 

°C under vacuum for 3 days. 

 

3-2-3 Preparation of PMMA-b-P4VP by Anionic Polymerization 

Diblock copolymer of poly(methyl methacrylate-block-4-vinylpyridine) 

(PMMA-b-P4VP) was synthesized by sequential anionic polymerization (Scheme 3-2) 

of methyl methacrylate (MMA) followed by 4-vinypridine under an inert atmosphere 

in THF, which was purified by distillation under argon from the red solution obtained 

by diphenylhexyllithium (produced by the reaction of 1,1-diphenylethylene and 

n-BuLi). Sec-butyl lithium was used as the initiator and degassed methanol as the 

terminator at -78 °C. MMA and 4-vinylpyridine were distilled from finely ground 

CaH2 before used. 4-vinylpyridine monomer was polymerized first for 2 hrs; and 

aliquot of poly(4-vinylpyridine) was isolated for analysis after termination with 
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degassed methanol. MMA monomer was then introduced into the reactor, and the 

reaction was terminated with degassed methanol and dried in a vacuum oven and then 

the PMMA-b-P4VP had been polymerized completely. 

 

3-2-4 Preparation of PVPh by Anionic Polymerization 

The reactions used for the preparation of poly(4-vinyl phenol) (PVPh) are shown 

in Scheme 3-3. A poly(4-tert-butoxystyrene) polymer was synthesized by living 

anionic polymerization under inert atmosphere in THF using sec-butyl lithium as the 

initiator and degassed methyl alcohol as the terminator at -78 °C after 2 hrs. 

The PtBOS polymer was converted to poly(4-vinyl phenol) (PVPh) through 

hydrolysis. The polymer was dissolved in dioxane and then a 10-fold excess of 37 

wt% hydrochloric acid was added. The mixture was reacted overnight at 80 °C under 

an atmosphere of argon and then the product was precipitated into methanol/water 

mixture (3:7, v/v). After neutralization with 10 wt% NaOH solution to a pH value of 

6-7, the polymer was filtered off. The resulting polymer underwent two dissolve 

(THF)/precipitate (methanol/water) cycles and purified by the Soxhlet extraction with 

water for 72 hrs before being dried under vacuum at 80 °C. 

 

3-2-5  Preparation of POSS-PVPh Copolymer and POSS/PVPh 

Blend Thin Film 

Polymer solution was prepared by dissolving the polymer in THF as a 

concentration of 5 wt%. The solution (1 mL) was spin-coated onto a glass slide (100 

× 100 × 1 mm) at 1500 rpm for 45 s. The sample was then left to evaporate at 60 °C 

for 6-8 hrs to remove residual solvent. The thermal treatment was carried out by 

placing the as-prepared polymer film in a vacuum oven at 180 °C for 24 hrs and then 

quenching to ambient temperature. 
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Octakis (dimethylsiloxy) octasilsesquioxane ( HMQ 88 ) (Hybrid Plastics) and 

Trisilanolisobutyl polyhedral oligomeric silsesquioxane (T8-POSS) were used 

without further purification. A THF solution containing 5 wt% polymers was stirred 

for 6-8 hrs and then cast onto a glass slide. The solution was left to evaporate at 60 °C 

for 1 day and dried in vacuum at room temperature for 2 days.  
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3-3  Characterizations 

 

3-3-1 Fourier Transform Infrared Spectroscopy (FTIR) 

All infrared spectra were recorded using a Nicolet Avatar 320 FTIR 

spectrophotometer; 32 scans were collected at a spectral resolution of 1 cm-1 under 

nitrogen purge. FTIR spectra of the polymer films were determined using the 

conventional potassium bromide (KBr) plate method. Each sample was prepared by 

casting a THF solution directly onto a KBr plate. All films were sufficiently thin to 

exist within the absorbance range in which the Beer–Lambert law is obeyed. 

 

3-3-2 Mass Spectrometry (MS) 

Electron ionization mass spectrometry (EI-MS) and fast atom bombardment 

mass spectrometry (FAB-MS) were used for elucidation of its structure and 

fragmentation pathway. The TEMPO-1, TEMPO-2, and TEMPO-3 were detected by 

EI-MS; POSS-SiH and POSS-TEMPO initiator were detected by FAB-MS. 

 

3-3-3 Nuclear Magnetic Resonance (NMR) 
1H NMR and 13C NMR spectra were recorded on a Varian Unity Inova 500 FT 

NMR spectrometer operating at 500 MHz; chemical shifts are reported in parts per 

million (ppm). CDCl3 or C4D8O2 were used as the solvents. 

 

3-3-4 Electron Spectroscopy for Chemical Analysis (ESCA) 

Chemical composition in the substrate surface was analyzed using a Thermo VG 

Scientific ESCALAB 250 spectrometer equipped with a monochromatic Al Ka X-ray 

source (1486.6 eV photons); the vacuum within the analysis chamber was maintained 

at or below ca. 10–8 mbar. 



 67

3-3-5 Gel Permeation Chromatography (GPC) 

The gel permeation chromatography (GPC) measurements were performed on a 

Hitachi L-700 system equipped with a differential Bischoff 8120 RI detector using 

THF (HPLC grade) as an eluent. The molecular weight calibration curve was obtained 

using polystyrene standards. The number average molecular weight (Mn) and 

polydispersity (PDI) of POSS-PAS or POSS-PVPh were obtained by GPC analysis. 

 

3-3-6 Contact Angle Measurement 

Deionized water and diiodomethane (99%, Aldrich) were chosen as testing 

liquids because a significant amount of data are available for these liquids. [4] The 

advancing contact angle measurements of the polymer sample were determined at 25 

°C after injecting of a 5 μL liquid drop onto the surface, and a Krüss GH-100 

goniometer interfaced to image-capture softwarewas employed to perform the 

measurement. A two-liquid geometric method was employed to determine the surface 

energy. [5] 

 

3-3-7 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) images were acquired using a Digital 

Instruments DI5000 scanning probe microscope in the tapping mode. Damage to both 

the tip and the sample surface was minimized by employing the AFM in the tapping 

mode. The values of root-mean-square (rms) roughness were calculated over scan 

area of 5 μm × 5 μm. 

 

3-3-8 Differential Scanning Calorimetry (DSC) 

A portion (ca. 2-6 mg) of each polymer was weighted and sealed in an aluminum 

pan. Thermal analyses were performed using a DuPont DSC-9000 differential 
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scanning calorimeter operated at a scan rate of 20 °C/min within the temperature 

range from 40 to 250 °C. Temperature and energy calibrations were conducted using 

indium. The samples were then cooled rapidly to -10 °C from the melting of the first 

scan and then they were rescanned from -10 to 280 °C at 20 °C/min. The glass 

transition temperature was taken at the midpoint of the specific heat increment. 

 

3-3-9 Thermogravimetry Analysis (TGA) 

Thermal stabilities of as prepared samples were investigated using a DuPont 

2050 TGA instrument operated at a rate of 20 °C/min from 30 to 800 °C under a 

nitrogen flow. 

 

3-3-10 Transmission Electron Microscopy (TEM) 

For transmission electron microscopy studies, a drop of the resulted micelle 

solution was placed onto a carbon-coated TEM copper grid, and the excess solution 

was blotted away using a atrip of filter paper immediately. All samples were left to 

dry at room temperature for a day before stain. Samples were stained with ruthenium 

tetraoxide (RuO4) for 30 min and air-dried before measurement. and then viewed by a 

Hitachi, H-7500 transmission electron microscope (TEM) operated with an 

accelerating voltage of 100 kV.  
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Chapter 4 

Results and Discussion 

 

Polymers reinforced with well-defined nanosized inorganic clusters (i.e., 

polymeric nanocomposites) have attracted a tremendous degree of interest because of 

their potential applications. Among these systems, polyhedral oligomeric 

silsesquioxanes (POSSs), which possess unique cage-like structures and nanoscale 

dimensions, are of particular interested in using as hybrid materials. POSS 

compounds embody inorganic/organic hybrid architectures, i.e., they contain an inner 

inorganic framework composed of silicone and oxygen (SiO1.5)x and present organic 

substituents. Because POSS moieties can be readily incorporated into polymer 

matrices through copolymerization, many types of polymer/POSS nanocomposites 

have been synthesized. [1-7]  

PVPh, a fluorine- and silicone-free polymer, could possess an extremely low 

surface energy (15.7 mJ/m2) after a simple thermal treatment procedure which was 

even lower than that of PTFE (22.0 mJ/m2) calculated on the basis of the two-liquid 

geometric method. Besides, the sequence distribution of the vinylphenol group in 

PVPh-co-PS copolymers plays an important role in dictating the final surface energy 

after thermal treatment. It is well known that POSS possess unique surface properties. 

Thus, it appears logically that two low surface free energy macromolecule, POSS and 

PVPh, could be combined to generate polymer building blocks with unique surface 

properties. In this chapter, PVPh/POSS blends and POSS-PVPh copolymers were 

prepared to investigate the effect of POSS nanoparticle on surface free energy and the 

effect of POSS nanoparticle on thermal properties and morphology were also 

investigated carefully.  
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4-1  Synthesis Characterization 

 

4-1-1 Characterization of N-alkoxyamine (TEMPO-1) 

The strong absorbance peak at 1710 cm-1 represents the vibrations of the ester 

C=O groups, which is general feature of BPO derivatives can be observed in the FTIR 

spectra of TEMPO-1 (Figure 4-1 (a)). Besides, the vibrations of the amine C-N 

derived and the characteristic stretching vibrations of the aromatic group appear at 

3412 cm-1 and 3010-3100 cm-1. The 1H-NMR spectrum of TEMPO-1 is shown in 

Figure 4-2 (a). The protons Hc, Hd and He derived from the styrene unit in TEMPO-1 

appear at 4.52, 4,84 and 5.06 ppm. Peaks at 0.76-1.65 ppm correspond to the protons 

of -CH2- (Hb) and -CH3 (Ha) of the TEMPO group. The aromatic protons appeared as 

a multiplet at 7.25-7.94 ppm, which is the evidence of radical addition. 

In addition, the 13C-NMR spectrum of TEMPO-1 can be found out in Figure 4-3 

(a). The carbons of Ce and Cf in TEMPO-1 appear at 66.72 and 83.91 ppm and the 

protons of Ca, Cb and Cc of the TEMPO group showed at 17.11-40.38 ppm. All the 

carbons can be found out in Figure 4-3 (a). Figure 4-4 is the mass spectrum (EI) of 

TEMPO-1: Calcd Mw, 381.5; m/z = 381 (M+). From FTIR, 1H-NMR and 13C-NMR 

spectrum, we deduced that benzoyloxy radicals released from BPO and result with 

styrene and TEMPO. 

 

4-1-2 Characterization of Hydroxyl-N-alkoxyamine (TEMPO-2) 

The FTIR spectrum of TEMPO-2 is shown in Figure 4-1 (b). The strong 

absorbance peak assigned to –OH stretching appeared at 3200-3600 cm-1, indicating 

the reaction was complete. Figure 4-2 (b) displays the 1H-NMR spectum of TEMPO-2. 

Clearly, the peaks for the aromatic protons Hi, Hj and Hk (ca. 7.9 ppm, 7.5 ppm and 

7.4 ppm) have disappeared and the appearance of the OH (Hg) broad peak at 5.79 ppm 
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indicated the hydration reaction is achieved. 1H-NMR: δ= 7.27-7.38 (Hf, aromatic, 

5H), 3.73 (Hc, 1H), 4.23 (Hd, 1H), 5.31 (He, 1H), 0.76-1.65 ppm (Ha and Hb, 18H). 

The 13C-NMR spectrum of TEMPO-2 is shown in Figure 4-3 (b). Figure 4-5 is the 

mass spectrum (EI) of TEMPO-2: Calcd Mw, 277.4; m/z = 278 (MH+). 

 

4-1-3 Characterization of Allyl-N-alkoxyamine (TEMPO-3) 

From the FTIR spectrum of TEMPO-3 (Figure 4-1 (c)), the peak at 1647 cm-1 

assigned to the vinyl C=C group stretching appears and the peak at 3200-3600 cm-1 

(-OH stretching) disappears. In the 1H-NMR spectrum of TEMPO-3 (Figure 4-2 (c)), 

the disappearance of the -OH broad peak (5.79 ppm) indicates allylation reaction 

takes place. The two multiples at 5.20 and 5.82 ppm are the protons of =CH2 (Hi) and 

=CH- (Hh) in the allyl group. Figure 4-3 (c) shows 13C-NMR of TEMPO-3. The 

appearance of two peaks at 116.35 and 134.85 ppm are the carbons of =CH2 (Ck) and 

=CH- (Cj) in the allyl group, respectively. Figure 4-6 is the EI-MS spectrum of 

TEMPO-3: Calcd Mw, 317.5; m/z = 317 (M+). 

 

4-1-4 Characterization of POSS-SiH 

Figure 4-1 (d) and (e) show the FTIR spectra of T7-POSS and POSS-SiH. The 

appearance of the peak at 2250 cm-1 in Figure 4-1 (e) assigned to the Si-H group 

stretching and the disappearance of the -OH stretching of T7-POSS indicate 

POSS-SiH is synthesized successfully from T7-POSS. Besides, other characteristic 

peaks assigned to the silsesquioxane cage were also found: 1000-1200 cm-1 due to the 

Si-O-Si asymmetric stretching, 2850-3000 cm-1 attributed to Si-CH2 rocking, and 

450-500 cm-1 attributed to the Si-O-Si bending signal. The 1H-NMR (Figure 4-2 (d) 

and (e)) and 13C-NMR spectra (Figure 4-3 (d) and (e)) evidence POSS-SiH is 

synthesized successfully from T7-POSS further. Figure 4-7 is the FAB-MS spectrum 
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of POSS-SiH: Calcd Mw, 817.5; m/z = 817 (M+). 

 

4-1-5 Characterization of POSS-TEMPO Initiator 

From the FTIR spectrum of POSS-TEMPO (Figure 4-1 (f)), we find the peak at 

2250 cm-1 which assigned to the Si-H group stretching disappears. In 1H-NMR 

spectrum of POSS-TEMPO (Figure 4-2 (f)), the peaks for the vinyl (5.20 and 5.82 

ppm) and Si-H protons (4.05 ppm) disappear either. The peaks for the vinyl (116.35 

and 134.85 ppm) disappear in the 13C-NMR spectrum of POSS-TEMPO (Figure 4-3 

(f)). The peaks of Cs, Ct and Cu, which are the feature of POSS, and the peaks of Ca, 

Cb, Cc, Cd and Ch, which are the feature of TEMPO-3, remained in Figure 4-3 (f), 

convinces that the POSS-TEMPO initiator is synthesize successfully. Figure 4-8 is the 

FAB-MS spectrum of POSS-TEMPO initiator: Calcd Mw, 1135; m/z = 1135 (M+). 

 

4-1-6 Characterization of POSS-PAS and POSS-PVPh 

The peak for the carbonyl groups of the acetoxystyrene (1765 cm-1) can be found 

in the FTIR spectrum of POSS-PAS polymer (Figure 4-1 (g)). Figure 4-2 (g) displays 

the corresponding 1H-NMR (500 MHz, C4D8O2) spectrum of POSS-PAS. The 

average number of acetoxystyrene repeat units was calculated from 1H-NMR. Figure 

4-3 (g) shows 13C-NMR of POSS-PAS and the peaks assigned to the silsesquioxane 

cage are found at δ= 22.41 ppm (Ct), 23.80 ppm (Cu) and 25.65 ppm (Cs). Besides, the 

carbons Ca and Cb for the carbonyl groups derived from the acetoxystyrene monomer 

also appear at 169.12 and 21.16 ppm. From these spectrum evidences, we believed 

that the POSS-PAS copolymers were successfully synthesized. 

Figure 4-1 (h) presents the FTIR spectrum of POSS-PVPh. The strong peak of 

the carbonyl groups at 1765 cm-1 of the POSS-PAS disappears and –OH stretching of 

the phenol group at 3000-3600 cm-1 appears. Figure 4-2 (h) displays the 
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corresponding 1H-NMR spectrum of POSS-PVPh. Clearly, the peaks for the carbonyl 

groups (2.42 ppm) have disappeared in the spectrum of POSS-PVPh, and the peak of 

the hydroxyl groups –OH appears at 7.37 ppm. Furthermore, the peaks assigned to the 

silsesquioxane cage were found at δ = 0.55 and 0.91 ppm. Figure 4-3 (h) shows 

13C-NMR of POSS-PVPh. The peaks for the carbonyl groups (169.12 and 21.16 ppm) 

have disappeared in the spectrum of POSS-PVPh and the peaks assigned to the 

silsesquioxane cage and the aromatic carbons appeared. 

 

4-1-7 Characterization of PMMA-b-P4VP 

The FTIR spectrum (Figure 4-9 (a)) of the PMMA-b-P4VP clearly shows the 

carbonyl stretching vibration band of PMMA segment in the region from 1690 cm-1 to 

1750cm-1 and the pyridine ring absorption at 980 cm-1. Figure 4-10 (a) shows the 

1H-NMR spectrum of PMMA-b-P4VP diblock copolymer. The molecular weight 

fraction of the PMMA-b-P4VP block copolymer was measured by 1H-NMR 

spectroscopy by analyzing their relative signal intensities of the protons of the PMMA 

and P4VP segments. The calculation was performed by comparing the signals of the 

pyridine ring protons of the P4VP segment (8.2 ppm) and the signal of the methyl 

ester groups of the PMMA segment (3.6 ppm). Figure 4-11 (a) displays the 13C NMR 

spectrum of the PMMA-b-P4VP copolymer. 

 

4-1-8 Characterization of PtBOS and PVPh 

To obtain well-controlled PVPh, it is necessary to protect the hydroxyl group 

prior to polymerization to avoid the termination of the living chain end. Various 

protecting groups, including tert-butyl ether and tert-butyldimethylsilyl groups, have 

been used for hydroxyl group protection during polymerization. In this thesis, the 

tert-butyl ether protected monomer was used because of its simple hydrolysis and 
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ready availability. 

The complete elimination of the protective groups and the regeneration of the 

phenolic hydroxyl were demonstrated by IR, 1H and 13C NMR spectroscopy. The 

FTIR spectrum (Figure 4-9 (c)) of the PVPh clearly displays a broad peak at 3450 

cm-1 indicating the presence of the hydroxyl groups. Figure 4-10 (b) and (c) display 

typical 1H NMR spectra of the polymer recorded before (A) and after (B) deprotection. 

A Chemical shift at 1.29 ppm corresponds to the tert-butyl group of the PtBOS (in 

CDCl3). The spectrum of the hydrolyzed polymer essentially disappeared on this peak 

corresponding to the tert-butyl group; only polymer backbone protons appear in the 

chemical shift region of 1-2 ppm. In addition, a peak at 7.8 ppm corresponding to the 

proton of the hydroxyl group appears after hydrolysis reaction. Figure 4-11 (b) and (c) 

display the 13C NMR spectra of the PtBOS and PVPh. The signal of the quaternary 

carbon atoms of the tert-butyl group in PtBOS is located at 78 ppm. After hydrolysis 

reaction, no signal remains for the tert-butyl group. 
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4-2  Surface Free Energy in PVPh System 

 

4-2-1 The Effect of Molecule Weight on Surface Free Energy in 

PVPh System 

The surface free energy of homologous series tends to increase, while the surface 

entropy tends to decrease, with increasing molecular weight. At infinite molecular 

weight, both the surface free energy and the surface entropy are, however, finite. The 

surface free energy of homologous series varies linearly with Mn
-2/3, [8, 9] 

32
n

e

M
k

−= ∞γγ                (4.1) 

where ∞γ  is the surface free energy at infinite molecular weight and ek  is a 

constant. The surface free energy variation decreases with increasing molecular 

weight. However, the surface free energy of poly(vinyl acetate) melts having 

molecular weight 11,000-120,000 and hydrogen bonding are found to be practically 

independent of molecular weight according to previous report. [10]  

Intra- and intermolecular interactions play important roles in determining the 

surface properties of polymers. In our previous study, we found that the extents of 

intra- and intermolecular hydrogen bonding interactions in PVPh homopolymer 

changed dramatically after thermal treatment and resulted in significant decrease in 

surface free energy (from 41.8 to 15.7 mJ/m2). In this chapter, we find the surface free 

energies of PVPh homopolymers are practically independent of molecular weight 

before thermal treatment process. After thermal treatment, the surface free energies of 

PVPh homopolymers all decrease significantly compare with those before thermal 

treatment, however, the difference becomes less pronounced when molecular weight 

of PVPh is increased as shown in Figure 4-12. This phenomenon could be explained 

for the changes of hydrogen bonding composition in PVPh system. In our previous 
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report, the intermolecular hydrogen bonding of PVPh decreases by converting the 

hydroxyl group into a free hydroxyl after thermal treatment. As the intermolecular 

hydrogen bonding of PVPh decreased, the surface energy of PVPh homopolymer 

would depend on its molecular weight. 
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4-2-2 The Effect of Solvent on Surface Free Energy in POSS-PVPh 

System 

According to previous studies, solvent-cast films from volatile solutions such as 

chloroform, toluene or tetrahydrofuran may not be reach thermodynamically 

equilibrium state due to rapid solvent evaporation during the spin-casting process, and 

the resulting surface could primarily be the result of solvent effects. [11, 12] Thus, the 

POSS-PVPh copolymer prepared from spin coating process possessed higher random 

distribution of the POSS moiety on the copolymer surface by using volatile solutions. 

From Table 4-1, we find that the POSS-PVPh copolymer thin film possesses 

lower surface free energy by using a solvent with the lower vapor pressure (dioxane) 

that would reach thermodynamically equilibrium state during the spin-casting process. 

From the XPS data in Table 4-1, surface free energy of POSS-PVPh copolymer thin 

film is in good agreement with silicon content (i.e. POSS content). That means that 

there is more POSS moiety on the copolymer surface by using a solvent with the 

lower vapor pressure (dioxane) and results in the lower surface free energy. 
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4-2-3 The Effect of POSS on Surface Free Energy in PVPh System 

Formulations and thermal properties of synthesized POSS-PVPh copolymers are 

summarized in Table 4-2. Table 4-3 and 4-4 show the root-mean-square surface 

roughness, advancing contact angle for water and diiodomethane and surface free 

energy of T8-POSS/PVPh and HMQ 88 -POSS/PVPh blends. 

The advancing contact angle is relatively less sensitive to surface roughness and 

heterogeneity than the receding angle, therefore the advancing angle data are 

commonly used to calculate the components of surface and interfacial tension. [13, 14] 

In both T8-POSS/PVPh and HMQ 88 -POSS/PVPh blends, the advancing contact 

angles of water and diiodomethane increase substantially with increasing the POSS 

content (Table 4-3 and 4-4). In POSS-PVPh copolymer system, the contact angles of 

all two test liquids show similar trend as it observed in POSS/PVPh blends. The 

root-mean-square (rms) roughness of all specimens is lower than 5 nm; therefore the 

influence of topography on the surface free energy is negligible.  

We evaluate the surface free energies, γ , its polar ( pγ ) and dispersive ( dγ ) 

components by using two-liquid geometric method. In Table 4-2 and 4-3, we observe 

the surface free energies of POSS/PVPh blends decrease substantially upon increasing 

the weight content of POSS from 0 to 5 % and then decreased steadily upon 

increasing the POSS content from 10 to 20% in both T8-POSS/PVPh and 

Q8M8-POSS/PVPh blends. In addition, the surface free energy of POSS-PVPh 

copolymers decreases steadily upon decreasing the length of PVPh segment (Table 

4-5).  

It has been reported recently that the POSS units in related nanostructures prefer 

to be oriented toward the air-side, an arrangement that screens out the polar groups 

(e.g., urethane and carboxyl units). [15, 16] We anticipated that the POSS moieties in 
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our POSS-PVPh copolymers and POSS/PVPh blends were also oriented toward the 

air-side to form an inorganic protection layer on the surface of each polymer thin 

films and resulting the lower surface free energy. To provide evidence in support of 

this hypothesis, we performed contact angle measurements and XPS analyses to 

investigate the surface behavior of each polymer thin films. 

Table 4-3, 4-4 and 4-5 list the XPS results and we observed that the atomic 

percentage of silicon increased dramatically upon increasing the POSS content. Both 

the contact angle measurements and the XPS results indicate that the POSS moieties 

were distributed preferably on the surface of the polymer thin film to provide a barrier 

against the direct contact of the PVPh units with the air. 

Figure 4-13 shows the surface free energies of T8-POSS/PVPh and 

HMQ 88 -POSS/PVPh blends. The surface free energies of HMQ 88 -POSS/PVPh blends 

possess lower surface free erengies than T8-POSS/PVPh blends in the same POSS 

content. This phenomenon is mainly due to the outermost layer of the film was 

covered by the different substituented functional groups of POSS. The substituent of 

HMQ 88 -POSS is dimethylsiloxy group which is similar to the poly(dimethylsiloxane) 

polymer and the substituent of T8-POSS is isobutyl group which is similar to the 

polyethylene.  

According to previous studies, since the surface free energy of 

poly(dimethylsiloxane) polymer is 19.9 mJ/m2 which is smaller than that of 

polyethylene (about 35.7 mJ/m2). Thus, the surface free energy of HMQ 88 -POSS is 

smaller than that of T8-POSS.  
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4-2-4 The Effect of POSS on Surface Free Energy after Thermal 

Treatment in POSS-PVPh System 

It is well-known that a high temperature above Tg tends to partially disrupt 

hydrogen bond formation, and this is why we chose 180 °C as the thermal treatment 

temperature and 180 °C are far lower than the decomposition temperature (Table 4-1), 

thus the thermal treatment should not damage the polymer structure. Figure 4-14 (a), 

(b) and (c) are the FTIR, 1H-NMR and 13C-NMR spectra of POSS-PVPh copolymer 

after 180 °C 24 hours thermal treatment, which is the same as the spectra of 

POSS-PVPh before thermal treatment. 

In our previous study, we have found that the surface free energy of PVPh 

homopolymer decreases substantially after thermal treatment, resulting in a significant 

decrease in surface free energy (from 41.8 to 15.7 mJ/m2). This phenomenon could be 

explained for the changes of hydrogen bonding composition in PVPh system after 

thermal treatment. Table 4-6 lists the surface roughness, advancing contact angles, 

and surface free energies of POSS-PVPh copolymers, before and after thermal 

treatment. From Table 4-6, we find all POSS-PVPh copolymers possess lower surface 

free energy and the atomic fraction of silicon after thermal treatment. It is well known 

that the component with lower surface free energy prefer to migrate to the surface 

after thermal treatment. [17, 18] 

The surface free energy of PVPh homopolymer (Mw = 11400) after thermal 

treatment is 14.47 mJ/m2, which is lower than the surface free energy of POSS 

nanoparticle (about 21 mJ/m2). From XPS results (Table 4-6), the atomic fraction of 

silicon, an indication of the POSS segment content on the surface, decreases after 

thermal treatment. As a result, we deduced that the PVPh segment of POSS-PVPh 

copolymer would prefer to migrate to polymer-air interface after thermal treatment 

and resulting in lower surface free energy. The resulting surface free energy of 
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POSS-PVPh600 copolymer decreases from 25.24 mJ/m2 to 14.4 mJ/m2 after thermal 

treatment. However, the surface free energy of POSS-PVPh9 copolymer only 

decreases from 24.25 mJ/m2 to 20.86 mJ/m2. This phenomenon (Figure 4-15) can be 

explained by the conformational restriction of polymer chains. The preferential 

accumulation of the low-energy segments at the surface would decrease when the 

length of the PVPh segment decreased. As the result, the surface free energy of 

POSS-PVPh copolymer with shorter PVPh segment would large than that of 

POSS-PVPh copolymer with longer PVPh segment after thermal treatment. 
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4-3  The Effect of POSS on Thermal Properties 

 

4-3-1 The Effect of POSS in POSS-PVPh System 

Interesting thermal properties, such as improved thermal oxidative stability and 

increased glass transition temperature, have been reported for a variety of 

POSS-carrying polymers prepared by different techniques. [19-21] Figure 4-16 (a) 

and (b) displays the conventional second-run DSC thermograms of POSS-PVPh 

copolymer with various molecular weights. Each of these copolymers possesses 

essentially a single value of Tg, suggesting that these hybrids are fully miscible. 

In general, the glass transition temperature is dependent not only on the specific 

interactions but the physical and chemical nature of the polymer molecules such as 

molecular weight, polydispersity, chain segment flexibility, branching and 

cross-linking. It has been well documented that, for a constant polydispersity, as the 

molecular weight of a polymer is increased, there is a subsequent increase in glass 

transition temperature. [22] However, once a sufficiently high molar mass is obtained, 

the Tg remains essentially constant. This phenomenon can be rationalized by the 

reduction in free volume as the number of chain ends decreases with increasing molar 

mass. Figure 4-17 shows the Tgs of POSS-PVPh and PVPh as a function of Mn. As 

expected, a similar trend is observed in these synthesized PVPh homopolymers and 

POSS-PVPh copolymer. The Tgs in both systems increase upon increasing the 

molecular weight of vinylphenol and reach a plateau value above a molecular weight 

of 10000. 

However, the Tg value of POSS-PVPh is higher than that of the corresponding 

PVPh, in particular, in the lower molar mass region. It have been reported that the low 

mobility of the POSS segment seemed to be important factors in Tg enhancement. The 

glass transition temperature enhancement was attributed to the low mobility of the 
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POSS inhibited thermal molecular motion of polymer chain. [23, 24] As a result, we 

deduce that the POSS moiety enhance the Tg of POSS-PVPh copolymers owing to the 

restricted motion of the polymer chains. 
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4-3-2 The Effect of POSS on Hydrogen Bonding and Thermal 

Properties in PVPh/PMMA System 

The miscibility of polymer blends is commonly ascertained by DSC. Moreover, 

FTIR spectroscopy is also a powerful tool for characterizing detailed structures of 

polymers and their specific interactions because these features affect local electron 

densities and resulted in frequency shifts. Over the years, the most widely studies 

hydrogen-bonding polymer blend system was the PVPh/PMMA blend. [25-36] 

Sermal et al. [25] used DSC analyses to study the phase behavior of PVPh blended 

with PMMA and found them were miscible; they determined the interassociation 

equilibrium constant (KA) between the hydroxyl group of PVPh and the carbonyl 

group of PMMA to be 37.4. In this chapter, we would like to study the 

POSS-PVPh/PMMA blend system to ascertain the effect of POSS on the phase 

behavior. Both POSS-PVPh and PVPh were blended with PMMA (Mw = 5000). The 

POSS-PVPh copolymer and PVPh homopolymer used in this study have the similar 

molecular weight of polymer segment. The influence of molecular weight on the glass 

transition temperature could be neglected. Thus, it is of particular interest to see the 

POSS chain end effect on thermal properties and hydrogen-bonding interaction of 

PVPh/PMMA blends. 

Several regions within the infrared spectra of PVPh/PMMA blends are 

influenced by hydrogen-bonging interaction. Figure 4-18 shows the scale-expanded 

infrared spectra in the hydroxyl-stretching region of various compositions of 

PVPh/PMMA blend (Figure 4-18 (a)) and POSS-PVPh/PMMA blends (Figure 4-18 

(b)) at room temperature. Clearly, the hydroxyl stretching intensities of polymer blend 

shift to lower wavenumber upon increasing the vinylphenol content. In the meantime, 

the hydroxyl stretching band broadens as a result of being composed of contributions 

arising from the different environments surrounding the hydroxyl group. These data 
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suggest that there are many different types of hydroxyl groups involved in 

PVPh/PMMA blends. This phenomenon depicts a new distribution of 

hydrogen-bonding formation resulting from the competition between 

hydroxyl-hydroxyl (3350 cm-1), hydroxyl-carbonyl (3420 cm-1), and 

hydroxyl-siloxane (3325 cm-1) interactions [37, 38].  

The spectrum of pure PVPh shown in Figure 4-18 is characterized by a very 

broad band centered at 3350 cm-1, indicating hydroxyl groups are bonded to other 

hydroxyl groups as dimmers and chainlike multimers. A second narrow band, 

observed at 3525 cm-1 as a shoulder on the high-frequency side of the broad 

hydrogen-bonded band, which is assigned to free hydroxyl groups. [39] In 

PVPh/PMMA blends, the interassociation hydrogen bonding between hydroxyl and 

carbonyl groups (at ca. 3420 cm-1) appears and the intensity of the free hydroxyl 

bands decreases with increasing of the PMMA content. It is expected that great 

fraction of these “free” -OH groups is consumed by forming the interassociation 

hydrogen bonds in these blends. 

Figure 4-19 shows the infrared spectra of the carbonyl stretching measured at 

room temperature ranging from 1670 to 1780 cm-1 for different compositions of the 

PVPh/PMMA blends (Figure 4-19 (a)) and POSS-PVPh/PMMA (Figure 4-19 (b)). 

For the MMA unit, the IR carbonyl stretching absorptions by free and 

hydrogen-bonded carbonyl groups are at 1730 and 1705 cm-1, respectively. [40] It 

clearly shows that a higher content of vinylphenol units results in a higher number of 

hydrogen-bonded carbonyl groups. Moreover, the fraction of hydrogen bonded 

carbonyl in the PVPh/PMMA system is greater than that of the POSS-PVPh/PMMA 

system as shown in Figure 4-19. From Figure 4-20, we determine that the fraction of 

hydrogen-bonded carbonyl under similar composition is in the order PVPh/PMMA > 

POSS-PVPh/PMMA. The obtained results of FTIR analysis indicates that the PVPh 
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tethered with POSS chain-end tends to significantly decrease the hydrogen bond 

formation of the hydrogen-carbonyl interassociation between PVPh and PMMA. 

The conventional second run DSC thermograms of POSS-PVPh (Mn = 15250) or 

PVPh (Mn = 11450) and PMMA (Mn = 5000) with various weight ratios are shown in 

Figure 4-21, revealing that essentially all DSC traces possess only one Tg. Single Tg 

strongly suggests that these systems are fully miscible and possess a homogeneous 

amorphous phase. Generally, if the Tg-composition relationship is deviated obviously, 

neither a linear relationship nor the ideal rule of Fox is applicable. [41] It has been 

generally suggested that the Tg relationship to the composition of the miscible 

polymer blends follows the Kwei equation: [42]  
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where W1 and W2 are weight fractions of the components, Tg1 and Tg2 represent the 

corresponding glass transition temperatures, and k and q are fitting constants. The q is 

a parameter corresponding to the strength of specific interactions in the blend, 

reflecting a balance between the breaking of the self-association and the forming of 

the interassociation interactions. As shown in Figure 4-22, we can obtain k = 1 and q 

= -3.37 from PVPh/PMMA blends and k = 1 and q = -14.41 from 

POSS-PVPh/PMMA blends using the nonlinear least-squares “best fit” values. These 

PVPh/PMMA blends and POSS-PVPh/PMMA blends resulted in negative deviation 

comparing with that predicted by linear rule. The q value of POSS-PVPh/PMMA 

blends is smaller then that for PVPh/PMMA, indicating that the POSS increases 

self-association interaction and decreases the interassociation interaction between 

PVPh and PMMA. 

As shown in Figure 4-22, we can find out that the PVPh/PMMA blend system 

typically has the lower Tg at every composition. It is quite unexpected to notice that 
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the glass transition temperature of the POSS-PVPh/PMMA is higher than that of the 

PVPh/PMMA containing the same PMMA content even though the fraction of 

hydrogen-bonded carbonyl and the value of q obtained from PVPh/PMMA blends are 

higher than these obtained from the POSS-PVPh/PMMA blends; the Tg relationship 

between these blends system containing different sequence distribution does not obey 

the IR and DSC results.  

This result reveals that the incorporation of POSS at the PVPh chain end 

significantly enhances the Tg of PVPh/PMMA blends. This phenomenon can be 

explained in terms of the difference in degree of rotational freedom between polymer 

blend. The higher Tg values for POSS-PVPh are due to the nanosized POSS moiety of 

POSS-PVPh copolymers hinders the motion of polymer main chain. Similar 

behaviors have been observed with copolymers reported elsewhere. [43-45] 
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4-4  Phase Behavior of POSS-PVPh Copolymers in Solution State 

 

4-4-1  The Effect of POSS Nanoparticle on Phase Behavior in 

POSS-PVPh Copolymer 

Micellization of amphiphilic block copolymers in the solution state is well 

documented in scientific literature owing to its potential in various applications, such 

as drug delivery and stimuliresponsive functional materials of nanodevices. [46-49] 

Amphiphilic block copolymers can self-assemble in solution to form micelles with 

various morphologies, including spheres, cylinders, vesicles, wormLike, helical, large 

compound micelles (LCMs), and many others. [50-57] Micelles of block copolymers, 

which have a long corona and small core, are termed as “starlike”, while the ones with 

a large core and short corona are termed as “crew-cut”. [58] Generally, starlike 

micelles present as spherical micelles due to their long corona chain; on the contrary, 

crew-cut micelles could show a wide range of morphologies. [59, 60] Parameters to 

control the morphology of the self-assembled micelles can be divided into two 

categories: molecular and solution parameters. First, the molecular parameters include 

the copolymer composition, the chemical characteristics of repeating units, the overall 

molecular weight, and the molecular structure. In the past decade, manipulating these 

parameters has been proven to be efficient way of tuning the micelle morphologies. 

[61, 62] The second category, which has been investigated only recently, includes the 

type of solvent [63] and solvent quality, the solvent/nonsolvent ratio, [64] the 

copolymer concentration, the pH value, additives such as salts, ions, and 

homopolymer, and the temperature. The morphology is mainly controlled by a force 

balance involving three factors: the core-chain stretching, the interfacial energy 

between the core and outside solvent, and the repulsion among the corona chains. The 

morphogenic effects of the abovementioned parameters can, in general, be ascribed to 
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their influence on this force balance during the formation of micelles. 

To our knowledge, although micellization of amphiphilic block copolymers in 

the solution state have been widely discussed, the aggregation behavior of polymers 

with POSS in the chain end have received less attention. Frey et al. [65] have reported 

that POSS-poly(ethylene oxide) would self-assembly to micellar and vesicular 

structures in solution state and an increase of the pH was employed to crosslink the 

self-assembled structures to spherical vesicles with a silica shell. In addition, He et al. 

[66] have reported that amphiphilic multiarm CSSQ-PEO would form a core-corona 

structure of unimolecular and aggregated CSSQ-PEO in aqueous solution.  

In this chapter, we find POSS-PVPh copolymers also possess unique aggregation 

behavior in solution state. From Figure 4-23, we find the morphology of POSS-PVPh 

copolymers in acetonitrile solution changes from sphere to cylinder with the 

decreasing of PVPh chain length. In addition, the morphologies of POSS-PVPh120 in 

toluene/THF mix solution change from sphere to vesicle with the increasing of 

toluene content. (Figure 4-24) This phenomenon could be explained that POSS-PVPh 

copolymers tended to decrease the interfacial energy in solution state which produced 

from the insoluble segment of POSS-PVPh (eg. acetonitrile is nonsolvent for POSS 

nanoparticle and toluene is nonsolvent for PVPh) and solvent. In addition to the 

change of morphology, we find POSS-PVPh120 will not aggregate to form LCMs in 

acetontrile solution although the polymer concentration is high. (Figure 4-25)  
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4-4-2 Structures of POSS-PVPh/PMMA-b-P4VP Micelles in THF 

Solution 

In our pervious study, we had prepared well-defined micelles, such as sphere, 

vesicle and patched micelles, from hydrogen-bonded complexes obtained by mixing 

PMMA-b-P4VP and PS-b-PVPh diblock copolymers in organic solvent. In the 

present study, POSS-PVPh copolymer substitutes the PS-b-PVPh diblock copolymer 

to complex with PMMA-b-P4VP diblock copolymer and further aggregates into well 

defined micelles. We visualized the morphology of the phase transition through TEM 

analysis of a film of the PMMA-b-P4VP/POSS-PVPh blends. The film was stained 

with RuO4, whereupon the P4VP chain was deeply stained, the PVPh chain was 

intermediate stained, the PMMA chain was only very light stained and the POSS 

chain was light stained. 

Figure 4-24 shows that vesicles with core thickness ~15 nm are the only 

morphology seen when the POSS-PVPh66/PMMA157-b-P4VP51 chains ratios are 1/1 

and 2/1. As the P4VP block with Mn = 5300 has an unperturbed end-to-end distance 

of ~ 5 nm, the core thickness of 15 nm indicates that the membrane is a bilayer or a 

partially interdigitated structure (Scheme 4-1) with the P4VP blocks extended to a 

certain extent when the P4VP/PVPh complexation is formed. 

According to the conventional concepts of star-micelle, vesicles should not be 

observed in our system, which the corona-formed soluble chain is much longer than 

the core-formed insoluble chain. The formation of vesicles is, most likely, resulted 

from the strong interaction between monomer units of the PVPh and P4VP. 

According to Antonietti and Förster, [67] such a complexation will restrict the 

intermolecular conformation and lead a preferred parallel alignment. The parallel 

alignment of P4VP and PVPh chains in core forces the polymer complex aggregation 

to adopt vesicle morphology.
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4-4-3  The Effect of Phase Behavior on Thermal Properties in 

POSS-PVPh Copolymer 

Amphiphilic block copolymers are dissolves in a selective solvent for one block 

can exhibit complex self-assembling behavior of supramolecular structures such as 

spheres, cylinders, lamellae, vesicles, and other mesoscopic aggregates. [68-72] These 

micelles are generally pictured as nano-objects with two concentric regions: a core 

consisting of an insoluble part of amphiphilic block copolymers, and a corona of 

soluble part swollen in the selective solvent.  

Table 4-7 summarizes Tgs of the PVPh homopolymer, POSS-PVPh copolymer 

and PS-PVPh copolymer solutions in several selective solvent contents. The glass 

transition temperatures of PVPh system are practically independent of the selective 

solvent amount. However, the Tg of the POSS-PVPh copolymer in toluene/THF 

mixed solution is higher than the Tg of the POSS-PVPh copolymer in THF solvent. As 

we know that the morphology of POSS-PVPh120 in toluene/THF mix solution change 

from spheres to vesicles with the increasing added precipitant (toluene) content. 

(Figure 4-19) Toluene is a fair solvent for the POSS, but a non-solvent or precipitant 

for the PVPh segment. Under this condition, the resulting micelles are expected to 

consist of a mildly solvent-swollen PVPh core surrounded by a corona of POSS. The 

polymer chains are restricted by the POSS corona, resulting in decreasing the free 

volume of PVPh segment. It is well known that the Tg of polymer is governed by the 

free volume of polymer chain. Thus, POSS-PVPh copolymers with well-defined 

structure in mix solution possess higher Tg than the POSS-PVPh copolymer in a 

common solvent. The PS-PVPh copolymer shows qualitatively similar thermal 

property in toluene/THF mixed solution. From Table 4-7 the value of the Tgs of the 

PS11-PVPh85 copolymer in toluene/THF = 1/4 is higher than that in pure THF. This 

phenomenon was agreed with the POSS-PVPh system that confirms the selective 
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solvent induces the higher Tg. 
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Scheme 4-1. Schematic illustration of a bilayer vesicle of POSS-PVPh/PMMA-b-P4VP blemds. 

THF 
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Table 4-1. Characterization, root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface free energy 

of POSS-PVPh in different solvents. 

Contact angle (deg) 
Copolymer Solvent 

Roughness 

(nm) H2O DIM 

γ  

(mJ/m2) 

ESCA silicon content 

(mol%) 

POSS-PVPh35 Tetrahydrofuran 1.05 111.5 68.9 24.60 11.05 

POSS-PVPh35 1,4-dioxane 1.54 116.93 73.35 22.75 22.94 
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Table 4-2. Formulation and thermal properties of POSS-PVPh copolymers. 

Copolymer 
The length of PVPh 

segmenta 
Mw/Mn

b Tg (°C) Td (°C) 

PVPh 166 1.07 175 352 

POSS-PVPh9 9 1.19 157.13 348.66 

POSS-PVPh22 22 1.34 166.61 372.45 

POSS-PVPh35 35 1.41 166.81 374.75 

POSS-PVPh120 120 1.38 168.46 377.24 

POSS-PVPh264 264 1.33 177.01 380.35 

POSS-PVPh600 600 1.43 189.49 383.37 

a: Obtained from 1H NMR measurement. 

b: Obtained from GPC analysis. 
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Table 4-3. Root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface free energy of 

T8-POSS/PVPh blends. 

Contact angle 

(deg) 

Surface Free Energy 

(mJ/m2) T8-POSS/PVPh Blends  

The weight ratio of 

T8-POSS/PVPh 

(%) 

Roughness 

(nm) 
H2O DIM dγ  pγ  γ  

ESCA silicon content 

(mol%) 

POSS/PVPh=20/100 20% 1.80 115.8 82.4 16.680 0.043 16.72 12.57 

POSS/PVPh=10/100 10% 1.54 109.9 80.2 16.998 0.444 17.44 8.58 

POSS/PVPh=5/100 5% 1.32 107.0 77.8 17.940 0.702 18.64 6.23 

POSS/PVPh=3/100 3% 1.08 96.6 73.6 18.558 2.872 21.43 5.93 

POSS/PVPh=1/100 1% 1.56 81.5 64.2 21.327 8.015 29.34 3.96 

PVPh 0% 2.10 76.5 47.8 30.39 7.20 37.59 0 
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Table 4-4. Root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface free energy of 

Q8M8-POSS/PVPh blends. 

Contact angle 

(deg) 

Surface Free Energy 

(mJ/m2) Q8M8-POSS/PVPh Blends 
The weight ratio of 

Q8M8-POSS/PVPh (%) 

Roughness 

(nm) 
H2O DIM dγ  pγ  γ  

ESCA silicon content 

(mol%) 

POSS/PVPh=20/100 20% 1.68 116.6 86.4 14.48 0.11 14.6 34.85 

POSS/PVPh=10/100 10% 1.68 109.9 84.6 14.43 0.77 15.2 22.01 

POSS/PVPh=5/100 5% 1.64 105.5 81.4 15.53 1.34 16.9 17.14 

POSS/PVPh=3/100 3% 1.85 100.6 79.7 15.66 2.47 18.1 15.04 

POSS/PVPh=1/100 1% 1.75 92.6 69.1 20.56 3.61 24.2 13.54 

PVPh 0% 2.10 76.5 47.8 30.39 7.20 37.59 0 
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Table 4-5. Characterization, root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface free energy 

of POSS-PVPh copolymers. 

Contact angle 

(deg) 

Surface Free Energy 

(mJ/m2) Copolymer 
The length of PVPh 

segmenta 

Roughness 

(nm) 
H2O DIM dγ  pγ  γ  

ESCA silicon content 

(mol%) 

POSS-PVPh9 9 0.70 113.2 70.0 24.234 0.0168 24.25 14.54 

POSS-PVPh22 22 1.75 112.4 69.4 24.482 0.0064 24.49 13.31 

POSS-PVPh35 35 1.97 111.5 68.9 24.639 0.0002 24.64 11.05 

POSS-PVPh120 120 1.31 110.9 68.7 24.651 0.0010 24.65 8.79 

POSS-PVPh264 264 1.06 109.8 67.8 25.058 0.0080 25.06 7.92 

POSS-PVPh600 600 1.33 101.5 65.9 24.532 0.7099 25.24 5.66 

PVPh 160 2.10 76.5 47.8 30.39 7.20 37.59 0 

a: Obtained from 1H NMR measurement. 
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Table 4-6. Root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface free energy of POSS-PVPh copolymers. 

Before 180 °C thermal treatment After 180 °C thermal treatment 

Contact angle 

(deg) 

Contact angle 

(deg) 
Copolymer Roughness 

(nm) 

H2O DIM 

γ  

(mJ/m2) 

ESCA silicon content 

(mol%) 

Roughness 

(nm) 

H2O DIM 

γ  

(mJ/m2) 

ESCA silicon content 

(mol%) 

POSS-PVPh9 0.70 113.2 70.0 24.25 14.54 1.03 113.8 75.2 20.86 13.30 

POSS-PVPh22 1.75 112.4 69.4 24.49 13.31 1.62 112.1 76.0 20.08 12.19 

POSS-PVPh35 1.97 111.5 68.9 24.64 11.05 1.86 111.3 76.7 19.55 10.95 

POSS-PVPh120 1.31 110.9 68.7 24.65 8.79 1.26 110.5 81.0 17.04 7.72 

POSS-PVPh264 1.06 109.9 67.8 25.07 7.92 1.14 109.7 86.1 14.51 6.62 

POSS-PVPh600 1.33 111.5 65.9 25.24 5.66 1.52 105.8 87.1 14.40 4.59 

PVPh95 2.10 76.5 47.8 37.59 0 2.10 107.0 86.6 14.47 0 
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Table 4-7. Summary of the glass transition temperatures of PVPh polymer, 

POSS-PVPh copolymer, and PS-b-PVPh copolymer in 5 wt% THF solution under 

different selective (toluene) content. 

Solution 
Polymer 

THF (mL) Toluene (mL) 

Tg 

(°C) 

PVPh 5 0 171.93 

4.9 0.1 170.49 

4.5 0.5 171.00  

4 1 174.78 

    

POSS-PVPh35 5 0 166.81 

4.9 0.1 175.05 

4.5 0.5 182.26 

4 1 182.02 

3 2 183.47 

 

1 4 184.72 

     

PS11-PVPh85 5 0 173.85 

 4 1 181.79 
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Figure 4-1. FTIR spectra of (a) TEMPO-1, (b) TEMPO-2, (c) TEMPO-3, (d) 

T7-POSS, (e) POSS-SiH, (f) POSS-TEMPO initiator, (g) POSS-PAS copolymer, and 

(h) POSS-PVPh copolymer. 
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Figure 4-2. 1H-NMR spectra of (a) TEMPO-1, (b) TEMPO-2, (c) TEMPO-3, (d) 

T7-POSS, (e) POSS-SiH, (f) POSS-TEMPO initiator, (g) POSS-PAS copolymer, and 

(h) POSS-PVPh copolymer. 



 110

200 180 160 140 120 100 80 60 40 20 0

sutCDCl3
Si

Si

Si

Si

Si

Si

Si

O

O

O

OH

OHO
OH

O

O

O
OO

s
t

u

1 6 0 1 4 0 1 2 0 1 0 0 8 0 6 0 4 0 2 0 0

0 . 0

0 . 2

 

h

A r o m a t i c

f e

d

c
b

k

a

j i

(a) TEMPO-1

(b) TEMPO-2

(c) TEMPO-3

(d) T7-POSS

(e) POSS-SiH

(f) POSS-TEMPO

(g) POSS-PAS

13C Chemical Shift

(h) POSS-PVPh

c

b
sut

e e
e

e

C4D8O2

a

O
O

N
Si

Si

Si

Si

Si

Si
Si

Si

O

O
O

O
OO

O
O

O

O OO R

RR

R
R

R

R

O

n

R = isobutyl = SSOP

Os t u a
b

e

c

c
2,1-insertion

c
2,1-insertion

c
sut

e

e

e
e

O
O

N
Si

Si

Si
Si

Si

Si
Si

Si

O

O
O

O
OO

O
O

O

O OO R

RR

R
R

R

R

OH

n

R = isobutyl = SSOP

s t u

e

c

R =  isobutyl = SSOP

s t
u

O
O

N
Si

Si

Si

Si

Si

Si

Si

Si

O

O
O

O
OO

O
O

O

O
OO R

RR

R
R

R

R
a

b
c

d

e f
h

i
j

k
sut

sut
CDCl3

Si

Si

Si

Si

Si

Si

Si

O

O
O

O

OO
O

O

O

O
OO

SiH

s

t
u

a
bcdi e

f

CDCl3

k
h

Aromatic
O

O
N

k

j

i e
f

h d

b

a

c

j

a
b

c
d

ef

CDCl3

h

AromaticHO
O

N

a

c

b

d
e

f

h

a
b

cdef

CDCl3

hi

AromaticO

O

O
N

g

i
e f

h

b

d

a

c

Figure 4-3. 13C-NMR spectra of (a) TEMPO-1, (b) TEMPO-2, (c) TEMPO-3, (d) 
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Figure 4-4. EI-MS spectrum of TEMPO-1. 
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Figure 4-5. EI-MS spectrum of TEMPO-2. 
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Figure 4-6. EI-MS spectrum of TEMPO-3. 
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Figure 4-7. FAB-MS spectrum of POSS-SiH. 
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Figure 4-8. FAB-MS spectrum of TEMPO-POSS initiator. 
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Figure 4-9. FTIR spectra of (a) PMMA-b-P4VP, (b) PtBOS, and (c) PVPh. 
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Figure 4-10. 1H NMR spectra of (a) PMMA-b-P4VP, (b) PtBOS, and (c) PVPh. 
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Figure 4-11. 13C NMR spectra of (a) PMMA-b-P4VP, (b) PtBOS, and (c) PVPh. 
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Figure 4-12. Surface energy of PVPh homopolymers with different molecule weight 

(■) at room temperature and (●) after 180 °C thermal treatment process. 
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Figure 4-13. The surface free energies of T8-POSS/PVPh and HMQ 88 -POSS/PVPh 

blend system.  
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Figure 4-14. (a) FTIR, (b) 1H-NMR and (c) 13C-NMR spectra of POSS-PVPh after 

180 °C 24 hrs thermal treatment.
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Figure 4-15. The surface free energies of POSS-PVPh comopolymers with different 

molecule weight of PVPh segment (█) at room temperature and (▲) after 180 °C 

thermal treatment process. 
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Figure 4-16. DSC curves of (a) POSS-PVPh copolymer and (b) PVPh homopolymer 

with different molecular weights. 
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Figure 4-17. The glass transition temperature of POSS-PVPh and PVPh as a function 

of molecular weight.
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Figure 4-18. FTIR spectra recorded at room temperature in the 2700-3800 cm-1 region of PMMA blends with either (a) PVPh or (b) POSS-PVPh 

with different composition (weight ratio). 
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Figure 4-19. FTIR spectra recorded at room temperature in the 1675-1780 cm-1 region of PMMA blends with either (a) PVPh or (b) POSS-PVPh 

with different composition (weight ratio). 
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Figure 4-20. FTIR spectra recorded at room temperature in the 1675-1780 cm-1 region 

of PMMA blends with either (a) PVPh or (b) POSS-PVPh under similar composition. 
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Figure 4-21. DSC thermograms of POSS-PVPh or PVPh blemds with PMMA with different composites (weight ratio). 
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Figure 4-22. Tg vs composition curves based on (a) the Kwei equation for 

PVPh/PMMA blends system and (b) POSS-PVPh/PMMA blends system: (▲ ) 

experimental data of POSS-PVPh/ PMMA blends; (■ ) experimental data of 

PVPh/PMMA blends. 

 



 127

 

Figure 4-23. Transmission electron micrographs of POSS-PVPh in acetonitrile solution (a) 

POSS-PVPh9, (b) POSS-PVPh35, (c) POSS-PVPh120 and (d) POSS-PVPh264. 
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Figure 4-24. Transmission electron micrographs of POSS-PVPh120 in different solution (a) 

0.1mL toluene + 4.9mL THF, (b) 0.5mL toluene + 4.5mL THF, (c) 1mL toluene + 4.0mL 

THF and (d) 2mL toluene + 3.0mL THF. 
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Figure 4-25. Transmission electron micrographs of POSS-PVPh120 in acetonitrile at different concentrations: (a) 0.5 mg/mL, (b) 1.0 

mg/mL, (c) 2.0 mg/mL, (d) 4.0 mg/mL and (e) 8.0 mg/mL. 
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Figure 4-26. Transmission electron micrographs of POSS-PVPh66/PMMA157-b- 

P4VP51 at different chains ratios: (a) 1/1 and (b) 2/1. 
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Chapter 5 

Conclusions 

 

A series of novel inorganic-organic hybrid amphiphilic copolymers, 

POSS-PVPh, were obtained from the hydrolysis of POSS-PAS copolymers which 

were prepared by nitroxide-mediated radical polymerization by using POSS-TEMPO 

as macroinitiator. In this dissertation, the surface free energy, phase behavior and 

miscibility and specific interaction behavior of POSS-PVPh copolymers were 

investigated carefully. 

We find that the POSS nanoparticle decrease the polymer surface free energy in 

both POSS/PVPh blends system and POSS-PVPh copolymer systems when POSS 

populated on the outermost surface of the film, which is due to the nature of low 

surface free energy of POSS. Thus, more POSS nanoparticles on polymer thin film 

surface, the lower surface free energy of polymer thin film would be obtained. 

However, POSS-PVPh9 copolymer with the shortest PVPh segment (i.e. the most 

POSS content) possesses the highest surface free energy after 180 °C thermal 

treatment because of the conformational restrictions of polymer chains. 

We find the glass transition temperatures of PVPh segment increased because the 

free volume of PVPh segment decreased in THF/toluene solution. Furthermore, the 

miscibility and specific interaction behaviors of POSS-PVPh/PMMA were also 

investigated in this dissertation. FTIR results reveal that the POSS-PVPh/PMMA 

blends possess a lower fraction of hydrogen-bonded carbonyl groups relative to those 

of PVPh/PMMA blends due to the hinder effect of POSS moiety. Among these blends, 

the q value of the POSS-PVPh/PMMA blends was lower than that of the q value of 

PVPh/PMMA blends, indicating that the self-association interaction of the PVPh was 
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stronger than the interassociation interaction between PVPh and PMMA. In contrast, 

the Tg of the POSS-PVPh/PMMA blends system was higher than that of the 

PVPh/PMMA blends system at the same composition, revealing that the POSS 

nanoparticle hinder the large-scale segmental motions of the polymer chains. 

For phase behavior, we find POSS-PVPh copolymer would self-assemble to 

well-defined nanostructure in different solvents. In acetonitrile (i.e. poor solvent for 

POSS), as increases PVPh chain length, the morphology undergo a phase transition 

from cylinder to sphere. In addition, via increasing the content of selective solvent, 

toluene (i.e. poor solvent for PVPh segment), morphology of POSS-PVPh changes 

from sphere to vesicle. This phenomenon could be explained that POSS-PVPh 

copolymers tended to decrease the interfacial energy in solution state which produced 

from the insoluble segment of POSS-PVPh (eg. acetonitrile is nonsolvent for POSS 

nanoparticle and toluene is nonsolvent for PVPh) and solvent.  
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