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Chapter 1 
General Introduction 
 
 
1.1  Block copolymer 

    Block copolymers have attracted intensive interest in the worldwide since 

their ability to form self-organized nanostructures.1,2 When the strength of the 

repulsive interaction between blocks is sufficient, block copolymer, which 

consists of two or more chemically different chains covalently linked together at 

one end, leads to microphase separation of dissimilar polymer chains into 

periodic domains.1 The typical domain periodicity range from 10 to 50 nm, 

which were considered as a span in which the requirement of next generation 

fabricating materials could be met.3 

 

1.1.1 Block copolymer self-assembly 

    The phase separation behavior and self-assembled nanostructure of diblock 

copolymers has been comprehensively studied in theoretical perspectives.4,5  In 

brief, the domain periodicity of microphase separation (d) scales as d ~ aN2/3 

χ1/6.3 χ refers to Flory-Huggins interaction parameter and N is the degree of 

polymerization. Reducing N is the most plausible method to decrease the value 

of d because d is more strongly function of N than χ.  However, the possibility 

of block copolymers to phase separates into periodic structure is determined by 

the repulsive interactions of each blocks which is characterized by the product χ 

N. 3,6 Microphase separation can occur when the value of χ N larger than the 

critical value for order-disorder transition (10.5 for symmetric diblocks).1,3,7 

Thus, it is crucial to pursue block copolymers that have small N and high χ 
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values to minimize self-assembled feature sizes. In diblock copolymers, the 

morphology of nanostructure ranges from spheres to lamellar (shown in Figure 

1-1) depending on the volume fraction of one block.  

  
 

Figure 1-1. Schematics of diblock copolymer self-assembly structure in which 
the A-B type diblock copolymer is depicted as a two-color chain. The 
morphology is determined by the volume fraction of the polymer block (fA). 
(Reprinted with permission from Prog. Polym. Sci. 2007, 32, 1152-1204. 
Copyright 2007, Elsevier B. V.) 



 
	
  
	
  

 

	
  
	
  

3 

    Traditional organic-organic BCPs such as Polystyrene-b-Poly(methyl 

methacrylate) (PS-b-PMMA) could readily form periodic structure with d-

spacing at sub-45 nm scale.8 By replacing the component with strong phase-

segregation interactions is a well-known approach to fabricate nanostructure 

with even smaller feature size.3,6,7 In addition, changing molecular architecture 

provides an alternative way to further shrink the domain periodicity. Hawker et 

al. have previously found by changing the architecture from linear to cyclic PS-

b-PEO can yield cylindrical morphologies with d-spacing 19.5 nm.9 

    Furthermore, previous research has shown that incorporating a sufficient 

amount of silicon or metal into one block creates periodic structure with feature 

size below 20 nm. In addition, organic-inorganic BCPs such as poly(lactide-b-

dimethylsiloxane-b-lactide) (PLA-b-PDMS-b-PLA),10 poly(styrene-b-

dimethylsiloxnae) (PS-b-PDMS)11 and poly(styrene-b-ferrocenylsilane) (PS-b-

PFS)12 exhibit high etching contrast due to their incorporated inorganic 

components.  

 

1.1.2 Block copolymer lithography 

    In the last five decades, Moore’s Law has successfully provided a roadmap 

for integrated circuits industry. Photolithography, which is widely used in 

semiconductor industry, can reach the half pitch as small as 45 nanometers with 

acceptable precision. However, according to the Rayleigh equation, the feature 

structure fabricated by photoresist is limited by the wavelength. To further 

decrease the scale to meet the requirement of industry to get half pitch sub-22 

nm silicon structure, traditional photolithography reached physical limits. 8  

    Electron beam lithography and other top-down alternative methods are both 

costly and time-consuming.3,8 For example, creating a bit-patterned template 

with a 1T bit/in2 dot array by e-beam lithography is estimated to require a cost 
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exceeding 1 million dollars and more than a month of continuous writing.3 Thus, 

the development of bottom-up methods, in which molecules self-assembled into 

well-defined structures, is being pursued intensively. 

    In recent several decades, block copolymers are emerging as new candidates 

for sub-22 nm lithography to meet the requirement of microelectronic industry. 

The self-assembly of BCPs provides an economic and versatile avenue to 

fabricate nanopatterns at large area.1-4 

 

Figure 1-2. (A) Schematic of a nanolithography template consisting of a 
monolayer of PB spherical microdomains on silicon nitride (Si3N4) substrate. (B) 
The processing line when an ozonated copolymer film is used, which produces 
holes in the substrate. (C) Schematic of the processing flows when an osmium-
stained copolymer film is utilized, which produces dots in Si3N4. (Reprinted 
with permission from Science 1997, 276, 1401-1404. Copyright 1997 American 
Association for the Advancement of Science.) 



 
	
  
	
  

 

	
  
	
  

5 

 

    However, the essential of lithography lies on the pattern transfer. The pattern 

transfer from block copolymer to underlying substrates was first demonstrated 

by Park et al. 13 Spin-coating was utilized to prepare poly(styrene-b-butadiene) 

and poly(styrene-b-isoprene) thin films in which well-organized spherical or 

cylindrical  nanodomains were formed and used as templates. The nanopatterns 

in thin films were transferred directly to the underlying substrates by two 

different techniques that resulted in holes and dots patterns. Dense arrays of 

holes and dots with hexagonally ordered periodic structure have been 

successfully fabricated in the underlying substrates. This process opens a 

versatile route for nanometers scale surface patterning by utilizing synthetic 

materials, which exhibit promising application in semiconductor lithography. 

    Furthermore, the orientation control of the microphase nanostructure in block 

copolymer thin films is essential to their utilization in BCP lithography. In 

contrast to the self-assembly in the bulk samples, the morphology in thin films 

strongly depends on the surface and interfacial interaction as well as the 

commensrability between the thin film thickness h and the period of the 

microdomain L0. Strong preferential interactions of one block with the substrate 

or a lower surface of one component cause segregation of the block to either the 

interface at substrate or the surface of the thin film, respectively. 

    Netural layer has been developed by Hawker atnd coworkers in order to solve 

this problem. A random copolymer, end-functionalized random copolymers of 

P(S-r-MMA), was synthesized and employed to prepare thin films with 

thickness about 20 nm.14 Neutral layers have been proved to be a effective way 

to tune polymer-surface interaction therefore to control the orientation. Also, 

solvent annealing is another effective method to manipulate the orientation of 

nanostructure in block copolymer thin films. Solvent evaporation could be used 

to induce the ordering and orientation of nanodomain. In the solvent annealing 
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system, solvent acts as plasticizer, which enhances the formation of well-

organized nanodomain at ambient temperature.  

    Recently, polarity-switching top coats were developed by Willson’s group to 

mitigate interfacial forces of high block copolymers which is quite challenging 

to prepare well-defined thin films due to the disparate interfacial energy of each 

block.15 Top coats were applied to the lamellar-forming block copolymers 

poly(styrene-b-trimethylsilystyrene-b-styrene) and poly(trimethylsilystyrne-b-

lactide) which were thermally annealed to produce orientation-directed features 

with line width 15 and 9 nm, respectively.   

 

Figure 1-3. (A) AB diblock copolymer forming lamellar pattern with three 
different orientations. (B) The molecular structures of the two topcoats. 
(Reprinted with permission from Science 2012, 338, 775-779. Copyright 2012 
American Association for the Advancement of Science.) 
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1.1.3 Directed self-assembly of block copolymer thin films  

    Fabrication of nanopattern with long-rang order, regular domain size, as well 

as placement accuracy is vital to the application of block copolymers in 

semiconductor industry. Defects may still exist in block copolymer thin films, 

even after long-time thermal/solvent annealing. Thus, directed self-assembly 

(DSA) which refers to the integration of traditional manufacturing process of 

photolithography with the self-assembling materials was developed to meet this 

grand challenge. 16,17 The key techniques of DSA is to take advantage of the 

self-assembling properties of materials to reach nanoscale dimensions and, at 

the same time, provides a method to generate nanostructures with high spatial 

resolution and excellent placement accuracy. Chemical registration16 and 

graphoepitaxy17 are major methods that are widely investigated both in 

academic and industrial fields. 

 

Figure 1-4. The strategy of the chemical registration to create precisely aligned 
lamellar pattern at large area. (a) A SAM of PETS was deposited on a silicon 
wafer. (b) Photoresist was spin-coated on the SAM, and (c) The alternating lines 
with spaces of period Ls were patterned by EUV-IL. (d) The nanopattern in the 
photoresist was converted to a chemical pattern on the surface of the SAM by 
irradiating the sample with soft X-rays in the presence of oxygen. (e) The 
photoresist was then removed with repeated solvent washes. (f) A symmetrics, 
lamella-forming PS-b-PMMA copolymer of period L0 was spin-coated onto the 
patterned SAM surface and (g) annealed, resulting in surface-directed block 
copolymer morphologies. Chemically modified regions of the surface presented 
polar groups containing oxygen and were preferentially wetted by the PMMA 
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block, and unmodified regions exhibited neutral wetting behavior by the block. 
(Reprinted with permission from Nature 2003, 424, 411-414. Copyright 2003 
Nature Publishing Group.) 
 

     Paul Nealey and coworkers16 demonstrated the chemical registration methods 

to achieve well-registered nanostructure with exact placement accuracy in flat 

substrate with alternating hydrophobic and hydrophilic stripes (shown in Figure 

1-4).  A thin film of PS-b-PMMA was casted on the chemical different surface 

and then annealing was conducted to direct the self-assembly of block 

copolymers to fabricate well-registered perpendicularly oriented lamellar 

structure over large area. While, graphoepitaxy provide another approach to 

solve this problem. Templates with various length scale topographical features 

were proved to be a good method to control the self-assembly behavior of block 

copolymers. Moreover, the width of the topographical pattern (Ls) may be tens 

or hundreds time of the period of block copolymers. Segalman et al.17 reported 

the fabrication of long-range order sphere arrays by using topographically 

patterned substrates. A monolayer of poly(2-vinylpyridine) was grafted on the 

underlying patterned substrates which was obtained by photolithography. Next, 

PS-b-P2VP was casted on the substrates and then was annealed to generate 

well-ordered arrays at several micrometer scales. In brief, the orientation control 

as well as directed self-assembly techniques provide a versatile avenue to 

regulate the self-assembled nanostructure which is essential to the application of 

BCP lithography in semiconductor industry. Currently, the first full-scale 

commercial semiconductor production line using DSA technology is being 

developed by the industry. 
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Figure 1-5. (a) SFM of PS-b-PVP film on top of a mesa in which a single 
crystal is formed. b) The FFT pattern indicates that the grain is ordered in a 
single crystal with hexagonal symmetry. c) Schematic illustration of the 
molecular arrangement of PS-b-P2VP in trenched pattern. (Reprinted with 
permission from Adv. Mater. 2001, 13, 1152-1155. Copyright 2009 Wiley-VCH 
Verlag GmbH & Co. KGaA.) 
 
 

1.1.4 POSS-containing block copolymers 

    As we mentioned above, organic-inorganic block copolymers exhibit high 

Flory-Huggins parameter (χ) and thus eventually leads to smaller feature sizes 

could be obtained by decreasing the degree of the polymerization (N). 3 Among 

of organic-inorganic BCPs, polyhedral oligomeric silsesquioxnae (POSS) 

containing block copolymers have drawn attentions from world wide since their 

extraordinary etching contrast and compatibility with the underlying Si 

wafer.18,19 POSS exhibits a well-defined molecular structure with the formula 
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(RSiO3/2)n, in which organic substitutes R are attached to a silicon-oxygen 

cage.18 This intramolecular organic-inorganic hybrid structure endows POSS 

with extraordinary oxygen reactive ion etching (O2-RIE) resistance. 18  

 

Figure 1-6. Schematic illustration for the fabrication of nanopattern by POSS-
containing block copolymers. PS-b-PMAPOSS and PMMA-b-PMAPOSS were 
spin coated onto silicon substrate and exposed to solvent vapors to induce 
vertical orientation of the lamellar and cylinder domains. After oxygen plasma 
etching, silicon oxide lines and pore patterns were formed. (Reprinted with 
permission from Adv. Mater. 2009, 21, 4334-4338. Copyright 2009 Wiley-VCH 
Verlag GmbH & Co. KGaA.) 
 

    In the previous research, PS-b-PMAPOSS and PMMA-b-PMAPOSS were 

synthesized and their self-assembled structures were investigated. Results show 

that POSS-containing BCPs could form various periodic structures such as 
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lamellar, cylinder and cubic structure at sub-20 nm scale.18-19 By utilizing spin-

coating and thermal/solvent annealing techniques, POSS-containing BCP thin 

films were obtained. Hexagonal packed dots (from cylindrical or spherical 

domains) and periodic line patterns (from lamellar or cylindrical domains) at 10 

nm scale could be fabricated in these BCP thin films. To meet the requirement 

of semiconductor industry, lithography materials with periodicity less than 10 

nm should be developed in the near future.  By reducing the molecular weight 

of PMMA-b-PMAPOSS combined with chemical registration and thermal 

annealing, the feature size of nanostructures could be decreased as small as 9.7 

nm still with highly ordered periodic structure. 21,22 

   However, POSS-containing polymer meets its physical limits at sub-10 nm 

scale since the repulsive forces between each segment cannot provide strong 

driving force to form well-defined periodic structure. Thus, a new approach 

needs to be explored to meet this grand challenge.   

 

1.2  Giant molecules 

    It is well known that a variety of amphiphilic low-molecular-weight 

molecules or oligomers can form a variety of long-range ordered 

supramolecular self-assembled structures on the nanometer scales, especially in 

less than 10 nm.23 Furthermore, phase-segregated structures of crystals or liquid 

crystals such as layered, 24 columnar, 25 cubic 26 and other types of complex 

structures, which two or more incompatible segments in the molecules must 

undergo microphase segregation, are similar in morphology to those of the self-

assembled structures of BCPs at a single nanometer scale. The only difference is 

that, in the former case, the self-aggregated length in domains is larger. 

However, in general, they usually lack the required interdomain dry etching 

contrast because the molecular structure has not designed for further 

lithographically fabrication as seen in BCP lithography materials. Therefore, 
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new materials must be developed to form well-defined sub-10 nm scale 

nanostructures and simultaneously to adjust for lithographically fabrication 

process. 

    Giant molecules are emerging as alternatives of block copolymers to fabricate 

nanostructure with smaller feature in recent years.27-30 Herein, giant molecules 

refer to oligomers with precisely defined chemical structures that serves as 

building elements for supramolecular self-assembly. In contrast to block 

copolymers, giant molecules were synthesized via organic chemical reaction 

instead of living/controlled polymerization.30 Giant molecules with precisely 

defined chemical structures have been proposed to present new approaches to 

fabricate engineering hierarchical structures with sub-10 nm features sizes and 

sharp boundaries which is difficult for traditional diblock copolymers.27 This 

class of materials is designed to bridge the gap between the two traditional self-

assembling materials and possesses advantages of both with a domain 

periodicity ~ 10 nm.  

 

1.2.1 Nano-building blocks for giant molecules 

    Molecular nanoparticles (MNPs) refer to  shape- and volume-persistent nano-

objects with exact molecular structures and specific symmetries, which have 

been utilized as nano-building blocks for the precisely synthesis of giant 

molecules. 30 Fullerenes, 29, 31-33 polyhedral oligomeric silsesquioxane (POSS) 27, 

28, 30 and polyoxometalates (POMs) 34,35 are typical MNPs.  
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Figure 1-7. Chemical structures of (a) fullerene, (b) polyoxometalates, and (c) 
polyhedral oligomeric silsesquioxane.  
 

    Among the MNPs, POSS has attracted intensive interest over the last several 

decades due to its extraordinary structure and properties. Cage silsesquioxane 

exhibits a well-defined molecular structure with the formula (RSiO3/2)n, 20 in 

which organic substitutes R are attached to a silicon-oxygen cage. This 

intramolecular organic-inorganic hybrid structure endows POSS with 

extraordinary properties such as excellent thermal stability,36 an ultra low 

dielectric constant,37 and extraordinary oxygen plasma etching resistance.19 In 

addition, the surface groups can easily be chemically modified, which makes 

POSS a nearly perfect nanobuilding block for the fabrication of precisely 

defined giant molecules.30 On the other side, double-decker silsesquioxane 

(DDSQ), as a novel type of silsesquioxnae, exhibits extraordinary incomplete 

cage structure, which makes it is possible to prepare mutifunctionlaized 

silsesquioxnes by corner capping method. 36-38 Double-decker silsesquioxne was 

utilized as monomers to prepare silsesquioxane-containing main chain 

polymers.  41,42 

    It is necessary to carefully control of surface functional groups to prepare 

functional groups to prepare functional MNPs as building blocks to the 

construction of giant molecules 30 Site-selective mono-functionalization, regio-
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functionalization and simultaneous multisite functionalization are among the 

most common and important functionalization methods for MNPs.20 POSS is 

usually prepared from the condensation of a silane or silanol precursor. 20 Great 

efforts were taken to synthesis mono-functionalized and multi-functionalized 

POSS derivatives by many research groups in the worldwide. Laine, Feher and 

other researchers successfully found novel methods to synthesis and plenty of 

POSS compounds were obtained.  Furthermore, a category of mono-substituted 

POSS compounds could be purchased from Hybrid Plastics. These commercial 

available products provide a molecular platform to get various functionalized 

POSS for the further research.   

 

1.2.2 POSS-containing giant molecules 

    Cheng and coworkers proposed the concept of giant molecules and a library 

of POSS-containing oligomers were synthesized. 27-30 These POSS-containing 

giant molecules include, but not limited to, giant surfactants, giant shape 

amphiphiles, and giant polyhedral. Giant surfactants are polymer or oligomer 

tail tethered to MNPs where two compontents exhibit chemical difference and 

thus leads to amphiphilicity that resembles low-molecular-weight amphilphiles. 
30 

    A series of POSS-containing giant surfactants were synthesized and their self-

assembled structures were reported.27 Polystyrene with narrow molecular weight 

dispersity was synthesized and incorporated into hydrophilic POSS via click 

chemistry. The volume fraction could be tuned by the repeat unit of styrene or 

the numbers of cage silsesquioxane. Various self-assembled nanostructure could 

be fabricated by these giant surfactants. As it claimed, giant surfactants bridge 

the gap between small-molecule surfactants and block copolymers and 

demonstrate a duality of both materials in terms of their self-assembly behaviors. 



 
	
  
	
  

 

	
  
	
  

15 

The controlled structural variations of these giant molecules through precision 

synthesis reveals their self-assemblies are sensitive to primary chemical 

structures, leading to well-defined self-assembled structure with feature sizes 

around 10 nm in the bulk and solution state. These findings are thought to 

provide a versatile platform for engineering nanostructures with sub-10 nm 

feature sizes.  

    However, in fact, these POSS-containing giant surfactants exhibit narrow 

dispersed molecular weight since anionic polymerization is utilized for the 

synthesis. While, the primary structure of giant molecular is considered to vital 

to the self-assembled structure, especially when the feature size shrinks to sub-

10 nm scale. Thus, precisely synthetic methods should be taken into 

consideration to replace the living polymerization. On the other side, the feature 

sizes obtained by the previous work is around 10 nm; the smallest obtained 

feature size is 8.1 nm, which may be able to be further decreased.   
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Figure 1-8. Self-assembled structure of POSS-containing giant surfactants. (A) 
The chemical structure of giant surfactants DPOSS-PS, APOSS-PS, and 
FPOSS-PS. (B) Phase diagram of DPOSS-PS observed from SAXS and TEM 
results. (Reprinted with permission from Proc. Natl. Acad. Sci. U. S. A. 2013, 
110, 10078–10083. Copyright 2013 National Academy of Sciences.) 
 

1.3  Brief overview of this research 

    In this study, we examined a new approach for fabricating and shrinking the 

feature size of self-assembled nanostructures. The basis of these new materials 

is the combination of the phase-segregation behavior of a small molecule, and 

the use of the different property in dry etching resistance to reactive ions. 
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Incorporating the silsesquioxane into the self-assembling small molecules could 

favor the formation of periodic structures for a nanopatternable material.  

    Polystyrene, poly(ethylene glycol) and branched long alkyl chains were 

incorporated into double-decker silsesquioxane and cage silesquioxnae. Various 

experimental techniques have also been utilized to comprehensively investigate 

their self-assembled structure in great detail. Also, the influence of tethered 

chains to the microphase separation, thermal behavior, morphology of self-

assembled nanostructure were also demonstrated.  

    The synthesis and self-assembled behavior of double-decker silsesquioxane 

(DDSQ)-containing oligomers, DDSQ-polystyrene (DDSQ-PS), DDSQ-

poly(ethylene glycol) (DDSQ-PEG) and alkylated DDSQs, are reported in 

chapter 2.   

    In chapter 3, a wedge-shaped building block, 3,4,5-tris(octadecyloxy)benzoyl 

acid, was incorporated into amine-terminated cage silsesquioxane via amidation 

reaction. The thermal behavior and self-assembled nanostructure of this 

alkylated POSS were investigated. Results show that the intermolecular 

interaction of the long alkyl chains of this alkylated cage silsesquioxane could 

be manipulated to form long-range straight order hierarchical structure with 

periodicity at 5.3 nm. Moreover, the transmission electron microscopy (TEM) 

images clearly indicate the cage silsesquioxane molecules are arranged in highly 

ordered fashion with a “head-to-head” type bilayer structure.     

    In chapter 4, a series of alkylated cage silsesquioxanes, were synthesized 

accords to the method we mentioned in chapter 3. Thermal behaviors and self-

assembled structure of these alkylated silsesquioxane were comprehensively 

investigated. This work demonstrates that by carefully tuning parameters of 

molecular design such as alkyl chain length and branching number, well-defined 

lamellar structure with various periodicities can be obtained. Furthermore, the 

long-range straight ordered lamellar structure with sharp boundaries could be 
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reliably formed in the samples of alkylated POSS derivatives by thermal 

annealing. 

   Chapter 5 provides a general conclusion of this research work. In brief, a set 

of silsesquioxane-containing oligomers and giant molecules were synthesized 

and their self-assembled structures were investigated. Results indicate that giant 

molecules provide a versatile approach to fabricate long-range straight order 

hierarchical lamellar structure with sharp boundaries and sub-10 nm scale 

periodicities. The feature sizes of self-assembled nanostructure could be 

precisely controlled by carefully tuning the parameter of the molecular design. 

As far as we know, the formation of such a long-range ordered lamellar 

structure with sharp interfacial boundaries is difficult to be achieved by diblock 

copolymers. In our mind, these findings are not only scientifically intriguing in 

understanding the principles of self-assembly but also technologically relevant. 
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Chapter 2 
Double-Decker Silsesquioxane (DDSQ)-
containing Oligomers: Synthses and Self-assembly 
Structures 
 
 
2.1  Introduction 

    In recent year, double-decker silsesquioxane (DDSQ) emerges as a new type 

of silsesquixanes.1, 2 Double-decker silsesquioxane exhibits excellent thermal 

stability, 3,4 good solubility3,4 and potentially high oxygen plasma etching 

contrast5 due to the Si-O-Si cage structure. Multifunctional groups make DDSQ 

as excellent building blocks to synthesis silsesquioxane-containing main-chain 

polymers for the preparation of high performance materials. 2-4  

    In this study, we report two novel DDSQ molecules, DDSQ dimer and DDSQ 

trimer and explored a new design approach for fabricating self-assembled 

silsesquioxane-containing oligomers with the feature size at nanometer scale. 

The basis of these new materials is the combination of the phase-segregation 

behavior of a small molecule,6 and the use of the different property in dry 

etching resistance to reactive ions. Incorporating the double-decker 

silsesquioxane (DDSQ) with a strong etch resistance to oxygen plasma into low-

molecular-weight molecules may favor the formation of periodic structures for a 

nanopatternable material. 7 

    It is a common strategy to incorporate chemically different segments into 

molecular building blocks in molecular design. Among of these segments, 

polystyrene (PS),7-11 poly(ethylene glycol) (PEG)12 are the most widely used 

since they are easy to preparation. Also, it is convenient to obtain different 
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molecular weight PS and PEG with narrow dispersity (< 1.10) via 

controlled/living polymerization or organic chemical reaction. 

 

Scheme 2-1. Chemical structure of (a) DDSQ dimer and (b) DDSQ trimer 

    A library of POSS-containing giant surfactants were synthesized and their 

self-assembled structures were reported by Cheng and coworkers.7,8 PS with 

narrow molecular weight dispersity was synthesized and tethered to hydrophilic 

POSS via click chemistry. The volume fraction could be tuned by the repeat unit 

of styrene or the numbers of cage silsesquioxane. These giant surfactants could 

produce various self-assembled nanostructures, which resemble the self-

assembled structures of BCPs except smaller feature size. As it claimed, giant 

surfactants bridge the gap in the sizes of the self-assembled structures between 

small-molecule surfactants and block copolymers and demonstrate a duality of 

both materials in terms of their self-assembly behaviors.7 Moreover, compare 

with polystyrene, poly(ethylene glycol) exhibit hydrophilic property which is 

versatile to prepare amphiphilic block copolymers or oligomers. Furthermore, 

poly(ethylene glycol) may favor the formation of crystalline structure and 

therefore provide a strong driving force for microphase separation and the 

formation of periodic nanostructure.  
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     Although polystyrene,7-11 poly(ethylene glycol),12 polypetides,13-15 liquid 

crystalline mesogens,16-18 and other building blocks have been employed to form 

POSS-containing self-aggregated structures, functionalizing the building block 

with alkyl chains is the most common strategy in their molecular design. 19-22   

      Herein, we incorporate these segments into double-decker silsesquioxane 

(DDSQ) by hydrosilylation reaction. These DDSQ-containing oligomers are 

denoted as DDSQx-Y, where X refers to DDSQ dimer (x=2) or DDSQ trimer 

(x=3) Y refers to the incorporated segment. For instance DDSQ2-PS3K means 

the sample was synthesized by incorported PS with a molecular weight 3K into 

DDSQ. The phase transitions, thermal properties and corresponding structural 

changes were studied using differential scanning calorimetry (DSC), polarized 

optical microscopy (POM), small- and wide-angle X-ray scattering 

(SAXS/WAXS) and transmission electronic microscopy (TEM). The following 

sections focus on the following topics: synthesis, thermal behavior and self-

assembled structure of each DDSQ-containing oligomers. Also, hypothetical 

self-assembled models for DDSQ2-(C18-3A) and DDSQ3-(C18-3A) were also 

proposed in this chapter. 

 

2.2  Experimental  

2.2.1 Materials and methods 

    Double-decker silsesquioxane was received as a gift from JNC Petrochemical 

Corporation. Styrene was purified first by washing with sodium hydroxide 

(NaOH) solution to remove inhibitor before stirring with calcium hydride (CaH2) 

for 24 hours and then distilled under vacuum. All other reagents were purchased 

from Sigma Aldrich or Tokyo Chemical Industry and used without further 

purification.  
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    Recycling preparative size exclusion chromatography (SEC) was performed 

using JAIGEL 2H and 3H columns on a JAL model LC-9204 high-performance 

liquid chromatograph (HPLC) equipped with a UV/VIS detector (UV-3740) and 

RI detector (RI-50S). Nuclear magnetic resonance (NMR) spectra recorded 

using a JEOL 400 MHz with chloroform-d as the solvent; a 1H: 7.26 solvent 

signal was used as an internal standard for all chemical shifts. Similarly, for the 
13C NMR spectra, a signal consistent with chloroform-d (77.2 ppm) was used as 

an internal reference. IR spectra were recorded on a JASCO FT/IR-4100 plus 

spectrophotometer. Molecular weight were determined by gel permeation 

chromatography (GPC) with polystyrene calibration using a Shodex GPC-101 

with two Shodex LF-804 columns. THF was used as an eluent with 1 ml/min 

flow rate at 40 ºC. Elemental analysis was performed using a Perkin Elmer 2400 

Series II CHNS/O Analyzer. The thermal properties and mesophase structure 

were evaluated at a heating rate of 10 °C/min under a nitrogen flow by a Seiko 

DSC 7020 differential scanning calorimeter (DSC); the transition temperature 

values were determined from the second heating and cooling scan. Microscopic 

observation of thermal events was also conducted using an Olympus BH-2 

polarized optical microscope equipped with a Mettler FP82HT hot-stage system. 

To determine the temperature-dependent aggregation of the alkylated POSS, 

Small-angle X-ray scattering (SAXS) was performed using a Bruker 

NanoSTAR (50 KV per 100 mA) with a 2D-PSPC detector. Bright field 

transmission electron microscope (TEM) images of the sample structure were 

also obtained using a Hitachi H7650 Zero A under an 80 KV accelerating 

voltage. Bulk samples were prepared for TEM analysis by first being pasted 

onto epoxy resin for handling, then microtomed (Reichert-Jung Ultracut E) by a 

DiATOME diamond knife at room temperature to a preset thickness of 70 nm. 

The sections produced were then placed onto TEM grids and stained by 

ruthenium oxide for observation. Scanning transmission electron microscopy 
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(STEM) was performed using Hitachi SU9000 UHR FE-SEM under a 30 KV 

accelerating voltage. 

 

2.2.2 DDSQ dimer and DDSQ trimer 

    DDSQ dimer and DDSQ trimer were obtained from JNC Petrochemical 

Corporation. DDSQ trimer was further purified by using  recycling preparative 

size exclusion chromatography. DDSQ dimer and DDSQ trimer was 

characterized by utilizing 1H NMR and 13C NMR. 

DDSQ dimer:  1H NMR (400MHZ; CDCl3): σ 7.50-6.25 13C NMR σ 134.0, 

133.9, 132.8, 130.9, 130.6, 130.0, 129.9, 127.6, 127.4, 0.7. 

DDSQ trimer: 1H NMR (400MHZ; CDCl3): σ 7.50-6.25 13C NMR σ 134.1, 

133.8, 131.1, 130.6, 130.2, 129.9, 127.6, 127.4, 0.7. 

 

 

Figure 2-1. Simulated molecular structures of (a) DDSQ dimer and (b) DDSQ 
trimer are shown. White rod represents C-H bond, red rod indicates Si-O bond, 
and yellow rod represents Si-H, respectively.   
     

    As shown in Figure 2-1, the molecular structures of DDSQ dimer and DDSQ 

trimer were simulated by SpartanTM 10. Asymmetric structure could be easily 

identified from these simulation results. This simulation result coincides with 

the single-crystal X-ray diffraction result of a double-decker silsesquioxane  
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monomer with incomplete cage, namely, DDT8OTMS,  which was obtained by 

Kawakami and coworkers.  Moreover, the length of DDSQ dimer and DDSQ 

trimer are 1.80 nm and 2.50 nm, respectively. 

 

2.2.3 Synthesis of butane-terminated polystyrene 

 
Scheme 2-2. Synthesis of butane-terminated polystyrene by anionic 
polymerization 
 

    Firstly 40 ml of THF was transferred to a glass reactor and then the glass 

reactor was cooled to -78 ºC using 2-propanol/dry ice cooling bath. Five 

minutes later, sec-BuLi was added until color changed to slightly yellow. Then 

the glass reactor was moved from ice bath to reach room temperature. Few 

minutes later the solution color changed to colorless. Again the glass reactor 

was cooled to -78 ºC. Five minutes later sec-BuLi was added. After five 

additional minutes, styrene was added to the reactor. After stirring 30 minutes, 

excess amount of 4-bromo-1-butene was dropped into the glass reactor to 

quench the polymerization. Then, the solution was poured into cold methanol to 

get precipitated. The white precipitate was collected and dried under reduced 

pressure. PS3K: the yield was 95%, GPC gives Mn of 3000 and polydispersity 

(Mw/Mn) of 1.08. 1H NMR (400MHZ; CDCl3): σ 7.50-6.25 (m, 150H), 5.62  (m, 

1H), 4.82 (m, 1H), 2.55-0.85 (m, 94H), 0.80-0.60 (m, 9H). 13C NMR σ 145.6, 

127.8, 125.4, 40.4.  

PS2.3K: the yield was 93%, GPC gives Mn of 2300 and polydispersity (Mw/Mn) 

of 1.06. 1H NMR (400MHZ; CDCl3): σ 7.50-6.25 (m, 105H), 5.62  (m, 1H), 

4.82 (m, 1H), 2.55-0.85 (m, 58H), 0.80-0.60 (m, 9H). 13C NMR σ 145.5, 127.7, 

125.6, 40.4.  

Sec-BuLi + THF

-78 ºC

Sec-Bu Li Sec-BuBr(1)

(2) Methanol
n n
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PS1.5K: the yield was 90%, GPC gives Mn of 1500 and polydispersity (Mw/Mn) 

of 1.10. 1H NMR (400MHZ; CDCl3): σ 7.50-6.25 (m, 60H), 5.62  (m, 1H), 4.82 

(m, 1H), 2.55-0.85 (m, 22H), 0.80-0.60 (m, 9H). 13C NMR σ 145.6, 127.9, 125.5, 

40.4.  

 

2.2.4 Synthesis of allyl-terminated poly(ethylene glycol) 

 

Scheme 2-3. Synthesis of allyl-terminated poly(ethylene glycol) 

    In a typical synthesis (shown for PEG 1000), Poly (ethylene glycol) (1g, 

1mmol) and THF (5ml) were combined in a 20mL round-bottomed flask, and 

stirred with a magnetic stir bar. Sodium hydride (0.08 g, 3.3mmol, excess) was 

slowly added over a period of 5 min and the resulting mixture was left to stir for 

an additional 1 h. Excess allyl bromide (0.17mL, 2mmol) was added dropwise 

and the reaction was stirred overnight at room temperature. The THF was 

removed from the resulting mixture using a rotary evaporator and the resulting 

material was diluted with water and washed with diethyl ether, and twice with 

dichloromethane. Product can be obtained by removal of organic solvents using 

a rotary evaporator. PEG1K: the yield was 68% GPC gives Mn of 1200, PDI 

1.10. 1H NMR (400MHZ; CDCl3): 5.88 (m, 1H), 5.25 (m, 2H), 3.97 (d, 2H), 

3.63-3.50 (m, 84H), 3.33 (s, 3H). 

PEG 2K: the yield was 79% GPC gives Mn of 2300, PDI 1.08. 1H NMR 

(400MHZ; CDCl3): 5.88 (m, 1H), 5.25 (m, 2H), 3.97 (d, 2H), 3.63-3.50 (m, 

170H), 3.34 (s, 3H). 

 

2.2.5 Synthesis of allyl 3,4,5-tris(octadecyloxy)benzoate 

Me
O

O
OH

n

1) NaH, THF

2) Allyl Bromide Me
O

O
O

n
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Scheme 2-4. Synthesis of allyl 3,4,5-bis(octadecyloxy)benzoate 

2.2.5.1 Synthesis of Methyl 3,4,5-tris(octadecyloxy) benzoate  

    Gallic acid methyl ester (2.76 g, 15 mmol) and 1-bromooctadecane (18.00 g, 

54 mmol) were added to a suspension of potassium carbonate (18.65 g, 135 

mmol) in DMF (75 ml), and then stirred at 90 °C for 48 h. This mixture was 

then poured into cold water, and the resulting suspension was extracted with 

chloroform. Following this, the combined organic phase was washed with water 

and dried by anhydrous magnesium, the desiccating agent then removed by 

filtration and concentrated under reduced pressure. Finally, a column of silica 

gel with chloroform as an eluent was used to purify the crude product, giving a 

yield of 80 % and properties of: 1H NMR (400 MHZ, CDCl3) δ 0.88 (t, 9H, 

3CH3), 1.25 (broad, 84H, OCH2CH2CH2-(CH2)14-CH3), 1.44 (m, 6H, 

OCH2CH2CH2), 1.81 (m, 6H, OCH2CH2), 3.89 (s, 3H, OCH3), 4.00 (t, 6H, 

OCH2), 7.25 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 22.7, 25.7, 

29.4, 31.9, 52.0, 69.3, 73.5, 107.9, 124.7, 142.3, 152.8, 167.0. IR (KBr, cm-1): 

2921, 2849, 1714, 1539, 1507, 1475, 1344, 1232, 1129, 993, 909, 862, 767, 722. 

Elemental analysis: calcd. (%) for C62H116O5, C 79.09; H 12.42. found (%) C 

78.96; H 12.69. 

 

2.2.5.2 Synthesis of 3,4,5-tris(octadecyloxy)benzoyl acid  

OH

OHO

O C18H37Br, K2CO3

DMF,90 ºC,48h

OC18H37

OC18H37O

O

SOCl2

Toluene, 60 ºC,4h

OC18H37

OC18H37Cl

O

NaOH,H2O

THF, refluxing

HCl

50 ºC

OC18H37

OC18H37OH

O

OH TEA

50 ºC, overnight

OC18H37

OC18H37O

O

OH OC18H37 OC18H37

OC18H37 OC18H37
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    To a mixture of methyl 3,4,5-tris(octadecyloxy)benzoate (11.30 g, 12.0 

mmol) and tetrahydrofuran (480 ml) was added a solution of sodium hydroxide 

(4.80 g, 120 mmol) in water (72.0 ml), the resulting mixture being then refluxed 

for 48 h. Concentrated hydrochloric acid (48 ml) was then added, and stirred for 

5 h at 50 °C. The organic phase was then removed by using a separatory funnel, 

and desiccated by anhydrous magnesium sulfate. The final product was obtained 

by removing the THF with a rotary evaporator, thus giving: Yield 92%. 1H 

NMR (400 MHZ, CDCl3) δ 0.89 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, 

OCH2CH2CH2-(CH2)14-CH3), 1.45 (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, 

OCH2CH2), 4.01 (t, 6H, OCH2), 7.21 (s, 2H, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 14.1, 22.8, 26.2, 29.4, 29.5, 31.9, 69.3, 73.6, 108.4, 123.8, 142.9, 

152.8. IR (KBr, cm-1): 2921, 2489, 1690, 1587, 1511, 1471, 1432, 1380, 1335, 

1228, 1125, 1053, 866, 711. Elemental analysis: calcd. (%) for C61H116O5, C 

78.99; H 12.39. found (%) C 78.72; H 12.43. 

 

2.2.5.3 Synthesis of 3,4,5-tris(octadecyloxy)benzoyl chloride  

    To a 300 ml round-bottomed flask containing 3,4,5-tris(octadecyloxy)benzoyl 

acid (9.27 g, 12 mmol) was added 150 ml of toluene and 40 ml thionyl chloride, 

the mixture being then stirred at 80 °C for 24 h. The thionyl chloride and 

toluene were then evaporated under vacuum, any residual being removed by 

subsequent reduced pressure distillation. The raw product was then further 

purified by recrystallization in hexane to give: Yield 86%. 1H NMR (400 MHZ, 

CDCl3) δ 0.90 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, OCH2CH2CH2-(CH2)14-

CH3), 1.44 (m, 6H, OCH2CH2CH2), 1.84 (m, 6H, OCH2CH2), 4.06 (t, 6H, 

OCH2), 7.32 (S, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.2, 22.8, 26.1, 

29.3, 29.6, 32.0, 69.4, 73.8, 110.0, 127.3, 145.3, 152.9, 167.8. IR (KBr, cm-1): 

2960, 2916, 2853, 1754, 1587, 1507, 1468, 1436, 1388, 1335, 1240, 1152, 1125, 
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1025, 973, 876, 862, 806, 767, 715, 694, 607. Elemental analysis: calcd. (%) for 

C61H113ClO4, C 77.45; H 12.04. found (%) C 77.16; H 12.67. 

 

2.2.5.4 Synthesis of allyl 3,4,5-tris(octadecyloxy)benzoate 

    To a solution of 3,4-Tris(octadecyloxy)benzoic chloride (8.0 mmol) in 130 ml 

THF, allylachol (4.646 g, 80 mmol) and triethylamine (1.619 g, 16 mmol) were 

added at room temperature. Then, the mixture was stirred at 50 ℃ for overnight. 

Solvent and unreacted reagents were removed by reduced pressure distillation. 

Hexane was used as the solvent for recrystallization to purify the product 

affording allyl 3,4,5-tis(octadecyloxy)benzoate (yield: 84%) as white solid. 1H 

NMR (400MHZ; CDCl3): σ 7.64 (s, 1H), 7.54 (s, 1H), 6.84 (s, 1H), 6.00 (m, 

1H), 5.36 (b, 2H), 5.25 (b, 2H), 4.78 (b, 2H), 4.02 (m, 4H), 1.81 (m, 4H), 1.46 

(m, 4H), 1.24-1.31 (m, 56H), 0.86 (m, 6H). 13C NMR σ 165.9, 155.0, 149.2, 

132.1, 122.3, 118.2, 111.4, 69.0, 67.0, 31.9, 29.6, 29.3, 25.9, 22.7, 14.1. 

 

2.2.6 Synthesis of DDSQ2-PS 

 

Scheme 2-5. The hydrosilylation reaction of DDSQ 

    DDSQ dimer (0.115 g, 0.048 mmol) and butene-terminated polystyrene 

(0.384 mmol) were added to a Schlenk tube. 1ml toluene and 10 μL Pt(dvs) 

were injected to the tube after degassing and refilling with argon three times. 

After the reaction was stirred at 100℃ for 12 hours, 300 ml methanol was used 

to precipitation. The raw product was purified by using recycling preparative 

HPLC to remove any unreacted butene-terminated polystyrene. DDSQ2-(PS3K) 
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the yield was 65%, GPC gives Mn of 15000 and polydispersity (Mw/Mn) of 1.06. 
1H NMR (400MHZ; CDCl3): σ 7.46-6.28 (m, 690H), 2.32-0.80 (m, 376H), 0.79-

0.60 (m, 36H), 0.20-0.41 (m, 24H). 13C NMR σ 146.2, 134.0, 128.0, 127.6, 

127.4, 40.2, 40.1, 0.3. 

 

2.2.7 Synthesis of DDSQ2-PEG 

    DDSQ dimer (0.115 g, 0.048 mmol) and allyl-terminated poly(ethylene 

glycol) (0.384 mmol) were added to a Schlenk tube. 1ml toluene and 10 μL 

Pt(dvs) were injected to the tube after degassing and refilling with argon three 

times. After the reaction was stirred at 100℃ for 12 hours, 300ml methanol was 

used to precipitation. The raw product was purified by using recycling 

preparative HPLC to remove any unreacted allyl-terminated poly(ethylene 

glycol). 1H NMR (400MHZ; CDCl3): σ 7.31-6.98 (m, 80H), 3.69-3.60 (m, 

680H), 3.37 (s, 12H), 3.16 (t, 8H), 1.84 (m, 8H), 0.14 (m, 24H). 13C NMR σ 

134.0, 127.4, 70.5, 23.1, 13.9, 0.2. 

 

2.2.8 Synthesis of DDSQ2-(C18-3A) 

    DDSQ dimer (0.115 g, 0.048 mmol) and allyl 3,4,5-

tris(octadecyloxy)benzoate (0.384 mmol) were added to a Schlenk tube. 1ml 

toluene and 10 μL Pt(dvs) were injected to the tube after degassing and refilling 

with argon three times. After the reaction was stirred at 100℃ for 12 hours, 

300ml methanol was used to precipitation. The raw product was purified by 

using recycling preparative HPLC to remove any unreacted allyl 3,4,5-

tris(octadecyloxy)benzoate. 1H NMR (400MHZ; CDCl3): σ 7.41-7.00 (m, 80H), 

3.96 (m, 21H), 3.59 (s, 21H), 1.78 (m, 7H), 1,76 (m, 21H), 1.73 (m, 31H), 
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1.43(m, 273H), 0.87(m, 7H), 0.55 (m, 7H), 0.17(m, 21H). 13C NMR σ 134.1, 

127.6, 32.1, 30.4, 29.8, 29.3, 26.1, 22.7, 22.6, 14.3. 

 

2.2.9 Synthesis of DDSQ3-(C18-3A) 

    DDSQ trimer (0.1 g, 0.029 mmol) and allyl 3,4,5-tris(octadecyloxy)benzoate 

(0.232 mmol) were added to a Schlenk tube. 1ml toluene and 10 μL Pt(dvs) 

were injected to the tube after degassing and refilling with argon three times. 

After the reaction was stirred at 100℃ for 12 hours, 300ml methanol was used 

to precipitation. The raw product was purified by using recycling preparative 

HPLC to remove any unreacted allyl 3,4,5-tris(octadecyloxy)benzoate. 1H NMR 

(400MHZ; CDCl3): σ 7.41-7.00 (m, 120H), 3.96 (m, 21H), 3.59 (s, 21H), 1.78 

(m, 7H), 1,76 (m, 21H), 1.73 (m, 31H), 1.43(m, 273H), 0.87(m, 7H), 0.55 (m, 

7H), 0.17(m, 21H). 13C NMR σ 143.7, 143.4, 137.5, 137.0, 41.6, 39.9, 39.3, 

38.9, 35.8, 32.4, 23.9. 

2.3  Results and discussion 

2.3.1 DDSQ2-polystyrene 

    Monodispersity and controllable molecular weight are considered to be 

important for the self-assembled materials with sub-10 nm feature sizes. Thus, 

in here, anionic polymerization was utilized to prepare polystyrene with narrow 

dispersed molecular weight. Also, the feature size of self-assembled 

nanostructure depends on the molecular weight. In order to obtain sub-10 nm 

scale nanostructure, we initially choose PS with molecular weight 3K, 2.3K and 

1.5K as candidates.  

    Thus, in here, butene-termianted polystyrene with different molecular weight, 

namely PS3k, PS2.3K and PS1.5K, were synthesized by anionic polymerization 

and terminated by 4-bromo-1-butene. And then, butene-termianted PS reacted 

with DDSQ dimer via hydrosilylation reaction. 
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Figure 2-2. Molecular structure and GPC traces of DDSQ2-PS3K 

    These obtained DDSQ2-PS samples were purified by washing with hexane to 

remove any unreacted butane-terminated polystyrene. As shown in the GPC 

traces of DDSQ2-PS3K, after washing with hexane, the unreacted butane-

terminated PS could be totally removed. The purified DDSQ2-PS exhibits well-

defined chemical structure with polydispersity index around 1.10 (as shown in 

Figure 2-2 and Table 2-1). The molecular weights of DDSQ2-PS are between 

8,900 and 1,5000. The resulting products are characterized by 1H and 13C NMR. 

Detailed synthesis and characterization results are shown in the experimental 

section.  

Table 2-1. GPC result of DDSQ2-PS 

 Mn Mw PDI 

DDSQ2-PS3K 15000 15900 1.06 

DDSQ2-PS2.3K 10900 12000 1.11 

DDSQ2-PS1.5K 8900 9300 1.04 
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    It is very important to investigate thermal behavior in detail for self-assembly 

study of newly synthetic silsesquioxane-containing oligomers. The thermal 

behaviors of PS3K and DDSQ2-PS3K were measured via DSC at a heating rate 

of 10 ºC/min. Prior to measurement; each sample was cooled from isotopic state 

to ambient at the rate of 10 ºC/min in order to erase any thermal history. The 

DSC curves of PS3K and DDSQ2-PS3K are shown in Figure 2-3.  

 

Figure 2-3. DSC curve of DDSQ2-PS3K 

    From the DSC results, we could find glass transition temperature at 71 ºC for 

PS3K and 87 ºC for DDSQ2-PS3K. While, there is no melting temperature 

could be observed from the heating process. This result suggests the DDSQ2-

PS3K exhibit amphorous structure, which is determined by the atactic 

polystyrene. On the other side, compare with PS3K, we could easily find the Tg 

of DDSQ2-PS3K is significantly improved. A reasonable explanation may lies 

on the more PS segments were incorporated and thus lead to increased 
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molecular weight. While, on the other side, the rigid structure of DDSQ could 

retard the segment movement during the heating process. 23  

 

Figure 2-4. SAXS profile (a) and TEM image (b) of DDSQ2-PS3K 

    In order to investigate the self-assembled structure of DDSQ2-PS3K, SAXS 

and TEM was employed. However, as shown in Figure 2-4, there is no obvious 

diffraction peak appears on the SAXS profile of DDSQ2-PS3K . It suggests 

microphase structure was not formed in the bulk sample of DDSQ2-PS3K. In 

the TEM image of DDSQ2-PS3K, there is no nanostructure could be found. 

Additionally, similar results are also observed from other DDSQ-PS samples. A 

possible explanation may lies on the repulsive force between PS segment and 

DDSQ is insufficient to form microphase separation structure due to the 

chemical structure similarity of polystyrene and the side group of double-decker 

silsesquioxane. To obtain microphase nanostructure and periodic structure, 

poly(ethylene glycol) was incorporated to form amphiphilic chemical structure 

in the following section. 

 

2.3.2 DDSQ2-poly(ethylene glycol) 
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Poly(ethylene glycol) exhibits hydrophilic property and crystalline structure 

which may favor the DDSQ2-PEG form microphase periodic structure. On the 

other side, as we mentioned above, molecular weight is important for the feature 

size of self-assembled structure. Thus, two commercial available polyethylene 

glycol monomethyl ethers, PEG1K and PEG2K, were utilized as starting 

materials for this research.  

 

Figure 2-5. GPC traces of DDSQ2-PEG 

    Allyl-terminated PEG was synthesized via Williamson reaction and purified 

by recrystallization from cold ether. Next, allyl-terminated PEG with different 

molecular weight (Mn) was incoropated into DDSQ by hydrosilylation reaction. 

The resulting product was purified by recycling preparative size exclusion 

chromatography (SEC) to remove any unreacted allyl-terminated PEG. As 

shown in Figure 2-5 and Table 2-2, the purified DDSQ2-PS exhibits well-

defined chemical structure with polydispersity index below 1.10. The resulting 
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products were characterized by 1H and 13C NMR. Detailed synthesis and 

characterization results are shown in the experimental section.  

Table 2-2. GPC result of DDSQ2-PEG 

 Mn Mw PDI 

DDSQ2-PEG2K 9800 10300 1.08 

DDSQ2-PEG1K 6000 6500 1.05 

 

    Differential scanning calorimetry (DSC) and polarized optical microscopy 

(POM) equipped with a hot stage were employed to investigate the thermal 

property of DDSQ2-PEG.  As shown in Figure , DDSQ2-PEG2K exhibits a 

sharp endothermal peak at 46 ºC. By combining with POM (shown in Figure 2-

6), it could be confirmed that 46 ºC is the melting temperature of DDSQ2-

PEG2K.While, DDSQ2-PEG1K exhibit a melting temperature at 28 ºC which is 

close to room temperature and therefore limit its application in nanofabrication 

materials. 

    A sample was prepared by slowly evaporation from the solution in 

chloroform. An obvious microphase separation can be observed from the SAXS 

profile of DDSQ2-PEG2K since the incorporating hydrophilic segment.  And 

the d-spacing of this sample is 16.4 nm. In addition, after treated with thermal 

annealing (46 ºC for 5 hours), the value of first order d-spacing become 14.3 nm 

may due to a better crystalline structure could be formed during this annealing 

process. Furthermore, since the poly(ethylene glycol) segment is sensitive to the 

moisture of the air, it still a challenge to get the TEM image of DDSQ2-PEG. 

Therefore, we could not find evidence to prove DDSQ2-PEG2K could form 

periodic structure currently.  
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Figure 2-6. DSC curve and POM image of DDSQ2-PEG2K 

 

    However, the driving force of self-assembly of DDSQ2-PEG2K is not so 

satisfactory to get well-defined structure which highly ordered structure 

supposed to be appeared in the SAXS profiles.   Meanwhile, the feature size at 

14.3 nm fails to meet the requirement of sub-10 nm lithography. Furthermore, 

DDSQ2-PEG1K exhibit a melting temperature at 28 ºC which is close to the 

room temperature that makes it is inapporatiate to be used as nanofabrication 

materials. 
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Figure 2-7. SAXS profiles of DDSQ2-PEG2K 
 

    To further shrink the feature size and get well-defined periodic nanopatterns, 

self-assembling structure, a wedge-shaped building block, was used as a 

building block to incorporated into the double-decker silsequioxane structure to 

fulfillment our target. Thus, in the following sections, alkylated double-decker 

silsesquioxanes were synthesized and the self-assembly structure were 

investigated.  

 

2.3.3 DDSQ2-(C18-3A) 

    Alkylated DDSQ dimer, DDSQ2-(C18-3A), exhibits hydrophobic 

amphiphilic structure which endows it strong driving force to form self-

aggregation nanostructure with long-range order. In addition, according to the 
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simulation result obtained by Spartan software, the molecular size of allyl 3,4,5-

tris(octadecyloxy)benzoate in the extended conformation is around 2.3 nm. 

Thus, alkylated DDSQ exhibits a smaller molecular size and is expected to form 

sub-10 nm scale periodic structure. 

    In order to form microphase nanostructures, branched alkyl chains were 

considered as an alternative to replace polystyrene and polyethylene glycol. 

Allyl 3,4,5-tris(octadecyloxy)benzoate was synthesized as described in the 

experimental section. Next, this wedge-shape building block was incorporated 

into DDSQ via hydrosilylation reaction and the obtained product was carefully 

purified by recycling preparative HPLC. 

 

Figure 2-8. Molecular structure and GPC trace of DDSQ2-(C18-3A) 

    The obtained product was characterized by 1H NMR ,13C NMR and GPC. 

Detailed characterization results are shown in the experimental section. A 
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narrow dispersed peak with Mn at 6,200 and a PDI value of 1.03 could be seen 

in the GPC trace of DDSQ2-(C18-3A).  

 

 

Figure 2-9. DSC curve and POM images of DDSQ2-(C18-3A) 

 

    Differential scanning calorimetry (DSC) and polarized optical microscopy 

(POM) equipped with a hot stage were employed to investigate the thermal 

property of DDSQ2-(C18-3A). The DSC thermogram shown in Figure 1 clearly 

exhibits two exothermic peaks at 46 and 61 °C during cooling, with three 

endothermic processes occurring at 54, 78 and 99 °C during heating. The POM 

image (refer to Figure 2-9) shows an optical texture of liquid crystal. A melting 

process could be clearly observed when the temperature was heated above 99 ºC. 

Thus, 99 ºC could be denoted as its melting temperature. 

    To investigate the self-assembly of DDSQ2-(C18-3A) in the bulk state,  

SAXS and TEM were utilized to investigate the self-assembly behavior of 
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solvent evaporation induced self-assembly (EISA) sample and thermally 

annealed sample. 

 

Figure 2-10. SAXS profile of DDSQ2-(C18-3A) (a) EISA sample and (b) the 
sample treated by thermal annealing 
     

    The EISA sample was prepared by slowly evaporation from chloroform. As 

shown in Figure 2-10, the SAXS pattern of DDSQ2-(C18-3A) shows two series 

of well-defined diffraction peaks with ratio 1:2:3. It suggests hierarchical 

nanostructures exist in the EISA sample of DDSQ2-(C18-3A). The first order d-

spacings of these two series diffraction peaks are 13.9 nm and 11.4 nm, 

respectively. Figure 2-11 shows well-organized lamellar patterns consisting of 

alternating arranged bright and dark streaks. Interestingly, sublayer structures 

could be easily observed from the TEM image (a), (b) and (c). The periodicity 

of self-assembled structure coincides with the value calculated from SAXS 

profiles.  
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Figure 2-11. (a), (b), and (c) TEM images of DDSQ2-(C18-3A) obtained by 
slowly evaporation from chloroform and stained with RuO4; (d) TEM image of 
thermally annealed sample stained with  RuO4. 
 
    Thermally annealed sample was prepared according to the following process: 

(1) heat the sample from 30 ºC to 120 ºC at the rate of 10 ºC/min; (2) decrease 

the temperature from 120 ºC to 55 ºC; (3) hold at 55 ºC for 5 h; (4) decrease the 

temperature from 55 ºC to 30 ºC at the rate of 10 ºC/min. Additionally, this 

sample was treated with thermal annealing according to the aforementioned 

method. For block copolymers, thermal annealing is widely used to get well-

defined self-assembly structure by the rearrangement of the segment. However, 

after thermal annealing, highly ordered structure disappeared on the SAXS 

profile. The d-spacing of the thermal annealing sample is 5. 2 nm. Meanwhile, 

the sublayer structures disappeared in the TEM images. It suggested the 

sublayer structure formed in the sample prepared by EISA method is 
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thermodynamic metastable.  The proposed self-assembled model to this 

extraordinary hierarchical structure will be discussed in the following sections.  

 

2.3.4 DDSQ3-(C18-3A) 

    In order to further investigate the self-assembly structure of alkylated DDSQ, 

DDSQ3-(C18-3A), was synthesized by incorporate wedge-shaped building 

block, 3,4,5-tris(octadecyloxy)benzyl, into DDSQ trimer. Recycling preparative 

SEC was utilized to remove any unreacted 3,4,5-tris(octadecyloxy)benzyl. The 

synthesis, thermal behavior and self-assembled structure will be discussed in 

this section.  

 

Figure 2-12. Molecular structure and GPC trace of DDSQ3-(C18-3A) 
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    The obtained product, DDSQ3-(C18-3A),  was characterized by 1H NMR ,13C 

NMR and GPC. Detailed characterization results are shown in the experimental 

section. As shown in Figure, a narrow dispersed peak with Mn at 7,400 and a 

PDI value of 1.03 could be seen in the GPC trace of DDSQ3-(C18-3A).  

 

Figure 2-13.  DSC curve and POM image of DDSQ3-(C18-3A) 

 

    Differential scanning calorimetry (DSC) and polarized optical microscopy 

(POM) equipped with a hot stage were employed to investigate the thermal 

property of DDSQ3-(C18-3A). The DSC thermogram shown in Figure 1 clearly 

exhibits two exothermic peaks at 52 and 181 °C during cooling, with three 

endothermic processes occurring at 57, 83 and 197 °C during heating. The POM 

image (refer to Figure ) shows an optical texture of liquid crystal. A melting 

process could be clearly observed when the temperature was heated above 197 

ºC. Thus, 197 ºC could be denoted as its melting temperature. 
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Figure 2-14. SAXS profile of DDSQ2-(C18-3A) 

 

    The sample for SAXS and TEM measurement is prepared by EISA method, 

which was conducted by slowly evaporation from chloroform. 1D and 2D 

SAXS were employed to study the self-assembly structure of the bulk sample. 

The scattering vector ratio of 1:2:3:4 is shown in the Figure, suggesting the 

formation of well-defined lamellar structure. The first order d-spacing with a 

value of 14.4 nm.  

    To further analysis the SAXS profile, TEM was employed to investigate the 

self-assembly structure.  As it was shown in Figure , well-defined lamellar 

pattern with extraordinary sublayers can be clearly observed from TEM 
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micrographs at hundreds of nanometers area. In addition, TEM images match 

the d-spacings of first peaks of SAXS profile very well. Surprisingly, the width 

of the white line is just around 1 nm. As far as the authors know, these well-

defined nanopatterns at 1-2 nm has never been reported.  
 

 

Figure 2-15. TEM images of DDSQ3-(C18-3A) with RuO4 staining and without 
staining 
 

    TEM was utilized to confirm the morphology of bulk sample, well-defined 

lamellar structure with sublayers can be observed at several hundreds scale. As 

we mentioned above, similar sublayer structure were clearly observed in the 

TEM image of DDSQ2-(C18-3A). The d-spacing is in excellent agreement with 

the SAXS result. Furthermore, white line with multiple width between 0.8~1.4 

nm. Additionally, TEM micrographs of sample without oxidization as shown in 
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Fig. 2-15(C), domains of POSS cores are black in the TEM images since its 

higher electronic density than alky chains.  

 

2.3.5 Self-assembled model for alkylated DDSQ 

 

Figure 2-16. Illustration of mechanism for the growth of hierarchical 
nanostructure of DDSQ2-(C18-3A) via solvent evaporation induced self-
assembly. 
 
 
    On the basis of the analysis above, a hierarchical model has been proposed to 

help the understanding of the possible self-assembled nanostructure. As shown 

in Figure 2-16, the primary structure is DDSQ2-(C18-3A). At the early stage of 

evaporation, the molecules form a single crystal, which can be viewed as the 

secondary structure of alkylated DDSQ assembly. With the evaporation 

proceeding, lamellar block will be generated by the self-assembly of the single 

crystal. At this stage, alkylated DDSQ single crystal will not be arranged in a 

interdigitation of the alkyl chain arms due to the asymmetric molecular structure 

of DDSQ2-(C18-3A), that is the tertiary structure of alkylated DDSQ. At the 
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last stage, the lamellar blocks start to stack on each other as driven by 

continuous evaporation and hydrophobic-hydrophobic interaction. Stacking 

fault is formed to get dense packing since it could overcome the free volume 

formed in the tertiary structure. Thus, a metastable self-assembled structure is 

formed during the solvent evaporation induced self-assembly. These stacking 

fault model is proposed based on the following evidences: (1) the periodicity of 

the self-assembly structure is larger than the molecular size; (2) alternating 

fringes with various width exists in the TEM images; (3) the shape and 

conformational rigidity of alkylated DDSQ may favor this stacking fault model. 

 

Figure 2-17. STEM image of DDSQ2-(C18-3A) 

    Furthermore, STEM was employed to investigate the self-assembled structure 

of DDSQ2-(C18-3A). As indicated in Figure 2-17, simple lamellar structure are 

clearly shown. This STEM image strongly supports the proposed hierarchical 

self-assembled model. TEM was limited by transimission voltage and thus only 

partial molecular arrangement information could be obtained. The sublayer 
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structures shown in the TEM images could be contributed to the stacking fault 

formed in the quaternary structure. 
 

 

Figure 2-18. Illustration of the thermal annealing process and the corresponding 
self-assembled structures. 
 

    After thermal annealing, the long alkyl chains tend to interdigitate with the 

neighboring alkylated DDSQs, as indicated in Figure 2-18. Compare with EISA 

self-assembled structure, the nanostructure obtained by thermal annealing is 

more thermodynamic stable. However, as shown in Figure 2-15 (C), limited by 

the asymmetric and rigid molecular structure, cracked appears in the self-

assembled structure of this thermally annealed samples. 

 

2.4  Conclusion 
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    In this chapter, a series of DDSQ-containing oligomers, DDSQ2-PS, DDSQ2-

PEG, DDSQ2-(C18-3A) and DDSQ3-(C18-3A) were synthesized and their 

thermal behavior as well as self-assembled behaviors were investigated. Result 

shows that the incorporated segments have a significant influence on the self-

assembled structures of DDSQ-containing oligomers.  DDSQ2-PEG exhibit 

microphase structure but due to the limited repulsive forces between DDSQ and 

PEG. DDSQ2-(C18-3A) and DDSQ3-(C18-3A) could form well-organized 

lamellar structure with feature sizes at 10 nm scale. Moreover, extraordinary 

hierarchical structure exists in the samples of DDSQ2-(C18-3A) and DDSQ3-

(C18-3A) which were prepared by solvent evaporation induced self-assembly 

method. A molecular packing model for DDSQ2-(C18-3A) and DDSQ3-(C18-

3A) was proposed to explain these sublayer structures. Considering the demand 

of microelectronic industry, this branched alkylated DDSQ may serve as an 

excellent candidate for the next generation fabricating materials. 
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Chapter 3 
Alkylated Cage Silsesquioxane Forming a Long-
Range Straight Ordered Hierarchical Lamellar 
Nanostructure 
 
 
3.1  Introduction 

    It is well-known that a range of amphiphilic molecules and oligomers of low 

molecular weight can form self-assembled supramolecular structures with a 

long-range order at scales typically less than 10 nm.1 Furthermore, phase-

segregated layered,2 columnar,3 cubic or other complex structures4 of crystals or 

liquid crystals, in which two or more incompatible molecular segments undergo 

microphase segregation, are similar in morphology at nanometer scales to self-

assembled BCP structures. The notable difference is that in the case of the 

former, the length of the self-aggregated domains is larger.1 They also typically 

lack the interdomain dry etching contrast required for lithography, as unlike 

BCP, their molecular structure is not designed for this purpose. This therefore 

creates a need for new materials that not only exhibit a well-defined sub-10 nm 

nanostructure, but are also expressly designed for lithographic fabrication 

processes. 

    To this end, we have explored a new approach for the fabrication and feature 

size reduction of self-assembled nanostructures. The basis of these new 

materials is a combination of the phase-segregation behavior of small 

molecules, and exploiting differences in their resistance to dry etching by 

reactive ions. Thus, by incorporating POSS with a strong etch resistance to 

oxygen plasma into the self-assembly of small molecules, the formation of 
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nanoscale periodic structures can be induced. In this way, polystyrene,5,6 

polypeptides,7,8 liquid crystalline mesogenic groups,9-12 and other building blocks 

22-23 have all been employed to form POSS-containing self-assembled structures 

with sizes <10 nm, and various experimental techniques have been developed in 

the course of investigating these structures in great detail. Nevertheless, 

functionalizing the building blocks with an “alkyl chain” has proven to be the 

most commonly used strategy in achieving a molecular design with desirable 

properties;2,15-20 this approach offers the advantage of allowing the length, 

number, type, and position of the substituted alkyl chains to be easily altered.16 

More recently, a homologous series of n-alkyl-substituted POSS derivatives 

based on T8(CnH2n+1)8 (where n = 2–18) were synthesized in order to obtain a 

clearer understanding of their crystalline packing and thermal behavior through 

analysis by single crystal X-ray diffraction (XRD).17 In addition, Bassindale et 

al. 28 have utilized X-ray scattering and differential scanning calorimetry (DSC) 

to compare the packing and thermal behavior of T8R8 and Q8R8, where R is 

octadecyl (C18H37). Their results have shown in great detail that differences in 

the primary chemical structure have a significant influence on the crystal 

structure and packing behavior of the self-assembled structure; however, they 

have mostly focused on simultaneous multisite functionalized POSS. To the 

best of our knowledge, there have been few reports thus far pertaining to the 

self-assembled structure and morphology of mono-substituted alkylated cage 

silsesquioxane, which is considered a possible candidate for use in lithographic 

fabrication. 

    In the previous chapter, we investigated the self-assembly structures of 

DDSQ2-PS, DDSQ2-PEG and alkylated DDSQs. However, the chemical 

structures of these DDSQ-containing oligomers are not precisely defined. Thus,  

in this chapter, we therefore describe the synthesis and characterization of a 
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newly designed POSS derivative (1), which consists of cage silsesquioxane 

(POSS) in conjunction with alkyl chains of different phases. The intermolecular 

interaction created between the POSS molecules, and the van der Waals 

attraction between alkyl chains, is designed to allow the formation of phase-

segregated structures with a d-spacing of around 5 nm. Moreover, the self-

assembly of the long alkyl chains is vital to the formation of a self-assembled 

alkylated cage silsesquioxane nanostructure, the process is intended to allow 

control over their long-range order.  

3.2  Materials and methods 

    Aminopropylisobutyl POSS was purchased from Hybrid Plastics. All other 

reagents used were purchased from Tokyo Chemical Industry (TCI), Sigma 

Aldrich or Wako, and were used without further purification.  

    Recycling preparative size exclusion chromatography (SEC) was performed 

using JAIGEL 2H and 3H columns on a JAL model LC-9204 high-performance 

liquid chromatograph (HPLC) equipped with a UV/VIS detector (UV-3740) and 

RI detector (RI-50S). Nuclear magnetic resonance (NMR) spectra recorded 

using a JEOL 400 MHz with chloroform-d as the solvent; a 1H: 7.26 solvent 

signal was used as an internal standard for all chemical shifts. Similarly, for the 
13C NMR spectra, a signal consistent with chloroform-d (77.2 ppm) was used as 

an internal reference. IR spectra were recorded on a JASCO FT/IR-4100 plus 

spectrophotometer. Matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectra were recorded on a Shimadzu AXIMA-

performance mass spectrometer equipped with a nitrogen laser (λ = 337 nm) and 

pulsed ion extraction, which was operated in a linear-positive ion mode at an 

accelerating potential of 20 kV. Tetrahydrofuran (THF) solutions containing 1 

g/L of sample, 10 g/L of dithranol, and 1 g/L of sodium trifluoroacetate were 

mixed to a ratio of 1:1:1; a 1 µL aliquot of this mixture was deposited onto a 
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sample target plate. Elemental analysis was performed using a Perkin Elmer 

2400 Series II CHNS/O Analyzer. The thermal properties and mesophase 

structure of alkylated POSS 1 was evaluated at a heating rate of 10 °C /min 

under a nitrogen flow by a Seiko DSC 7020 differential scanning calorimeter 

(DSC); the transition temperature values were determined from the second 

heating and cooling scan. Microscopic observation of thermal events was also 

conducted using an Olympus BH-2 polarized optical microscope equipped with 

a Mettler FP82HT hot-stage system. To determine the temperature-dependent 

aggregation of the alkylated POSS, wide-angle X-ray scattering (WAXS) 

patterns were obtained using an imaging plate (IP) film and IP detector (R-

AXIS, DS3C, Rigaku Co.). These IP films were attached to a Bruker AXS K.K 

X-ray generator (Cu Kα, wavelength = 0.154 nm) operated at 50 kV and 100 

mA. The sample was exposed to the X-ray beam for 15 min, with a sample-to-

film distance of 109 mm. The resulting WAXS pattern was used to determine 

the d-spacing using specialized software for data analysis (RIGAKU R-AXIS, 

Rigaku Co.). Bright field transmission electron microscope (TEM) images of 

the sample structure were also obtained using a Hitachi H7650 Zero A under an 

80 KV accelerating voltage. Bulk samples were prepared for TEM analysis by 

first being pasted onto epoxy resin for handling, then microtomed (Reichert-

Jung Ultracut E) by a DiATOME diamond knife at room temperature to a preset 

thickness of 70 nm. The sections produced were then placed onto TEM grids 

and stained by ruthenium oxide for observation. 

 

3.3  Experimental section 
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Scheme 3-1. Synthesis of 1, a POSS that incorporates three octadecyloxy 
aliphatic chains. 

3.3.1 Synthesis of Methyl 3,4,5-tris(octadecyloxy) benzoate (1a) 

    Gallic acid methyl ester (2.76 g, 15 mmol) and 1-bromooctadecane (18.00 g, 

54 mmol) were added to a suspension of potassium carbonate (18.65 g, 135 

mmol) in DMF (75 ml), and then stirred at 90 °C for 48 h. This mixture was 

then poured into cold water, and the resulting suspension was extracted with 

chloroform. Following this, the combined organic phase was washed with water 

and dried by anhydrous magnesium, the desiccating agent then removed by 

filtration and concentrated under reduced pressure. Finally, a column of silica 

gel with chloroform as an eluent was used to purify the crude product, giving a 

yield of 80 % and properties of: 1H NMR (400 MHZ, CDCl3) δ 0.88 (t, 9H, 

3CH3), 1.25 (broad, 84H, OCH2CH2CH2-(CH2)14-CH3), 1.44 (m, 6H, 

OCH2CH2CH2), 1.81 (m, 6H, OCH2CH2), 3.89 (s, 3H, OCH3), 4.00 (t, 6H, 

OCH2), 7.25 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 22.7, 25.7, 
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29.4, 31.9, 52.0, 69.3, 73.5, 107.9, 124.7, 142.3, 152.8, 167.0. IR (KBr, cm-1): 

2921, 2849, 1714, 1539, 1507, 1475, 1344, 1232, 1129, 993, 909, 862, 767, 722. 

Elemental analysis: calcd. (%) for C62H116O5, C 79.09; H 12.42. found (%) C 

78.96; H 12.69. 

 

3.3.2 Synthesis of 3,4,5-tris(octadecyloxy)benzoyl acid (1b) 

    To a mixture of methyl 3,4,5-tris(octadecyloxy)benzoate (11.30 g, 12.0 

mmol) and tetrahydrofuran (480 ml) was added a solution of sodium hydroxide 

(4.80 g, 120 mmol) in water (72.0 ml), the resulting mixture being then refluxed 

for 48 h. Concentrated hydrochloric acid (48 ml) was then added, and stirred for 

5 h at 50 °C. The organic phase was then removed by using a separatory funnel, 

and desiccated by anhydrous magnesium sulfate. The final product was obtained 

by removing the THF with a rotary evaporator, thus giving: Yield 92%. 1H 

NMR (400 MHZ, CDCl3) δ 0.89 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, 

OCH2CH2CH2-(CH2)14-CH3), 1.45 (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, 

OCH2CH2), 4.01 (t, 6H, OCH2), 7.21 (s, 2H, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 14.1, 22.8, 26.2, 29.4, 29.5, 31.9, 69.3, 73.6, 108.4, 123.8, 142.9, 

152.8. IR (KBr, cm-1): 2921, 2489, 1690, 1587, 1511, 1471, 1432, 1380, 1335, 

1228, 1125, 1053, 866, 711. Elemental analysis: calcd. (%) for C61H116O5, C 

78.99; H 12.39. found (%) C 78.72; H 12.43. 

 

3.3.3 Synthesis of 3,4,5-tris(octadecyloxy)benzoyl chloride (1c) 

    To a 300 ml round-bottomed flask containing 3,4,5-tris(octadecyloxy)benzoyl 

acid (9.27 g, 12 mmol) was added 150 ml of toluene and 40 ml thionyl chloride, 

the mixture being then stirred at 80 °C for 24 h. The thionyl chloride and 

toluene were then evaporated under vacuum, any residual being removed by 



 
	
  
	
  

 

	
  
	
  

62 

subsequent reduced pressure distillation. The raw product was then further 

purified by recrystallization in hexane to give: Yield 86%. 1H NMR (400 MHZ, 

CDCl3) δ 0.90 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, OCH2CH2CH2-(CH2)14-

CH3), 1.44 (m, 6H, OCH2CH2CH2), 1.84 (m, 6H, OCH2CH2), 4.06 (t, 6H, 

OCH2), 7.32 (S, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.2, 22.8, 26.1, 

29.3, 29.6, 32.0, 69.4, 73.8, 110.0, 127.3, 145.3, 152.9, 167.8. IR (KBr, cm-1): 

2960, 2916, 2853, 1754, 1587, 1507, 1468, 1436, 1388, 1335, 1240, 1152, 1125, 

1025, 973, 876, 862, 806, 767, 715, 694, 607. Elemental analysis: calcd. (%) for 

C61H113ClO4, C 77.45; H 12.04. found (%) C 77.16; H 12.67. 

 

3.3.4 Synthesis of alkylated POSS (1) 

    To a 20 ml round-bottomed flask containing 0.26 g (0.3 mmol) of 

aminopropylisobutyl POSS, 0.34 g (0.36 mmol) of 3,4,5-

tris(octadecyloxy)benzoic chloride and 10 ml of dichloromethane was added 0.5 

ml of triethylamine, the mixture being then stirred at room temperature for 3 h. 

Following this, 10 ml of deionized water was added to remove the triethylamine 

hydrochloride, and the organic phase was removed by a separatory funnel and 

dried by anhydrous MgSO4. A rotary evaporator was used to produce a raw 

product by removing the THF, the final product being prepared through 

subsequent recycling preparative HPLC and recrystallization. Yield: 65%. 1H 

NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, Si-CH2), 0.86 (broad, 11H, 

overlapped, SiCH2CH2 and CH2CH3), 0.93 (b, 42H, CH(CH3)2), 1.24-1.28 

(board, 84H, OCH2CH2CH2-(CH2)14-CH3), 1.44 (m, 6H, OCH2CH2CH2), 1.78 

(broad, 13H, overlapped, OCH2CH2 and SiCH2CH(CH3)2), 3.39 (m, 1H, 

SiCH2CH2NH), 3.97 (m, 6H, OCH2), 6.91 (s, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 9.7, 14.1, 22.9, 25.7, 29.7, 32.1, 69.4, 73.6, 105.7, 130.1, 141.1, 153.1, 

167.5. IR (KBr, cm-1): 2952, 2924, 2849, 1634, 1587, 1542, 1471, 1427, 1335, 
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1236, 1112, 841, 742, 567, 484. MALDI-TOF MS m/z calc for C92H184NO16Si8 

[M+H+] 1784.45; found 1784.67. Elemental analysis: calcd. (%) for 

C92H183NO16Si8, C 61.93; H 10.36; N 0.78. found (%) C 61.70; H 10.69; N 0.76. 

 

3.4  Results and discussion 

3.4.1 Thermal behavior  

    On the assumption that molecular design is the most critical factor in the 

creation of self-assembled periodic structures from small molecules, an initial 

attempt was made to synthesize a simple alkylated POSS of molecule of 1 

(consisting of three octadecyl chains and POSS with isobutyl group at silicon 

atoms) to clarify the effect of primary structure on self-assembly. For this proof 

of concept, 3,4,5-tris(octadecyloxy)benzoyl chloride was synthesized by a three-

step reaction, as shown in Scheme 3-1, and then purified by recrystallization. 

This wedge-shaped building block was subsequently incorporated into a POSS 

with an amino propyl group by an amidation reaction (Scheme 3-1). The 

chemical structure of the resulting product was characterized by IR, 1H, 13C 

NMR spectroscopy and elemental analysis. Furthermore, the conclusive 

spectroscopic evidence for successful preparation of the target POSS derivatives 

was provided by matrix assisted laser desorption time-of-flight mass 

spectrometry (MALDI-TOF-MS). Detailed synthesis and characterization 

procedures are shown in the experimental section.  
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Figure 3-1. DSC thermogram of 1. 

    Differential scanning calorimetry (DSC) and polarized optical microscopy 

(POM) equipped with a hot stage were employed to investigate the thermal 

property and mesophase structure of alkylated POSS 1. The DSC thermogram 

shown in Figure 3-1 clearly exhibits two exothermic peaks at 70 and 116 °C 

during cooling, with two endothermic processes occurring at 89 and 133 °C 

during heating. When considered in conjunction with the small pre-transition 

peaks at approximately 68 and 80 °C, this phase-transition behaviour can be 

attributed to the rotation of the long alkyl chains.15 This is supported by the 

POM image in Figure 3-2, which shows the presence of a spherulite at room 

temperature that gradually disappears during heating; its characteristic Maltese 

cross completely disappears by 89 °C. These two different phase regions are 

hereafter referred to as a high-temperature Phase I, and a low-temperature Phase 

II, as indicated in Figure 1. Furthermore, given that there is some evidence of 
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birefringence in all of the POM images taken at temperatures less than 133 °C, 

it is clear that this represents the melting point of the material. 

	
  
Figure 3-2. POM images of alkylated POSS 1 under different temperature. 

    Although DSC experiments are sensitive to heat absorption and release 

events, this technique does not provide direct information regarding structural 

changes. As such, the DSC results were combined with temperature-dependent 

wide angle X-ray scattering to more accurately identify the structural evolution, 

as shown in Figure 3-3. In this, the diffraction peak at 21.6 ° (0.42 nm) that is 

assigned to the packed interchain distance of ordered alkyl chains21 can be seen 

to broaden and shift to a lower angle with an increase in temperature from 25 to 

89 °C. The very minor enthalpy transition on heating at 68 and 80 °C is 

attributed to the rotation or minor structural reordering of long alkyl chains ends 

that are not tethered to POSS cages.14 In turn, this rotation or chain translation 

leads to minor structural disordering in the chains when they are packed 

together.14 The major endothermic peak that appears at 89 °C can be described 

as a solid-solid mesophase transition, and is attributed to the melting of long 

chains. In the small angle region, the rough baseline that appears between 2° 

and 4° when the sample is heated to between 89 and 100 °C is believed to result 

from chain ends starting to melt. This causes the molecules to take on an 

orientational or conformational degree of freedom, and thus eventually leads to 

a non-uniform packing of cage silsesquioxane. Furthermore, as the temperature 
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is further increased beyond the melting point of 133 °C, the amorphous halo that 

appears in the low angle area may correspond to the average periodicity of 

electron density fluctuations between the microphase-separated cage 

silsesquioxane and alkyl chains. 

	
  

Figure 3-3. Temperature-dependent WAXS profiles of alkylated POSS 1 at (A) 
25, (B) 72, (C) 89, (D) 100, and (E) 150 °C. 
 

3.4.2 Self-assembled structure 

    To evaluate the self-assembled structure of Phase I, the thermal history of a 

sample was first erased at 155 °C for 2 h. After reducing the temperature to 100 

°C at a rate of 0.1 °C min-1, it was held for 2 h to induce isothermal 

crystallization, and then quenched in liquid nitrogen. The XRD spectrum 

obtained from this sample (Figure 3-4a) exhibits a broad peak with a d-spacing 

of 5.7 nm, which is presumably caused by a non-uniform molecular 

arrangement within its structure. The amorphous halo at 2θ = 18.8° (0.47 nm) is 
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attributed to the average distance between amorphous chains at high 

temperature.21 From the TEM image of this Phase I sample shown in Figure 3-

4b, its curved lamellar structure can be clearly observed. In the corresponding 

FFT pattern (Figure 3-4c), two fine dots (2) and two crescent-shaped arcs (3) are 

clearly discernible. These dots correspond to a fine structure existing within the 

lamellar structure, whereas the wide arcs indicate a change in packing 

orientation, which indicates that the arrangement of POSS blocks within the 

POSS-containing layer is not uniform at high temperature.21 

 

Figure 3-4. (a) XRD pattern obtained at 100 °C. (b) Bright-field TEM image 
showing the lamellar structure obtained from a thin film of alkylated POSS 
prepared by quenching a POSS sample at 100 °C. (c) FFT pattern corresponding 
to b. (d) Hypothetical model describing the self-assembled structure in which 
blue segments represent cage silsesquioxanes and long alkyl chains are depicted 
as green parts.  
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    A Phase II sample was obtained by slowly reducing the temperature from 155 

to 30 °C at a rate of 0.1 °C/min, the XRD pattern obtained from this (Figure 3-

5a) exhibiting well-defined diffraction peaks with a ratio of 1:3:4:5. This 

strongly suggests a lamellar structure with a d-spacing value of 5.3 nm, which is 

confirmed in Figure 3-5b as an alternating pattern of bright and dark streaks 

corresponding to POSS molecules and long alkyl chain domains, respectively. 

Furthermore, the length of this long-range ordered structure formed within a 

single grain is around 200 nm. Figure 3-5c shows the corresponding fast Fourier 

transform (FFT) pattern for this structure, in which sharp dots and a wide halo 

can be seen as one moves outwards from the centre. This wide halo is thought to 

be caused by instrument undulation at high magnification;13 however, the highly 

ordered spots suggest that the lamellar arrangement retains a high degree of 

periodicity.21  

 

Figure 3-5. (a) XRD pattern obtained from a thin film of the alkylated POSS 
prepared by the decreasing temperature from 155 °C to 30 °C at a rate of 0.1 
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°C/min. (b) A bright-field TEM image showing a lamellar structure. (c) FFT 
pattern corresponding to b. (d) Magnified TEM image in which sublayer 
structure can be clearly observed. 

     A sub-nanometer-scale sublayer structure is also evident in the TEM image 

shown in Figure 5d, for which two self-assembled models are proposed on the 

basis of temperature. Since the interlayer distance identified by WAXS and 

TEM analysis is significantly lower than twice the molecular size, a bilayered 

self-assembly model is proposed. Thus, at a low temperature, it is believed that 

a well-defined nanostructure is formed; the ~2.0 nm width of the bright domain 

being in good agreement with the length of the long alkyl chain obtained from 

simulations. This suggests that the alkyl chains of neighbouring layers penetrate 

each other and/or tilt within the lamellar structure,15 while within the POSS-

containing layer, the silsesquioxane cages are arranged in a highly organized 

fashion with a ~3.3 nm periodicity and a “head-to-head” bilayered structure 

(shown in Figure 3-5d and 3-6). This sublayer structure can be attributed to the 

highly regular packing of isobutyl groups in the cage silsesquioxanes. In 

contrast, a trans to gauche conformational change takes place at elevated 

temperatures11 that results in an increase in the layer length of the alkylated 

chain, and in turn leads to the molecules adopting orientational or 

conformational degrees of freedom. This also causes the distance between 

POSS-containing layers to shrink to ~2.1 nm, and as evidenced by the WAXS 

profile and FFT pattern, the POSS molecules cease to be uniformly packed. 

Hence, in the case of the high-temperature phase, the proposed model assumes 

that the POSS molecules within a curved lamellar structure are arranged in a 

monolayer pattern (see Figure 3-4d).  

     The WAXS and TEM results also show that the self-assembly of long alkyl 

chains has a significant influence on the self-assembled structure of alkylated 

cage silsesquioxanes, and that this therefore determines the long-range straight 
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ordered lamellar structure and phase interface. Since lithography materials with 

a small feature size and sharp interfacial line edges are highly desirable in 

microelectronics to keep pace with Moore’s Law, these findings not only 

represent an important step in the understanding of self-assembly, but toward 

future practical application. 
	
  

	
  
Figure 3-6. Hypothetical model to describe the self-assembled structure of 
Phase II. 

 

3.5  Conclusion 

    Through the synthesis of an alkylated cage silsesquioxane, it was proven that 

the self-assembly of its long alkyl chains is critical to controlling its hierarchical 

structure. In a thermally annealed sample, a long-range straight ordered lamellar 

hierarchical nanostructure was observed, which consisted of alternating alkyl 

chain and POSS layers. Within the POSS-containing layer, the POSS cages 

were arranged in an orderly fashion, with a ~3.3 nm periodicity and a bilayered 

structure. Furthermore, sublayers were clearly observed at a sub-nanometer 
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scale of approximately 0.4 nm in width for the first time. Since POSSs exhibit 

excellent oxygen plasma etching contrast, and a well-defined periodic structure 

at a nanometer scale, this self-assembled alkylated POSS material has the 

potential to provide an important new platform for future developments in 

nanostructure engineering.  
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Chapter 4 
Alkylated Cage Silsesquioxanes: A 
Comprehensive Study of Thermal Properties and 
Self-assembled Structures 
 
4.1  Introduction 

As we mentioned in the introduction section, nanofabrication by block 

copolymer (BCP) self-assembly has been one the greatest achievements in 

nanotechnologies.1-5 Various self-assembled structure have been reported by 

controlling the composition of BCPs.4,5 However,  the self-assembling structural 

control remains a grand challenge in sub-10 nm scale,6 especially to the 

fabrication of long-range ordered nanopattern.7 

Giant molecules8-14 with precisely defined chemical structures have been 

explored as new approaches to the fabrication of engineered hierarchical 

structures with sub-10 nm feature sizes and sharp boundaries by the self-

assembly, which are difficult to achieve with traditional diblock copolymers.8 

Molecular nanoparticles (MNPs) or “nanoatoms”9 are shape- and volume-

persistent nano-objects with well-defined molecular structures and specific 

symmetries, which have been utilized as elemental molecular nano-building 

blocks for the precision synthesis of giant molecules. Among the MNPs, 

polyhedral oligomeric silsesquioxane (POSS) has attracted intensive interest 

over the last several decades due to its unique structure and properties.16, 17 

POSS exhibits a well-defined molecular structure with the formula (RSiO3/2)n, in 

which organic substitutes R are attached to a silicon-oxygen cage.16 This 

intramolecular organic-inorganic hybrid structure endows POSS with 

extraordinary properties such as excellent thermal stability,18 an ultra low 
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dielectric constant,19 and outstanding oxygen plasma etching resistance.20 In 

addition, the surface groups can easily be chemically modified, which makes 

POSS a nearly perfect nanobuilding block for the fabrication of precisely 

defined giant molecules.8-15 

    A series of POSS-containing giant surfactants were synthesized and their self-

assembled structures were reported by Cheng and coworkers.8 Polystyrene with 

narrow molecular weight dispersity was synthesized and tethered to hydrophilic 

POSS via click chemistry. The volume fraction could be tuned by the repeat unit 

of styrene or the numbers of cage silsesquioxane. These giant surfactants could 

produce various self-assembled nanostructures, which resemble the self-

assembled structures of BCPs except smaller feature size. 8,9 Long-range order 

periodic structure with sub-10 nm feature sizes and sharp boundaries could be 

easily observed from the TEM images of POSS-containing oligomers which is a 

grand challenge for traditional block copolymers. 

We previously investigated the incorporation of a wedge-shaped building 

block, 3,4,5-tris(octadecyloxy)benzyl, into POSS. Our study showed that the 

alkylated POSS could form a well-defined self-assembled structure with a 

periodicity of 5.3 nm in the bulk sample. Moreover, the intermolecular 

interaction of the long alkyl chains could be manipulated to form a long-range 

straight ordered hierarchical lamellar structure by thermal annealing. This self-

assembled structure in the bulk sample suggests a potential application in thin 

film nanopatterning. However, despite this study and many others reported in 

the literature,15-38 a comprehensive understanding of the structure and molecular 

packing of mono-substituted alkylated POSS crystals and the principles that can 

guide molecular design are still lacking. As far as we know, the self-assembly of 

giant molecules is unusually sensitive to primary chemical structure. The 

number, size (length), and even shape of the flexible chains will affect the 

thermal properties, morphology, and assembly. Therefore, the proper selection 



 
	
  
	
  

 

	
  
	
  

76 

of flexible chains in suitable numbers would be valuable in fabricating ordered 

self-assembled structures with tunable periodicities and thermal behaviors. 

Thus, we report herein a novel library of branched alkylated cage 

silsesquioxanes with different alkyl chain lengths and branch numbers (1–5), 

and investigate their thermal properties as well as self-assembled structures. The 

phase transitions, thermal properties, and corresponding structural changes were 

studied using DSC, polarized optical microscopy (POM), small- and wide-angle 

X-ray scattering (SAXS/WAXS), and transmission electronic microscopy 

(TEM). 

 

4.2  Materials and methods 

     Aminopropylisobutyl POSS was purchased from Hybrid Plastics. All other 

reagents used were purchased from Tokyo Chemical Industry (TCI), Sigma 

Aldrich or Wako, and were used without further purification. 

    Recycling preparative size exclusion chromatography (SEC) was performed 

using JAIGEL 2H and 3H columns on a JAL model LC-9204 high-performance 

liquid chromatograph (HPLC) equipped with a UV/VIS detector (UV-3740) and 

RI detector (RI-50S). Nuclear magnetic resonance (NMR) spectra recorded 

using a JEOL 400 MHz with chloroform-d as the solvent; a 1H: 7.26 solvent 

signal was used as an internal standard for all chemical shifts. Similarly, for the 
13C NMR spectra, a signal consistent with chloroform-d (77.2 ppm) was used as 

an internal reference. IR spectra were recorded on a JASCO FT/IR-4100 plus 

spectrophotometer. Matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectra were recorded on a Shimadzu AXIMA-

performance mass spectrometer equipped with a nitrogen laser (λ = 337 nm) and 

pulsed ion extraction, which was operated in a linear-positive ion mode at an 

accelerating potential of 20 kV. Tetrahydrofuran (THF) solutions containing 1 
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g/L of sample, 10 g/L of dithranol, and 1 g/L of sodium trifluoroacetate were 

mixed to a ratio of 1:1:1; a 1 µL aliquot of this mixture was deposited onto a 

sample target plate. Elemental analysis was performed using a Perkin Elmer 

2400 Series II CHNS/O Analyzer. The thermal properties and mesophase 

structure of alkylated POSS 1 was evaluated at a heating rate of 10 °C /min 

under a nitrogen flow by a Seiko DSC 7020 differential scanning calorimeter 

(DSC); the transition temperature values were determined from the second 

heating and cooling scan. Microscopic observation of thermal events was also 

conducted using an Olympus BH-2 polarized optical microscope equipped with 

a Mettler FP82HT hot-stage system. To determine the temperature-dependent 

aggregation of the alkylated POSS, wide-angle X-ray scattering (WAXS) 

patterns were obtained using an imaging plate (IP) film and IP detector (R-

AXIS, DS3C, Rigaku Co.). These IP films were attached to a Bruker AXS K.K 

X-ray generator (Cu Kα, wavelength = 0.154 nm) operated at 50 kV and 100 

mA. The sample was exposed to the X-ray beam for 15 min, with a sample-to-

film distance of 109 mm. The resulting WAXS pattern was used to determine 

the d-spacing using specialized software for data analysis (RIGAKU R-AXIS, 

Rigaku Co.). Bright field transmission electron microscope (TEM) images of 

the sample structure were also obtained using a Hitachi H7650 Zero A under an 

80 KV accelerating voltage. Bulk samples were prepared for TEM analysis by 

first being pasted onto epoxy resin for handling, then microtomed (Reichert-

Jung Ultracut E) by a DiATOME diamond knife at room temperature to a preset 

thickness of 70 nm. The sections produced were then placed onto TEM grids 

and stained by ruthenium oxide for observation. 

 

4.3  Experimental section 
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Scheme 4-1.  Synthesis route for alkylated POSS 1-5 
 

4.3.1 General synthetic procedure of 1c-5c 

    Gallic acid methyl ester (2.76 g, 15 mmol) and bromoalkane (54 mmol) were 

added to a suspension of potassium carbonate (18.65 g, 135 mmol) in DMF (75 

ml), and then stirred at 90 °C for 48 h. This mixture was then poured into cold 

water, and the resulting suspension was extracted with chloroform. Following 

this, the combined organic phase was washed with water and dried by 

anhydrous magnesium, the desiccating agent then removed by filtration and 

concentrated under reduced pressure. Finally, a column of silica gel with 

chloroform as an eluent was used to purify the crude product. 
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    Methyl 3,4,5-Tris (octadecyloxy) benzoate (1c) Yield: 80%. 1H NMR (400 

MHZ, CDCl3) δ 0.88 (t, 9H, 3CH3), 1.25 (broad, 84H, OCH2CH2CH2-(CH2)14-

CH3), 1.44 (m, 6H, OCH2CH2CH2), 1.81 (m, 6H, OCH2CH2), 3.89 (s, 3H, 

OCH3), 4.00 (t, 6H, OCH2), 7.25 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 

14.1, 22.7, 25.7, 29.4, 31.9, 52.0, 69.3, 73.5, 107.9, 124.7, 142.3, 152.8, 167.0. 

IR (KBr, cm-1): 2921, 2849, 1714, 1539, 1507, 1475, 1344, 1232, 1129, 993, 

909, 862, 767, 722. Elemental analysis: calcd. (%) for C62H116O5, C 79.09; H 

12.42. found (%) C 78.96; H 12.69. 

    Methyl 3,4,5-Tris (dodecyloxy) benzoate (2c) Yield: 78%. 1H NMR (400 

MHZ, CDCl3) δ 0.87 (t, 9H, 3CH3), 1.25 (broad, 48H, OCH2CH2CH2-(CH2)8-

CH3), 1.43  (m, 6H, OCH2CH2CH2), 1.78 (m, 6H, OCH2CH2), 3.86(s, 3H, 

OCH3),  3.99 (t, 6H, OCH2), 7.23 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 

14.1, 22.7, 29.6, 31.9, 52.1, 69.1, 107.9, 124.6, 142.3, 152.8, 166.9. Elemental 

analysis: calcd. (%) for C44H80O5, C 76.69; H 11.70. found (%) C 77.03; H 

11.59. 

    Methyl 3,4,5-Tris (hexyloxy) benzoate (3c) Yield: 78%. 1H NMR (400 MHZ, 

CDCl3) δ 0.88 (t, 9H, 3CH3), 1.29 (broad, 12H, OCH2CH2CH2-(CH2)2-CH3), 

1.43  (m, 6H, OCH2CH2CH2), 1.76 (m, 6H, OCH2CH2), 4.06 (s, 3H, OCH3),  

3.89 (t, 6H, OCH2), 7.23 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 

22.7, 25.6, 29.6, 51.5,69.0, 109.4, 124.9, 153.5, 165.9. Elemental analysis: 

calcd. (%) for C26H44O5, C 71.52; H 10.16. found (%) C 71. 56; H 10.32. 

    Methyl 3,4-Bis (octadecyloxy) benzoate (4c) Yield: 75%. 1H NMR (400 

MHZ, CDCl3) δ 0.86 (t, 6H, 2CH3), 1.28 (broad, 56H, OCH2CH2CH2-(CH2)14-

CH3), 1.43  (m, 4H, OCH2CH2CH2), 1.79 (m, 4H, OCH2CH2), 3.86(s, 3H, 

OCH3),  3.99 (t, 4H, OCH2), 7.14 (b, H, ArH), 7.50(b, 2H, ArH). 13C NMR (400 

MHZ, CDCl3) δ 14.1, 22.7, 25.9, 29.6, 31.9, 51.9, 69.0, 111.9, 114.4, 122.4, 

153.5, 166.9. Elemental analysis: calcd. (%) for C44H80O4, C 78.51; H 11.98. 

found (%) C 78.34; H 12.02. 
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    Methyl 4-octadecyloxy benzoate (5c) Yield: 84%. 1H NMR (400 MHZ, 

CDCl3) δ 0.85 (t, 3H, CH3), 1.29 (broad, 28H, OCH2CH2CH2-(CH2)14-CH3), 

1.42  (m, 2H, OCH2CH2CH2), 1.78 (m, 2H, OCH2CH2), 3.89(s, 3H, OCH3),  

3.99 (t, 2H, OCH2), 6.86 (b, 2H, ArH), 7.94 (b, 2H, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 14.1, 22.7, 25.9, 29.3, 29.6, 31.9, 51.8, 68.2, 114.0, 122.3, 131.5, 

162.9, 166.9. Elemental analysis: calcd. (%) for C26H44O3, C 77.18; H 10.96. 

found (%) C 77.50; H 10.65. 

 

4.3.2 General synthetic procedure of 1d-5d 

    To a mixture of c (12.0 mmol) and THF (480 ml), a solution of sodium 

hydroxide (4.80g, 120 mmol) in water (72.0 ml) was added, then refluxed for 48 

hours. Concentrated hydrochloric acid (48 ml) was added to this solution, and 

then stirred for 5 hours at 50 ºC. Separatory funnel was used to separate organic 

phase. Then, anhydrous magnesium sulfate was used to dry organic phase. The 

product can be obtained by the removal of THF by using a rotary evaporator. 

    3,4,5-Tris(octadecyloxy)benzoyl acid (1d) Yield: 92%. 1H NMR (400 MHZ, 

CDCl3) δ 0.89 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, OCH2CH2CH2-(CH2)14-

CH3), 1.45 (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, OCH2CH2), 4.01 (t, 6H, 

OCH2), 7.21 (s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 22.8, 26.2, 

29.4, 29.5, 31.9, 69.3, 73.6, 108.4, 123.8, 142.9, 152.8. IR (KBr, cm-1): 2921, 

2489, 1690, 1587, 1511, 1471, 1432, 1380, 1335, 1228, 1125, 1053, 866, 711. 

Elemental analysis: calcd. (%) for C61H116O5, C 78.99; H 12.39. found (%) C 

78.72; H 12.43. 

    3,4,5-Tris(dodecyloxy)benzoyl acid (2d) Yield: 93%. 1H NMR (400 MHZ, 

CDCl3) δ 0.86 (t, 9H, 3CH3), 1.24 (broad, 48H, OCH2CH2CH2-(CH2)8-CH3),  

1.46 (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, OCH2CH2), 4.02 (t, 6H, OCH2), 7.23 

(s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 22.7, 29.4, 31.9, 69.2, 108.5, 
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123.5, 143.1, 152.8, 171.6. . Elemental analysis: calcd. (%) for C44H78O6, C 

75.15; H 11.18. found (%) C 75.42; H 11.40. 

    3,4,5-Tris(hexyloxy)benzoyl acid (3d) Yield: 91%. 1H NMR (400 MHZ, 

CDCl3) δ 0.90 (t, 9H, 3CH3), 1.29 (broad, 12H, OCH2CH2CH2-(CH2)2-CH3),  

1.43 (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, OCH2CH2), 4.04 (t, 6H, OCH2), 7.23 

(s, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 22.6, 25.7, 69.1, 108.5, 

123.6, 143.1, 152.8, 171.7. Elemental analysis: calcd. (%) for C26H42O6, C 

69.30; H 9.39. found (%) C 69.51; H 9.24. 

    3,4-Bis (octadecyloxy) benzoyl acid (4d) Yield: 91%. 1H NMR (400 MHZ, 

CDCl3) δ 0.86 (t, 6H, 2CH3), 1.29 (broad, 56H, OCH2CH2CH2-(CH2)14-CH3), 

1.43  (m, 4H, OCH2CH2CH2), 1.77 (m, 4H, OCH2CH2), 4.02 (t, 6H, OCH2), 

7.11 (b, H, ArH), 7.50(b, H, ArH), 7.60(b, H, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 14.1, 22.7, 26.0, 29.4, 29.6, 31.9, 69.0, 111.9, 114.1, 122.3, 153.1, 

167.0. Elemental analysis: calcd. (%) for C44H78O5, C 76.91; H 11.44. found (%) 

C 76.52; H 11.52. 

    Methyl 4-octadecyloxybenzoyl acid (5d) Yield: 91%. 1H NMR (400 MHZ, 

CDCl3) δ 0.86 (t, 3H, CH3), 1.29 (broad, 28H, OCH2CH2CH2-(CH2)14-CH3), 

1.43  (m, 2H, OCH2CH2CH2), 1.78 (m, 2H, OCH2CH2), 4.12 (t, 2H, OCH2), 

6.91 (b, 2H, ArH), 7.99 (b, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.1, 

22.6, 29.6, 67.7, 114.6, 121.8, 131.6, 160.7, 164.6, 169.3. Elemental analysis: 

calcd. (%) for C26H42O4, C 74.60; H 10.11. found (%) C 74.41; H 10.48. 

 

4.3.3 General synthetic procedure of 1e-5e 

    To a 300ml round-bottomed flask, d (12 mmol), 150 ml toluene and 40 ml 

thionyl chloride were added. The mixture was stirred at 80 ºC for 24 hours. 

Then, thionyl chloride and toluene were evaporated under vacuum. The 

remaining thionyl chloride and toluene were removed under reduced pressure 
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distillation. The raw product can be further purified by recrystallization in 

hexane. 

    3,4,5-Tris(octadecyloxy)benzoyl chloride (1e) Yield: 86%. 1H NMR (400 

MHZ, CDCl3) δ 0.90 (t, 9H, 3CH3), 1.26-1.31 (broad, 84H, OCH2CH2CH2-

(CH2)14-CH3), 1.44 (m, 6H, OCH2CH2CH2), 1.84 (m, 6H, OCH2CH2), 4.06 (t, 

6H, OCH2), 7.32 (S, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 14.2, 22.8, 26.1, 

29.3, 29.6, 32.0, 69.4, 73.8, 110.0, 127.3, 145.3, 152.9, 167.8. IR (KBr, cm-1): 

2960, 2916, 2853, 1754, 1587, 1507, 1468, 1436, 1388, 1335, 1240, 1152, 1125, 

1025, 973, 876, 862, 806, 767, 715, 694, 607. Elemental analysis: calcd. (%) for 

C61H113ClO4, C 77.45; H 12.04. found (%) C 77.16; H 12.67. 

    3,4,5-Tris(dodecyloxy)benzoyl chloride (2e) Yield: 83%. 1H NMR (400 

MHZ, CDCl3) δ 0.86 (t, 9H, 3CH3), 1.26-1.31 (broad, 48H, OCH2CH2CH2-

(CH2)8-CH3), 1.45  (m, 6H, OCH2CH2CH2), 1.77 (m, 6H, OCH2CH2),  4.00 (t, 

6H, OCH2), 7.23 (S, 2H, ArH).  13C NMR (400 MHZ, CDCl3) δ 14.1, 22.7, 

29.4, 31.9, 69.1, 108.5, 123.5, 143.2, 152.8, 171.0. Elemental analysis: calcd. 

(%) for C43H77ClO4, C 74.47; H 11.19. found (%) C 74.26; H 11.31. 

    3,4,5-Tris(hexyloxy)benzoyl chloride (3e) Yield: 92%. 1H NMR (400 MHZ, 

CDCl3) δ 0.89 (t, 9H, 3CH3), 1.29-1.32 (broad, 12H, OCH2CH2CH2-(CH2)2-

CH3), 1.45  (m, 6H, OCH2CH2CH2), 1.76 (m, 6H, OCH2CH2),  4.05 (t, 6H, 

OCH2), 7.13 (S, 2H, ArH).  13C NMR (400 MHZ, CDCl3) δ 14.0, 22.6, 25.7, 

29.3, 31.7, 69.1, 107.9, 126.5, 144.6, 152.8, 167.6. Elemental analysis: calcd. 

(%) for C25H41ClO4, C 68.08; H 9.37. found (%) C 67.89; H 9.32. 

    3,4-bis(octadecyloxy) benzoyl chloride (4e) Yield: 91%. 1H NMR (400 MHZ, 

CDCl3) δ 0.81 (t, 6H, 2CH3), 1.25 (broad, 56H, OCH2CH2CH2-(CH2)14-CH3), 

1.40  (m, 4H, OCH2CH2CH2), 1.76 (m, 4H, OCH2CH2), 3.98 (t, 6H, OCH2), 

7.46 (b, H, ArH), 7.57(b, H, ArH), 7.71(b, H, ArH). 13C NMR (400 MHZ, 

CDCl3) δ 14.1, 22.7, 25.9, 29.4, 29.6, 31.9, 51.9, 69.0, 111.9, 122.3, 125.4, 
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148.6, 153.0, 166.9. Elemental analysis: calcd. (%) for C43H77ClO3, C 76.23; H 

11.46. found (%) C 76.35; H 11.72. 

    Methyl 4-octadecyloxybenzoyl chloride (5e) Yield: 91%. 1H NMR (400 

MHZ, CDCl3) δ 0.86 (t, 3H, CH3), 1.29 (broad, 28H, OCH2CH2CH2-(CH2)14-

CH3), 1.41  (m, 2H, OCH2CH2CH2), 1.77 (m, 2H, OCH2CH2), 4.00 (t, 2H, 

OCH2), 6.91 (b, 2H, ArH), 8.02 (b, 2H, ArH). 13C NMR (400 MHZ, CDCl3) δ 

14.1, 22.7, 25.9, 29.6, 31.9, 51.9, 68.2, 114.6, 122.3, 131.5, 162.9, 166.9. 

Elemental analysis: calcd. (%) for C25H41ClO2, C 73.41; H 10.10. found (%) C 

73.39; H 10.15. 

 

4.3.4 General synthetic procedure of 1-5 

    0.26 g (0.3 mmol) aminopropylisobutyl POSS, 0.36 mmol e and 10ml 

dichromomethane were added into 20 ml round-bottomed flask. Then, 0.5 ml 

triethylamine was added into the solution.  The mixture was stirred at room 

temperature for 3 hours. After that, 10 ml deionized water was added to remove 

the triethylamine hydrochloride. Separatory funnel was used to separate organic 

phase. Then, anhydrous MgSO4 was used to dry organic phase. The raw product 

can be obtained by the removal of THF by using a rotary evaporator. Recycling 

preparative HPLC was employed to get purified product.  

    Alkylated POSS (1) Yield: 65%. 1H NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, 

Si-CH2), 0.86 (broad, 11H, overlapped, SiCH2CH2 and CH2CH3), 0.93 (b, 42H, 

CH(CH3)2), 1.24-1.28 (board, 84H, OCH2CH2CH2-(CH2)14-CH3), 1.44 (m, 6H, 

OCH2CH2CH2), 1.78 (broad, 13H, overlapped, OCH2CH2 and SiCH2CH(CH3)2), 

3.39 (m, 1H, SiCH2CH2NH), 3.97 (m, 6H, OCH2), 6.91 (s, ArH). 13C NMR (400 

MHZ, CDCl3) δ 9.7, 14.1, 22.9, 25.7, 29.7, 32.1, 69.4, 73.6, 105.7, 130.1, 141.1, 

153.1, 167.5. IR (KBr, cm-1): 2952, 2924, 2849, 1634, 1587, 1542, 1471, 1427, 

1335, 1236, 1112, 841, 742, 567, 484. MALDI-TOF MS m/z calc for 
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C92H184NO16Si8 [M+H+] 1784.45; found 1784.67. Elemental analysis: calcd. (%) 

for C92H183NO16Si8, C 61.93; H 10.36; N 0.78. found (%) C 61.70; H 10.69; N 

0.76. 

    Alkylated POSS (2) Yield: 65%. 1H NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, 

Si-CH2), 0.86 (broad, 8H, overlapped, SiCH2CH2 and CH2CH3), 0.93 (b, 42H, 

CH(CH3)2),  1.24 (board, 48H, OCH2CH2CH2-(CH2)8-CH3), 1.44(m, 6H, 

OCH2CH2CH2), 1.78 (broad, 13H, overlapped,  OCH2CH2 and 

SiCH2CH(CH3)2), 3.39(m, 1H, SiCH2CH2NH), 3.99(m, 6H, OCH2), 6.91 (s, 

ArH).  MALDI-TOF MS m/z calc for C74H148NO16Si8 [M+H+] 1532.17; found 

1532.48. Elemental analysis: calcd. (%) for C74H147NO16Si8, C 58.04; H 9.69; N 

0.91. found (%) C 58.23; H 9.51; N 0.88. 

    Alkylated POSS (3) Yield: 63%. 1H NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, 

Si-CH2), 0.88 (broad, 8H, overlapped, SiCH2CH2 and CH2CH3), 0.94 (b, 42H, 

CH(CH3)2),  1.28 (board, 12H, OCH2CH2CH2-(CH2)2-CH3), 1.44(m, 6H, 

OCH2CH2CH2), 1.78 (broad, 13H, overlapped,  OCH2CH2 and 

SiCH2CH(CH3)2), 3.39(m, 1H, SiCH2CH2NH), 3.98(m, 6H, OCH2), 6.91 (s, 

ArH).  13C NMR (400 MHZ, CDCl3) δ 9.6, 14.1, 22.6, 25.7, 29.3, 31.5, 69.4, 

77.0, 105.7, 130.2, 141.1, 153.0, 167.1. MALDI-TOF MS m/z calc for 

C56H112NO16Si8 [M+H+] 1279.40; found 1280.37. Elemental analysis: calcd. (%) 

for C56H111NO16Si8, C 52.61; H 8.77; N 1.10. found (%) C 52.87; H 8.53; N 

1.04. 

    Alkylated POSS (4) Yield: 70%. 1H NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, 

Si-CH2), 0.88 (broad, 8H, overlapped, SiCH2CH2 and CH2CH3), 0.94 (b, 42H, 

CH(CH3)2),  1.28 (board, 56H, OCH2CH2CH2-(CH2)14-CH3), 1.44(m, 4H, 

OCH2CH2CH2), 1.78 (broad, 11H, overlapped,  OCH2CH2 and 

SiCH2CH(CH3)2), 3.39(m, 2H, SiCH2CH2NH), 3.98(m, 4H, OCH2), 6.91 (s, 

ArH).  13C NMR (400 MHZ, CDCl3) δ 9.6, 14.1, 22.7, 25.7, 29.4, 31.9, 69.3, 

105.7, 112.1, 119.1, 127.4, 149.0, 167.1. MALDI-TOF MS m/z calc for 
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C74H148NO15Si8 [M+H+] 1515.18; found 1516.43. Elemental analysis: calcd. (%) 

for C74H147NO15Si8, C 58.66; H 9.80; N 0.92. found (%) C 58.95; H 9.61; N 

0.96. 

    Alkylated POSS (5) Yield: 69%. 1H NMR (400 MHZ, CDCl3) δ 0.57(b, 14H, 

Si-CH2), 0.88 (broad, 5H, overlapped, SiCH2CH2 and CH2CH3), 0.94 (b, 42H, 

CH(CH3)2),  1.28 (board, 28H, OCH2CH2CH2-(CH2)14-CH3), 1.44(m, 2H, 

OCH2CH2CH2), 1.78 (broad, 9H, overlapped,  OCH2CH2 and SiCH2CH(CH3)2), 

3.39(m, 2H, SiCH2CH2NH), 3.98(m, 2H, OCH2), 6.91 (s, ArH).  13C NMR (400 

MHZ, CDCl3) δ 9.3, 14.1, 22.7, 25.7, 29.4, 31.9, 67.8, 114.2, 126.6, 161.7, 

167.1. MALDI-TOF MS m/z calc for C56H112NO14Si8 [M+H+] 1247.90; found 

1248.25. Elemental analysis: calcd. (%) for C56H111NO14Si8, C 53.94; H 8.99; N 

1.12. found (%) C 53.97; H 9.07; N 1.09. 

 

4.4   Results and discussion 

    In this report, we successfully attached branched alkyl chains to the 

aminopropylisobutyl POSS core via amidation. The giant molecules were 

denoted as POSS-CX-YA, where X refers to the alkyl chain length and Y refers 

to the number of branching substituents. By varying the alkyl chain length (C6, 

C12, and C18) and the number of branches (1, 2, and 3), a library of alkylated 

POSS analogues was obtained: POSS-C18-3A (1), POSS-C12-3A (2), POSS-

C6-3A (3), POSS-C18-2A (4), and POSS-C18-1A (5). The alkyl chain with 

different length (C6, C12 and C18) is thought to could provide an insight to 

study the influence of alkyl chain length on the periodicity of self-assembled 

structure. Therefore, it demonstrates an approach to tailor feature size by 

choosing appropriate aliphatic tail. Meanwhile, the number of branches is taken 

into consideration since it may exert an influence on the intermolecular forces 

and therefore, by some extent, dictate the regularity of self-assembled structure.  
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    These alkylated POSS derivatives were synthesized according to the method 

described in the experimental section (refer to Scheme 4-1). The resulting 

products were characterized by 1H, 13C NMR and matrix assisted laser 

desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS). 

Detailed synthesis and characterization results are shown in the experimental 

section.  
 

 

Scheme 4-2. Chemical structures of alkylated POSS derivatives (1–5) 

 

4.4.1 Thermal properties 

    It is very important to investigate thermal behavior in detail for self-assembly 

study of newly synthetic giant molecules.  The temperature of the formation of 

mesophases (T1, T2 and T3) and the isotropization of the mesophases (Tm), as 

well as the corresponding enthalpy changes were measured via DSC at a heating 

rate of 10 ºC/min and are listed in Table 4-1.  
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Table 4-1. Phase transitions and corresponding enthalpies of alkylated 
silsesquioxane derivatives 1-5. 
 T1/ºC (ΔH/KJ 

mol-1) 
T2/ºC (ΔH/KJ 
mol-1) 

T3/ºC (ΔH/KJ 
mol-1) 

Tm/ºC (ΔH/KJ 
mol-1) 

1 69 (1.39) 80 (0.377) 89 (25.9) 133 (48.5) 
2 16 (2.28) 25 (9.80) -- 142 (42.6) 
3 1 (0.869) 13 (0.805) -- 155 (54.1) 
4 71 (0.636) 81 (0.075) 87 (19.9) 128 (36.7) 
5 21 (0.822) 64 (1.61) 99 (0.735) 119 (26.2) 
 

    Prior to each measurement, each sample was cooled from isotopic state to 

ambient at the rate of 10 ºC/min in order to erase any thermal history.  

    As shown in Figure 4-1, these large endotherms represent the melting of the 

crystalline structure, that is, a solid-liquid phase transition. However, minor 

enthalpy transitions (labeled as T1, T2 and T3 in Figure 4-1), are observed from 

all curves. Two quite pronounced peaks representing minor thermal transitions 

occur at 68 ºC (1.39 KJ/mol) and 80 ºC (0.377 KJ/mol) in the thermogram of 1. 

As the alkyl chain lengths decrease to C12 and C6, these transition peaks 

become smaller but can still be observed at 16 ºC (2.28 KJ/mol) and 25 ºC (9.80 

KJ/mol) for POSS-C12-3A, and 1 ºC (0.869 KJ/mol) and 13 ºC (0.805 KJ/mol) 

for POSS-C6-3A. These minor transitions in the alkylated POSS derivatives 

during the heating process can be interpreted by the rotation or minor structural 

reordering of the long alkyl chain arms that are not tethered to the POSS.25 This 

phenomenon is often described as a solid-solid phase transition, which can also 

be observed in the thermal behavior of linear long alkyl chain substituted POSS 

reported by Heeley and coworkers.25 Some minor structural disorder exists in 

the chain when packing together due to the rotation or chain translation. Chain 

mobility concomitantly with alkyl chain length; hence, more rotations of the 

long alkyl chain ends are permitted. This provides a reasonable explanation to 

the fact that the enthalpy transitions observed from the DSC curves are 
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amplified with increasing alkyl chain length.25   

     

Figure 4-1. DSC heating thermograms showing enthalpy transitions for 1 
(POSS-C18-3A); 2 (POSS-C12-3A); 3 (POSS-C6-3A); 4 (POSS-C18-2A); and 
5 (POSS-C18-1A). The melting temperature, the transitions for rotator phase 
and solid-solid transition temperature are denoted as Tm, T1, T2 and T3, 
respectively. 
 

    DSC was also employed to study the thermal behavior of the C18-alkylated 

POSS derivatives with different numbers of branches (1, 4, and 5). Figure 1 

shows the heating thermograms for POSS-C18-3A (1), POSS-C18-2A (4), and 

POSS-C18-1A (5), where 1, 4 exhibit similar thermal behaviors and another 

major endotherm (labeled T3 in each curve). Although the enthalpy is relatively 

small (0.735 KJ/mol), a minor thermal transition could be also detected at 99 ºC 

during the heating process in the sample of POSS-C18-1A (5). Thus, this 

additional thermal transition and new mesophase are supposed to be formed due 
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to the incorporation of the C18 alkyl chain. In previous research, we reported 

the structural evolution of 1 during the heating process. The POM technique 

was used to observe the optical texture of 1, revealing spherocrystals at room 

temperature. During heating upon the POM-equipped hot stage, we observed the 

disappearance of these spherulites, indicating the formation of a new phase at 89 

°C (25.9 KJ/mol). A similar process was observed for POSS-C18-2A, where a 

highly ordered spherulite underwent an obvious solid-solid transition at 87 ºC 

(19.9 KJ/mol). At room temperature, this POSS exists in a rigid crystalline state 

in which all the alkyl chains have trans conformations.20 The alkyl substituents 

adopt disordered structures at elevated temperature, which results in the 

disappearance of the spherocrystals. As the temperature increases further, the 

molecular arrangement changes to a less ordered packing structure. When the 

temperature is increased to 133 ºC, 1 was converted to a fluid state.  

    The melting temperatures determined by DSC together with the POM 

observations are summarized in the fifth column of Table 4-1. As shown in 

Figure 4-1 and Table 4-1, a clear trend may be observed in which Tm increases 

with decreasing alkyl chain length. This may be the weaker intermolecular force 

of alkyl chain becomes dominant in the whole alkylated POSS as the alkyl chain 

length increases. For compounds 1, 4, and 5, the melting points decrease with 

fewer branches due to the lower molecular weight and weaker CH2-CH2 

interactions. This can lead to weakening the intermolecular forces between 

POSS cages. This initial result indicates the alkyl chain lengths and chain 

numbers dictate the molecular packing and, hence, the crystalline structures in 

the POSS cage systems. We will next discuss the packing morphology and our 

proposed molecular packing model.  

 

4.4.2 Molecular packing characterization 
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Figure 4-2. SAXS profiles showing the first order d-spacing lengths of 1 
(POSS-C18-3A); 2 (POSS-C12-3A); 3 (POSS-C6-3A); 4 (POSS-C18-2A); and 
5 (POSS-C18-1A). 
 

     To investigate the influence of the alkyl chain length on periodicity, the 

SAXS profiles of 1–3 were obtained (Figure 4-2). Samples were annealed by 

slowly decreasing the temperature at a rate of 0.1 ºC/min from the isotropic state 

to 30ºC. POSS-C18-3A (1) exhibits a larger first order d-spacing than 2 and 3; 

its longer alkyl chains would eventually result in a longer first order d-spacing. 

For the C18-substituted POSS analogues 1, 4, and 5, the compounds with fewer 

branches exhibit smaller d-spacings for the major peak. A promising 
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explanation lies in the reduction of steric effects, which may lead to closer 

packing of the less-substituted C18-alkylated POSS compounds, and hence, 

shorten the d-spacing of the major peak.  

    The plot of the d-spacing of first order with respect to even carbon number of 

each branch in three-armed alkylated POSS derivatives (1, 2, and 3) is shown in 

Figure 4-3. The first order d-spacing plot shows a linear relationship with 

respect to the increasing carbon number of each chain. Moreover, the gradient 

of the linear fit to the plot is 0.158 nm per CH2 group. Similar trends could be 

found in the cases of long alkane chains and homologous series of n-alkyl-

substituted POSS derivatives (T8C18, T8C16 and T8C14)25 where the length 

increases by 0.127 nm or 0.25 nm per carbon number, respectively. Such 

gradient, 0.158 nm per carbon number, suggests the long alkyl chains of 

neighboring layers probably partially penetrate each other in the formation of 

the self-assembled structure. Interestingly, to POSS-C12-3A (2) and POSS-C18-

2A (4), which exhibit the same carbon number, the values of the first order d-

spacing are almost the same. Similar phenomenon could also be observed from 

POSS-C6-3A (3) and POSS-C18-1A (5).  Notably, the relationship of the first 

order d-spacing with the carbon number could provide a method to tailor the 

self-assembled feature sizes of alkylated POSS by thoroughly choose the alkyl 

chain length.   



 
	
  
	
  

 

	
  
	
  

92 

 
Figure 4-3. Plot of first order of d-spacing with length of three-arm-substituted 
alkylated POSS derivatives. 

 

     In order to obtain a more detailed analysis of the molecular packing of these 

alkylated POSS derivatives, TEM was employed to investigate the 

morphologies of solvent evaporation induced self-assembly (EISA) samples and 

thermally annealed samples that were obtained by evaporation from chloroform 

or by decreasing the temperature from the isotropic state to 30ºC at a rate of 0.1 

ºC/min, respectively.  
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Figure 4-4. TEM images of solvent evaporation induced self-assembly (EISA) 
samples obtained by slow evaporation from chloroform: (a) POSS-C6-3A; (b) 
POSS-C12-3A; (c) POSS-C18-2A; and (d) POSS-C18-1A. Fast Fourier-
transform (FFT) patterns and magnified TEM images of selected domains are 
also shown as the inset in each figure. 
 

    In the TEM images of the samples obtained by evaporation induced self-

assembly, poorly ordered lamellar patterns at nanometer scale could be clearly 

observed. The morphologies of POSS-C6-3A (3) and POSS-C12-3A (2) (shown 

as (a) and (b) in Figure 4-4) are lamellar structures with clear grain boundaries 

but just limited to small domains. FFT patterns of 3 and 2 were shown in the 

insertion of TEM images. From the center outward, we see arcs and wide halo. 

This wide halo is thought to be caused by instrument undulation at high 

magnification. The occurrence of the wide arcs indicates that the molecular 

arrangement is not well-organized. Similarly, the TEM images of 4 and 5 show 
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lamellar structure but which lack of long-range order at large area. The 

disappearance of sharp dots and arcs also confirms the alkylated POSS is not 

organized at highly orderly fashion. Thermally annealed samples were obtained 

by slowly decreasing the temperature from the isotopic state to 30 ºC at the rate 

of 0.1 ºC/min during the cooling cycle. Figure 4-5 reveals well-defined lamellar 

patterns over large areas, shown as an alternating arrangement of bright and 

dark streaks. The dark and bright streaks correspond to the POSS and long alkyl 

chain domains, respectively. In addition, the occurrence of the highly ordered 

spots in the FFT diagrams reveals that the lamellar arrangements retain a high 

degree of periodicity. Long-range ordered lamellar structure could be easily 

observed from Figure 4-5 (a)-(d). Surprisingly, even in the case of non-

branched, mono-substituted POSS, POSS-C18-1A, the nanopattern shown 

Figure 4-5d and Figure 4-6d is also well-defined. In general, these alkylated 

POSS derivatives, especially even non-branched, mono-substituted POSS-C18-

1A (5), exhibit long-range ordered lamellar structure with sharp boundaries 

under thermal annealing conditions due to the strong microphase separation 

driving force determined by sufficient intermolecular forces. 
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Figure 4-5. TEM images of thermally annealed samples obtained by decreasing 
the temperature from the isotropic state to 30ºC at 0.1ºC/min: (a) POSS-C6-3A; 
(b) POSS-C12-3A; (c) POSS-C18-2A and (d) POSS-C18-1A. Fast Fourier-
transform (FFT) patterns are also shown as the inset in each figure. The 
magnified TEM images of selected domains are shown in Figure 6. 

 

    Hence, we can propose a model for the self-assembled packing of this series 

of mono-substituted POSS derivatives with long alkyl chains, which is shown 

schematically in Figure 4-7. This model is similar to alkylated fullerenes 

proposed by Nakanishi’s group30-34, 37. Since the interlayer distances revealed by 

the WAXS and TEM analyses are significantly less than twice the molecular 

size, a bilayered self-assembly model is suggested in which POSS molecules 

pack in a nonstaggered arrangement with interdigitation of the long alkyl chains. 

Within the POSS-containing layer, the silsesquioxane cages are arranged in a 
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highly organized fashion with a “head-to-head” bilayered structure and a 

distance around 1.06 nm. Clearly, the POSS molecules arranged in tadpole-like 

structures as depicted in Figure 4-7 could form dense molecular packing 

coincide with the lamellar structure observed from the TEM images.  

 

Figure 4-6. Magnified TEM images of (a) POSS-C6-3A; (b) POSS-C12-3A; (c) 
POSS-C18-2A and (d) POSS-C18-1A. 
 
    Due to the strong chemical incompatibility between cage silsesquioxane and 

aliphatic chains, alkylated POSS derivatives are versatile to achieve a strong 

segregation and form self-assembled nanostructure.  When the sample was 

obtained by evaporation from the chloroform solvent, alkylated silsesquioxanes 

possess conformational degree of freedom and thus leads to the nonuniform 

packing. While, after heat treatment, the molecular packing underwent an 

adjustment to a uniform self-assembled nanostructure at large area. Moreover, 

in this study, the feature sizes of the self-assembled nanostructure could be 
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regulated between 3.4 and 5.3 nm with high regularity, even though future work 

remains an investigation of the odd-even effect. The result suggests that this 

class of mono-substituted alkylated POSS derivatives provides a reliable 

approach to create highly ordered structures at sub-10 nanometer scale.  

 

Figure 4-7. Proposed self-assembled POSS packing model for alkylated POSS 
derivatives 
 

4.5  Conclusion 

    In summary, attaching alkyl chains of different numbers, and lengths to cage 

silsesquioxane is proven to be an effective way to tune intermolecular forces 

and periodicities of molecular packing. In particularly, this research provides a 

guide to the future research of this series of alkylated cage silsesquioxanes from 

the molecular design perspective. Moreover, these alkylated POSS derivatives 
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can form well-defined lamellar patterns with sub-10 nanometer scale feature 

sizes. Considering the demands of the microelectronics industry, such long-

range straight ordered lamellar structure exhibit potential application in 

nanofabrication materials.  
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Chapter 5 
General Conclusion 
 
 

    In this thesis, my research focuses on the synthesis, characterization and the 

self-assembly behaviors of silsesquioxane-containing oligomers. Our target is to 

provide a new approach to fabricate nanostructure at sub-10 nm scale.  

    A brief introduction of the block copolymer and giant molecules is given in 

chapter 1. This chapter focuses on the history and the challenges of the BCP 

lithography. In order to further shrink the feature sizes to fabricate sub-10 nm 

scale nanopattern, POSS-containing giant molecules emerge as new candidates 

to the sub-10 nm scale nanostructure engineering materials. In the following 

chapters, the synthesis and the self-assembled structures of double-decker 

silsesquioxane-conatining oligomers and cage silsesquioxane (POSS)-

containing giant molecules were comprehensively investigated.  

    In chapter 2, polystyrene, poly(ethylene glycol), wedge-shaped building 

block with long aliphatic chain were incorporated into a new type of 

silsesquioxane, namely, DDSQ. Narrow dispersed DDSQ2-PS and DDSQ2-

PEG with various molecular weights were synthesized. SAXS and TEM results 

show that DDSQ2-PS could not form microphase separation structure probably 

due to the chemical structure similarity of the polystyrene and the side groups of 

DDSQ. While, the SAXS profile of DDSQ2-PEG exhibit a sharp peak, which 

indicates the microphase separation structure, formed in the sample of DDSQ2-

PEG. However, the lack of highly ordered peaks in the SAXS result suggest 

there is no periodic structure exists. To overcome this problem, a wedge-sahped 

building block, C18-3A was incorporated into DDSQ dimer and DDSQ trimer. 

The self-assembled structure was characterized by SAXS, TEM and STEM. 
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Hierarchical lamellar structure with various sublayers could be easily observed 

from TEM images of DDSQ2-(C18-3A) and DDSQ3-(C18-3A). Moreover, 

these hierarchical structures are straight and well-ordered at large scale.  A 

model was proposed to demonstrate the possible formation process and the self-

assembled nanostructure. To best of our knowledge, these hierarchical 

structures have never been reported. 

    These DDSQ-containing oligomers reported exhibit narrow polydispersity 

index (< 1.10). However, the exact molecular weight and primary structure is 

considered to vital to the self-assembled structure, especially when the feature 

size shrinks to the sub-10 nm scale. Thus, in chapter 3 and chapter 4, alkylated 

cage silsesquioxanes were reported.  

    In chapter 3, POSS-C18-3A was synthesized and its self-assembled structure 

was investigated. It was found that the intermolecular interaction of long alkyl 

chains of POSS-C18-3A could be manipulated by thermal annealing to form a 

long-range straight ordered hierarchical lamellar structure with a periodicity of 

around 5 nm. Subsequent transmission electron microscopy (TEM) clearly 

identified POSS molecules arranged in a highly ordered fashion, with a “head-

to-head” type bilayered structure. The observation of a sublayer structure 

measuring approximately 0.4 nm in width was attributed to the highly regular 

packing of isobutyl groups in POSS molecules identified by TEM analysis. 

Moreover, the formation of a long-range straight structure with sharp interfacial 

boundaries, which is difficult to achieve with traditional diblock copolymers, is 

considered to be of significant importance to developing new practical 

applications of self-assembled nanostructures. 

    In chapter 4, derivations of mono-substituted polyhedral oligomeric 

silsesquioxanes (POSS) with long aliphatic chains were synthesized and self-

assembled structures were investigated. The effects of the alkyl chains length 

and branching on the thermally self-assembling behaviors of the POSS 
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derivatives were examined by differential scanning calorimetry (DSC) and 

polarized optical microscopy (POM). In addition, small- and wide-angle X-ray 

scattering (SAXS/WAXS) as well as transmission electron microscopy (TEM) 

were employed to elucidate their self-assembled morphologies. Long-range 

straight ordered lamellar structure with sharp boundaries could be reliably 

formed in the bulk samples of alkylated cage silsesquioxanes by thermal 

annealing.  Furthermore, this research demonstrates an approach to precisely 

control the feature size at nanometer scale by carefully tuning parameters of 

alkyl chain length and branching number.  

    In summary, a set of silsesquioxane-containing oligomers and giant 

molecules were synthesized and their self-assembled structures were 

investigated. Results indicate that giant molecules provide a versatile approach 

to fabricate long-range straight order hierarchical lamellar structure with sharp 

boundaries and sub-10 nm scale periodicities. Moreover, the self-assembled 

structure is sensitive to the primary structure. Thus, by carefully tuning the 

parameter of the molecular design, the feature sizes of self-assembled 

nanostructure could be precisely controlled. The formation of such a long-range 

ordered lamellar structure with sharp interfacial boundaries, which is difficult to 

be achieved by diblock copolymers, is thought to be important in the potential 

technological application. In our mind, these findings are not only scientifically 

intriguing in understanding the principles of self-assembly but also 

technologically relevant. 
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