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Chapter 1 

 

Introduction 
 

 

 This dissertation is dedicated to the syntheses, characterization, and properties of both 

completely and incompletely condensed silsesquioxanes and their utility as 

nanoconstruction sites for a variety of applications.  Section 1.1 provides an overview of 

the primary research objectives and scientific motivation for this work.  Section 1.2 

provides basic concepts regarding composites, in particular hybrid organic/inorganic 

nanocomposite materials.  Section 1.3 provides a brief overview of silsesquioxanes, 

including prior work pertinent to the studies described herein.  Section 1.4 describes the 

general synthetic routes and reaction mechanisms utilized throughout this work.   

 

 

1.1  Project Goals and Objectives 
  

 Polyhedral silsesquioxanes represent a versatile class of highly symmetrical three-

dimensional organosilicon compounds with well-defined nanometer structures.  The 

combination of a rigid inorganic core and a more flexible and reactive organic shell 

makes these compounds extremely useful as potential platforms for nanoscale composite 

(“nanocomposite”) materials with hybrid properties intermediate of ceramics and 

organics.1-12
   

 The combination of high symmetry and nanometer size suggests that silsesquioxanes 

can be used as nanoscale building (“nanobuilding”) blocks for the assembly of larger 

1 
 



macroscale materials but with control of global properties extending through the finest 

length scales. Moreover, the inorganic core offers the rigidity and heat capacity of silica 

which can bolster both the mechanical and thermal properties of silsesquioxane-based 

nanocomposites beyond those typically found in organic-only frameworks.13 

 The objectives of this work were to develop simple, effective routes to 

nanocomposite precursors based on silsesquioxanes with tailorable properties for use in a 

variety of applications.  These properties were readily achieved by simple chemical 

modification of the organic periphery.  Our investigations have demonstrated that 

octameric silsesquioxane-based nanocomposites can be tailored to exhibit barrier 

properties with very low permeability to oxygen (Chapter 3) or as high temperature, 

thermal cross-linking agents (Chapter 4) and potential platforms to supramolecular 

structures.  In Chapter 5 we explore the use of incompletely condensed, cyclic 

silsesquioxane tetramers as possible precursors to fully condensed two-faced “Janus” 

octamers.  Finally, in Chapter 6 we investigate the fluoride rearrangement of high 

molecular weight silsesquioxane polymers to polyhedral silsesquioxanes with discreet 

structures and their subsequent chemical transformation to “string of bead” oligomeric 

materials with unique photoluminescent properties. 

 

 

1.2  Introduction to Nanocomposite Materials 
 

 In the continuing quest to improve performance, currently-used materials frequently 

reach the limit of their usefulness.  Thus materials scientists and engineers strive to 

improve traditional materials or develop completely new materials outright. A composite 

(a mixture of two or more physically and/or chemically distinct phases in intimate contact 

with one another) is generally grouped in the latter category. Modern composite materials 

are usually optimized to achieve a particular balance of properties for a given range of 

applications, with properties superior to either constituent material alone.2,3 Composites 

are either categorized as possessing a continuous phase (“matrix”) surrounding one or 

more discontinuous phases (“reinforcement”) or possessing two or more interpenetrating 
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continuous phases.  Most composites are of the former type and are typically categorized 

by the nature of the matrix [i.e. polymer matrix composites (PMC’s), metal matrix 

composites (MMC’s), or ceramic matrix composites (CMC’s)].  For traditional 

macroscale composites the components normally can be physically identified and exhibit 

an interface between one another.14   

 Properties for “traditional” (two-phase) macroscale composites are generally 

predicted based on the proportions and properties of the matrix and reinforcement.  A 

generalized form of the “Law of Mixtures” for a multiphase system is  

 

Xc = X1v1 + X2v2 + X3v3 +…, 

 

where Xc is an appropriate property of the composite, v represents the volume fraction, 

and the numbered subscripts refer to the individual components.  The interface between 

phases is particularly important in determining the properties of the composite because 

this is where property (load) transfer occurs.  The volume fraction is generally regarded 

as the single most important parameter that influences a composite’s properties.4 From a 

manufacturing standpoint, it is an easily controllable variable by which the properties of 

the composite may be altered to suit the application.15 

 The field of nancomposite materials involves material phases where at least one 

dimension is less than 100 nm.  Nanocomposites may be considered solid structures with 

nanometer-scale dimensional repeat distances between the different phases.  Alternatively 

they can consist of two or more inorganic/organic phases in some combination with the 

proviso that at least one of the phases or features be nanosize.   

 Like conventional macroscale composites, the true potential of nancomposite 

materials is realized in developing unique combinations of properties that are 

unachievable with traditional materials alone.  However, because of the length scales 

involved, the interfacial interactions between phases (“interphase”) becomes very large 

with respect to the total volume of the composite as the sizes of the components shrinks 

to the nanometer scale.  These interactions can lead to nonlinear changes in composite 

properties16,17 and can be so great that estimation according to the Law of Mixtures is 

insufficient, due to the fact that the properties and volume fraction of the interphase are 
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generally ignored when predicting the properties of macroscale composites.  The unique 

properties of nanocomposites and the possibility to create novel materials consisting 

entirely of interphase18
 represent a powerful motivation for the study of nanocomposite 

materials. 

 Hybrid organic-inorganic materials represent a subclass of nanocomposites that 

typically consist of an inorganic solid containing an organic component (or vice versa) 

with at least one component on the nanometer scale.  These materials, poised at the 

interface of organic and inorganic realms, are highly versatile and offer a wide range of 

possibilities to elaborate and tailor the chemical and physical properties of materials as 

nanobuilding blocks.19 The useful size of these building blocks depends upon the desired 

property. For multifunctional applications, more than one property and one length scale 

must be considered.  By altering the sizes of those building blocks and controlling their 

chemistry and assembly, it should be possible to engineer properties and functionalities in 

unprecedented ways. 

 As discussed above, the properties of hybrid organic-inorganic materials are not only 

the sum of the individual contributions of both phases but also highly dependent on 

interfacial interactions.  Thus it has been suggested20 that hybrid materials be divided into 

two broad classes where the organic and inorganic components are 1) simply embedded 

and held together by weak (hydrogen, van der Waals, or ionic) bonds or 2) linked 

together through strong (covalent/ionic-covalent) chemical bonds.  Polyhedral silsesqui-

oxanes, the focus of this dissertation, belong to the latter category. 

 

 

1.3.  Introduction to Silsesquioxanes 
 

 The term “silsesquioxane” refers to a very large family of silicon-oxygen compounds 

with the idealized empirical formula (RSiO1.5)n, where R is hydrogen or any alkyl, 

alkylene, aryl, arylene, or derivatives of these groups.21    Silsesquioxanes have been 

synthesized with structures that are either polymeric or oligomeric (i.e. existing as 

discrete polyhedral structures) and generally exhibit different properties, hence their 
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research and applications are usually separated.22  Furthermore, silsesquioxanes can be 

further divided into two subgroups:  completely condensed and incompletely condensed.  

For completely condensed species [Fig 1.1 (a-c)], oxygen acts only as a bridge between 

silicon atoms and there are no –OH functionalities.  However, incompletely condensed 

silsesquioxanes contain silanol groups [Fig 1.1d] which make them ideal compounds for 

modeling the surfaces of silica23-26 and as ligands for metal coordinate complexes.27-30  

 Fully condensed silsesquioxanes (notably polyhedral oligomeric silsesquioxanes), 

because of their inherent thermal and oxidative stabilities, (pencil) hardness, relative ease 

of preparation, wide array of possible frameworks, and variety of pendant groups, have 

attracted much attention in recent years to model catalytic surfaces,23,31 generate new 

catalysts,32 novel porous media,33 NMR standards,34 and act as novel encapsulants.35  

Polyhedral silsesquioxanes have also been used as building blocks for nanocomposite 

materials36-40 (as discussed below) and serves as the central theme of this dissertation. 

 

 

 
 

Figure 1.1.  Some representative silsesquioxane structures 
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 Many factors are known to influence the formation (and hence the structure) of 

silsesquioxanes from the hydrolytic condensation of trifunctional organosilanes (RSiX3), 

from which they are typically formed.  Such variables include:  the nature of R group, 

nature of X group (usually –Cl, –OCH3, or –OCH2CH3), solvent, concentration of starting 

materials, reaction time, rate of addition and quantity of H2O, pH, solubility of product, 

etc.22 The structures of silsesquioxanes have been reported as cages, partial cages, ladder 

structures, or random structures as depicted in Figure 1.1.21
   

 

1.3.1  Definitions, Structures, and Nomenclature 
 

 The etymology of the term “silsesquioxane” [(RSiO1.5)n] refers to the 1.5 ratio 

between silicon and oxygen atoms (from the Latin semisque – “and a half ”).  Structurally, 

silsesquioxanes consists of sp3 hybridized Si atoms bound to three oxygen atoms and one 

R group, where R is typically an organic moiety as mentioned above.  When n = 4, 6, 8, 

10, or 12, the resulting compounds are called polyhedral oligomeric silsesquioxanes and 

possess three dimensional, symmetrical structures.  In the specific instance where n = 8, 

the silsesquioxane octamers [Figure 1.1c] are referred to as cubic silsesquioxanes or 

simply “cubes.”  Alternatively they are called “POSS” (trademarked by Hybrid Plastics, 

Inc., but here after referred to as cubes).  Cubes have been the focus of many studies due 

to their nanometer size, high degree of symmetry, and numerous preparative routes to 

useful quantities as discussed further in this chapter.41-43   

 In these studies, our composite precursors are built upon cubes as well as the n = 10 

(“deca-”) and n = 12 (“dodeca-”) analogs (Figure 1.2).  The decasilsesquioxane shape 

contains two distorted-pentagonal faces and four-distorted square faces.  The dodeca-

silsesquioxane consists of four distorted-pentagonal faces and four distorted square-

triangular faces.22  The structures in Figure 1.2 are idealized representations of both 

structures. 

 When n = ∞ the compounds are polymeric and known simply as polysilsesquioxanes.  

While the actual structure of polysilsesquioxanes [typically referred to as “T Resins” (see 

below for nomenclature)] has been the subject of much debate,44 it is believed that the 

6 
 



polymer chains contain a variety of structures including linear chain, open-caged, and 

ladder-like structures, depending on the reaction conditions employed.45 

 

 

                  
 

Figure 1.2.  Idealized T10 and T12 silsesquioxane structures. 

 

  The shorthand notation for silicon atoms in a silicon-oxygen framework uses letters to 

denote the types of silicon and numerical subscripts and optional superscripts to denote 

the number and type of functional groups, respectively.  Silicon bound to three oxygen 

atoms is commonly referred to as a “T” unit.  Similarly, an “M” unit consists of silicon 

bound to one oxygen, a “D” unit has a silicon atom bound to two oxygens, and a “Q” unit 

is silicon bound to four oxygen atoms (Table 1.1).   

 The number of Si atoms is denoted by a subscript and the symbol for additional 

valences occupied by organic substituents is appended to the letter designation as a 

superscript.  For example, T8
H (H8Si8O12) refers to a silsesquioxane cage structure 

containing eight silicon atoms, each connected to three oxygen atoms and one hydrido 

group.  For simplicity, this is often shortened to “hydrido T8” or “octahydrido” with 

understanding by those in the field. 
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Table 1.1.  Letter description of silicon structures. 

Silicon Species General Formula Valency Nomenclature 

    

Siloxy [R3SiO1/2] Mono M 

Siloxane [R2SiO2/2] Di D 

Silsesquioxane  [RSiO3/2] Tri T 

Silicate [SiO4/2] Quarternary Q 

 

 

1.3.2  Mechanism of Formation of Silsesquioxane Cages and Networks 
 

  The preparation of silsesquioxane materials, usually prepared from the acid or base-

catalyzed hydrolytic condensation of trifunctional organosilanes, is a multi-step and 

rather complicated process. The synthesis is very sensitive to a combination of 

experimental factors (as mentioned previously) due to a statistical distribution of 

intermediate components and usually produces a wide range of products, from small 

oligomers and polyhedral silsesquioxanes to mixtures of polymeric resins and gels.  Sol-

gel networks, polysilsesquioxanes, and polyhedral silsesquioxanes all form by the same 

general reaction mechanisms, however.   

 Since a suitable kinetic equation has yet to be determined for the synthesis of 

silsesquioxanes, no universal synthetic protocols have been established.22  However, 

control of reaction conditions can be made to favor the formation one structure (or 

mixture of structures) preferentially for certain silane monomers.  Many procedures for 

the formation of specific silsesquioxanes have been developed recently and account for 

the increasing number of papers and patents published yearly on silsesquioxanes.21   

 While no universal preparative procedures have been established for the formation of 

silsesquioxanes, it is generally found that:  (1) lower concentrations of silane monomers 

favor intermolecular condensation and thus polyhedral structures are favored while 

higher concentrations of monomers favor polymeric structures;  (2) low pH favors 
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cyclization whereas higher pH favors polymerization; (3) water is essential to cyclization 

but excess water favors polymerization.22  While the rates of hydrolysis and condensation 

(as affected by the above factors) determine the final shape of the compound, the general 

hydrolysis mechanism is similar in any case.  The general hydrolytic reaction 

mechanisms for trialkoxysilanes are shown below in Figure 1.3. 

 

 

 

Figure 1.3.  Acid and base-catalyzed hydrolysis mechanisms of trialkoxysilane. 

 

 Under acidic conditions, an alkoxide group is protonated in a rapid first step.  

Electron density is withdrawn from the silicon atom, making it more electrophilic and 

thus more susceptible to attack from water. The rate of the first hydrolysis is the fastest 

because the penta-coordinate (SN2) transition state (which is stabilized by electron-

donating alkoxy groups46) is at a maximum, while each ensuing hydrolysis occurs more 

slowly as alkoxy groups are displaced as alcohol.  Similarly, condensation occurs most 

rapidly for singly-hydrolyzed species.   

 Under basic conditions, the alkoxide oxygens tend to repel the –OH nucelophile. 

However, once initial hydrolysis has occurred, each subsequent alkoxide group becomes 

9 
 



more easily removed from the monomer than the previous one as the negatively-charged 

transition state is made relatively more stable by hydroxyl groups, which have lower 

electron density than alkoxy groups.46 Therefore, highly hydrolyzed species are more 

prone to attack and condensation occurs most rapidly for fully-hydrolyzed species. 

 

1.3.3.  Silsesquioxanes as Nanoplatforms 
 

 Since the ability to precisely tailor the macroscopic properties of a material requires 

manipulating component organization at the finest (nanometer) length scales, highly 

symmetrical nanobuilding blocks are required to minimize structural defects and 

maximize periodicity from the nanometer to the macroscopic length scales.  These 

nanobuilding blocks should be easily prepared and modifiable (via chemical synthesis) to 

tailor to the property needs of the material.  Clearly, nanocomponents that are easily 

made and whose properties and assembly can be closely controlled with high 

homogeneity could have a significant impact on the development of new nanomaterials.   

 The polyhedral octameric (T8), decameric (T10), and dodecameric (T12) cages are 

shown above in Figures 1.1c and 1.2.  The T8, T10, and T12 silsesquioxanes have Oh, D5h, 

and D2d symmetry, respectively.  The T10 and T12 cages are typically never found as the 

only products, but usually as by-products in the synthesis of T8 cages.22   

 Of particular interest to us are the highly symmetric cubic silsesquioxanes (Figure 

1.4), which are unique spherical organic/inorganic molecules consisting of rigid silica 

cores with eight vertices (vertex body diagonal = 0.53 nm) each containing an organic 

moiety.  They are 1-2 nm in diameter with volumes < 2 nm3 with each organic functional 

group located in a separate octant in Cartesian space, orthogonal or in opposition to each 

other.  The positioning of the functional groups, the variety possible, and their size 

provide unique opportunities to build nanocomposites in 1-, 2- or 3-D, one nanometer at a 

time.  In addition, the silica core makes these compounds thermally quite robust, adding 

to their utility in applications where typical organics fail. 
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Figure 1.4.  Typical dimensions of cubic octameric silsesquioxanes. 

 

 The construction of materials nanometer-by-nanometer should lead to the design of a 

variety of materials with well-defined nanoarchitectures and novel (for reasons 

mentioned previously) yet predictable behaviors.  As “ideal” nanobuilding blocks, 

polyhedral silsesquioxanes allow for subsequent and selective chemical modification to 

provide a wide variety of derivatives, thus permitting specific assembly of these 

molecular components into larger, well-defined structures with tailorable properties.  The 

synthesis, functionalization, and characterization of cubic silsesquioxanes and their T10 

and T12 analogs, as well as incompletely condensed silsesquioxanes are the focus of this 

dissertation.  

 

1.3.3.1 Octaphenylsilsesquioxane, Octa(nitrophenyl)silsesquioxane, and Octa-

(aminophenyl)silsesquioxane 

 

 Octaphenylsilsesquioxane (OPS, Figure 1.5a) has long been known in the literature47-

49 but has rather limited usefulness, despite its nanometer size, 3-D symmetry, and high 

thermal stability (550 °C/air), because of its poor solubility in common organic solvents 

and decomposition before melting.  Recent work50 by our group has included the 

optimization of the synthesis of OPS (up to 90% yield) first reported by Brown.49   The 

by-product of the synthesis is a phenyl(triethoxy)silsesquioxane polymer (Mw ≈ 3000) 

which we refer to as polyphenylsilsesquioxane (PPS).  The proposed structure of PPS 

(based on 29Si NMR) 50 is shown below in Figure 1.6.  PPS can be functionalized in 
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manners analogous to OPS and its derivatives have been shown to exhibit properties 

(reactivity, processibility, thermomechanical characteristics, etc.)  comparable to OPS 

derivatives.51  PPS is used as a starting material for compounds synthesized in Chapter 6.  

 The utility (via increased solubility) of OPS was enhanced by nitration with fuming 

nitric acid to form octa(nitro-phenyl)silsesquioxane (ONPS, Figure 1.5b) and subsequent 

reduction under mild conditions with formic acid and triethylamine (Pd/C catalyst 

60 °C/N2/5 h) to obtain octa(amino-phenyl)silsesquioxane (OAPS, Figure 1.5c).41  

Nanocomposites synthesized from OAPS were studied as potential oxygen barrier 

materials and are described in Chapter 3.  
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Figure 1.5.  (a) Octaphenylsilsesquioxane (OPS), (b) octa(nitrophenyl)silsesquioxane (ONPS),  
and (c) octa(aminophenyl)silsesquioxane (OAPS). 
 

 

 
 

Figure 1.6.  Proposed structure of polyphenylsilsesquioxane (PPS). 
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1.3.3.2  Octa(bromophenyl)- and octa(iodophenyl)silsesquioxanes 

  

 The utility of OPS was further extended via halogenation of the aromatic moieties.  

Preliminary efforts42 by our group focused on bromination of OPS with Br2/Fe in 

dichloromethane (Scheme 1.1).  For Br:OPS ratios less than 8:1, the products are singly 

brominated but are a mixture of (65:20:15 para:meta:ortho) isomers.42 At higher ratios of 

Br:OPS the products are primarily 2,5 bromo-subsitituted (meta and ortho to Si). 

Br5.3OPS, with an average of 5.3 bromines per OPS molecule (as determined by 1H 

NMR), was used in the studies discussed in Chapter 4 to ensure that the products were 

primarily monobrominated and para-substituted to reduce unwanted disubstituted phenyl 

rings.  While Br5.3OPS has been shown to undergo further modification by chemical 

syntheses,42 the perfect cubic symmetry of the starting OPS is marginalized due to 

incomplete control of the substitution patterns via bromination. 

  

 

 
 

Scheme 1.1.  Bromination of octaphenylsilsesquioxane. 

 

 Since it is highly desirable to avoid the introduction of defects at the earliest stages of 

functionalization, a more “perfect” nanobuilding block was sought.  Octaiodo(phenyl)-

silsesquioxane (I8OPS) is afforded by the reaction of OPS with iodine monochloride at 

low temperature (Scheme 1.2).43   Unlike the brominated OPS compounds, I8OPS is 

achieved in high yield (90% - before recrystallization) with 99% conversion to the para 

isomer almost exclusively (93% - after recrystallization).  Thus I8OPS essentially 

preserves the cubic symmetry of the starting OPS compound and serves as a potential 
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scaffold to build higher-ordered nanostructures, as I8OPS is completely soluble in most 

organic solvents and contains a facile iodo- moiety susceptible to a host of palladium-

catalyzed coupling reactions (some below). 

 

 

 

Scheme 1.2.  Iodination of octaphenylsilsesquioxane. 

 

 
1.4.  General Chemical Reactions 

 

 Three general chemical reactions were used throughout this work to modify the 

organic periphery of the T8, T10, and T12 silsesquioxanes.  The Heck and Sonogashira 

reactions are common organic coupling reactions (reactions that catalytically bring 

together two neutral organic precursors) and very powerful methods for the formation of 

carbon-carbon bonds.  The third reaction, the olefin cross-metathesis reaction, has 

recently emerged as a convenient synthetic technique in organic chemistry for reacting 

two compounds with carbon-carbon double bonds. 

 

1.4.1.  The Heck Reaction 
 

 The Heck (sometimes referred to as Heck-Mizoroki) reaction (Scheme 1.3) is 

certainly the most useful and versatile method of C-C formation involving sp2 carbons.  

Developed in the late 1970’s, the Heck reaction is a palladium-catalyzed cross-coupling 

reaction of an aryl halide with a vinyl group to afford an aryl alkene.  Since its discovery, 

the general reaction procedure has largely remained unchanged from the original, though 
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much attention has been devoted to developing new ligands to promote catalytic turnover 

rates as well as to induce stereoselectivity in appropriate substrates.52,53  Reactions are 

typically carried out in a polar solvent (THF, DMF, DMA, dioxane) at elevated 

temperatures.  Generally the solvents and reaction vessels must be degassed to protect the 

integrity of the catalyst or the phosphine ligands, as they oxidize in the presence of 

oxygen. 

 

 

 
 

Scheme 1.3.  General Heck reaction. 

 

 While the exact mechanism of the Heck reaction is subject to much historical debate, 
51-54 the generally accepted reaction mechanism is shown below in Figure 1.7.  It is a 

variation of the common oxidative-addition/reductive-elimination pathway found in 

many transition metal-catalyzed reactions. 

 Historically, a wide variety of conditions and reagents have been used in the Heck 

reaction, since small changes in the reaction conditions often have mechanistic 

implications and thus affect the resulting the products.  Therefore, no simple procedure 

works in all cases.54-59  For our T8, T10, and T12 aryl halide compounds, we have found 

that we could achieve complete reactions under mild conditions (25 °C, 48 h) using 

Pd[P(t-Bu)3] and Pd2(dba)3 as the catalyst precursor system.43  This system does not 

require harsh conditions or the use of strong acids or bases, offering the possibility of 

chemical modification without damaging the silica core. 

 We have previously shown that a wide variety of compounds can be synthesized by 

coupling T8 aryl halides to a variety of olefins.42,43,60   This work has been extended to the 

T10 and T12 analogs and the synthesis and properties of these materials are found in 

Chapter 6. 
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Figure 1.7.  Proposed mechanism of the Heck reaction. 

 

 

1.4.2.  The Sonogashira Reaction 
 

 The Sonogashira reaction (less commonly known as the Sonogashira-Hagihara or 

Heck-Cassar-Sonogashira-Hagihara reaction) is similar to the Heck reaction but instead 

involves the coupling of terminal alkynes with aryl or vinyl halides with catalytic 

amounts of palladium and Cu (I) halide (Scheme 1.4).  The reaction was first reported in 

1975 by Kenkichi Sonogashira, Yasuo Toda, and Nobue Hagihara in 1975 as an 

alternative to the sensitive and sometimes-violent reaction conditions of the Stephans-

Castro coupling of copper(I) arylacetylenes with iodoarenes.61
 It is one of the most 

commonly employed cross-coupling reactions.  Reactions with aryl iodides usually occur 

at room temperature; aryl bromides typically require elevated temperatures under similar 

reaction conditions. 
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Scheme 1.4.  General Sonogashira reaction. 

  

 The proposed reaction mechanism is shown below in Figure 1.8.  The Sonogashira 

reaction was used extensively in the work presented in Chapter 4. 

 

 

 
 

Figure 1.8.  Proposed mechanism of the Sonogashira reaction. 

 

 

1.4.3.  Cross Metathesis Reaction 

 

 Olefin cross-metathesis is a transalkylidenation reaction, which allows for the 

exchange of substituents between different terminal olefins (Scheme 1.5) in the presence 

of a catalyst (usually a ruthenium or molybdenum complex).  The generally accepted 
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mechanism for metathesis is a chain mechanism, involving the intervention of a metal-

carbene complex and a four-membered ring containing a metal (Figure 1.9).62   

 When the reactants are simple alkenes, the proportions of products are generally 

statistical, which generally limits the synthetic utility of the reaction since the yield of 

any one product is low.  However, in some cases one alkene may be more or less 

thermodynamically stable than the rest (due to steric hindrances), so that the proportions 

are not statistical.63 
  The olefin cross metathesis reaction is employed to modify 

compounds in Chapter 6. 

 

 

 
 

Scheme 1.5.  General olefin cross metathesis. 
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Figure 1.9.  Proposed mechanism for olefin cross metathesis reaction. 
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Chapter 2 

 

General Experimental Techniques 
 

 

 Dioxane, THF, and toluene were purchased from Fisher and distilled under nitrogen 

gas from Na/benzophenone prior to use.  All other solvents and chemicals were 

purchased from Fisher or Aldrich and used as received without further purification.  All 

work was performed under nitrogen unless otherwise stated. 

 

 

2.1  Analytical Procedures 
 
NMR analyses. 

All 1H and 13C-NMR were performed in CDCl3 or DMSO and recorded on a Varian 

INOVA 400 spectrometer. 1H-NMR spectra were collected at 400 MHz using a 6000 Hz 

spectral width, a relaxation delay of 3.5s, a pulse width of 38˚, 30 k data points, and 

CDCl3 (7.27 ppm) or DMSO-d6 (2.50 ppm) as an internal reference.  13C-NMR spectra 

were collected at 100 MHz using a 25000 Hz spectra width, a relaxation delay of 1.5s, 

75k data points, a pulse width of 40˚, and CDCl3 (77.23 ppm)  or DMSO-d6 (39.5 ppm) as 

the internal reference. 

 

Thermal Gravimetric Analyses (TGA). 

Thermal stabilities of materials under N2 or air were examined using a 2960 simultaneous 

DTA-TGA Instrument (TA Instruments, Inc., New Castle, DE). Samples (5-10 mg) were 
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loaded in alumina pans and ramped to 1000 °C while heating at 10 °C/min. The N2 or air 

flow rate was 60 mL/min. 

 

Differential Scanning Calorimetry (DSC). 

Calorimetry was performed on materials using a DSC 2910 (TA Instruments, Inc., New 

Castle, DE).  The N2 flow rate was 60 mL/min.  Samples (10-15 mg) were placed in a 

pan and ramped to 400 °C (5 °C/min/N2) without capping. 

 

Melting Points.   

Melting point determinations were performed on samples using a Mel-Temp 3.0 

(Laboratory Devices, Inc. Dubuque, IA) with a ramp rate of 5 °C/min.    

 

Fourier-Transform Infrared Spectroscopy (FTIR). 

Diffuse reflectance Fourier transform (DRIFT) spectra were recorded on a Nicolet 6700 

Series FTIR spectrometer (Thermo Fisher Scientific, Inc., Madison, WI). Optical grade, 

random cuttings of KBr (International Crystal Laboratories, Garfield, NJ) were ground, 

with 1.0 wt% of the sample to be analyzed. For DRIFT analysis, samples were packed 

firmly and leveled off at the upper edge to provide a smooth surface. The FTIR sample 

chamber was flushed continuously with N2 prior to data acquisition in the range 4000-

400 cm-1. 

 

Gel Permeation Chromatography. 

All GPC analyses were done on a Waters 440 system equipped with Waters Styragel 

columns (7.8 x 300, HT 0.5, 2, 3, 4) with RI detection using Optilab DSP interferometric 

refractometer and THF as solvent. The system was calibrated using polystyrene standards 

and toluene as reference.  Analyses were performed using PL Caliber 7.04 software 

(Polymer Labs, Shropshire UK). 

 

Matrix-Assisted Laser-Desorption/Time-of-Flight Spectrometry.   

MALDI-TOF was performed on a Micromass TofSpec-2E equipped with a 337 nm 

nitrogen laser in positive ion reflection mode using poly(ethylene glycol) as the 
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calibration standard, 1,8,9-anthracenetriol (dithranol) as the matrix, and AgNO3 as the ion 

source. Samples were prepared by mixing solutions of five parts dithranol (10 mg/mL in 

THF), five parts sample (1 mg/mL in THF) and one part AgNO3 (10 mg/mL in water) and 

blotting the mixture on the target plate. 

 

X-Ray Diffraction Analysis (XRD). 

XRD was performed on a Rigaku Rotating Anode Goniometer (Rigaku Denki., LTD., 

Tokyo, Japan). The powder sample was packed on a glass specimen holder. XRD scans 

were made from 10° to 60° 2θ, using a scan rate of 2° min-1 in 0.05° increments and Cu 

Kα radiation (1.542 Å) operating at 40 kV and 100 mA. The Jade program (Version 3.1 

from Materials Data, Inc., Livermore CA) was used to determine the presence of any 

crystallographic phases. 

 

 

2.2  General Synthetic Methods 
 

2.2.1  Synthesis of Octaphenylsilsesquioxane (OPS) 
 

 OPS was prepared by previously published methods.1 Phenyltriethoxysilane, PTES, 

(7 g, 29.1 mmol) was added to a 100 mL round-bottomed flask equipped with a magnetic 

stir bar and reflux condenser.  50 mL of toluene and potassium hydroxide (0.56 g, 10.0 

mmol) was then added under N2.  The solution was heated to reflux at 110 °C, and then 

water (0. 5 mL, 10 wt% water based on PTES) was slowly added in small portions of 0.1-

0.2 mL each 3-5 min over 30 min.  The reaction was refluxed for 60 h.  After about 3 h, a 

white powder (OPS) begins to precipitate.  After 60 h, the precipitated powder is filtered 

off, washed with methanol (3 x 20 mL), and dried 70 °C/7 h to give 3.41 g (91%) of 

white powder.  
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2.2.2  Synthesis of Octa(nitrophenyl)silsesquioxane (ONPS) 

 

 ONPS was prepared per Olsson and Grönwall2 with several modifications.3  OPS, 50 

g (48.4 mmol) was added in small portions to 300 mL of fuming nitric acid with stirring 

at 0 °C. After addition was complete, the solution was stirred for an additional 30 min 

and then at room temperature for 20 h. After filtration through glass wool, the solution 

was poured onto 250 g of ice. A very faintly yellow precipitate was collected, washed 

with water (~100 mL x 5 until pH ≈ 6.0) and then with ethanol (~100 mL x 2). The 

obtained powder was dried at ambient to remove residual solvent to yield 60.8 g (43.6 

mmol, 90.1%) of material.  

 

2.2.3  Synthesis of Octa(aminophenyl)silsesquioxane (OAPS) 

 

 OAPS was prepared3 by introducing ONPS (10.0 g, 7.16 mmol, -NO2 57.4 mmol) and 

5 wt % Pd/C (1.22 g, 0.574 mmol) into a 250-mL Schlenk flask equipped with a 

condenser under N2. Distilled THF (80 mL) and triethylamine (80.0 mL, 0.574 mmol) 

were then added. The mixture was heated to 60 °C, and 85% formic acid (10.4 mL, 0.230 

mol) was added slowly at 60 °C. Carbon dioxide evolved, and the solution separated into 

two layers. After 5 h, the THF layer was separated, and 50 mL of THF and 50 mL of 

water were added until the slurry formed a black suspension. The suspension and the 

THF solution separated previously were mixed and filtered through celite. Another 20 

mL of THF and 20 mL of water were added to the flask to dissolve the remaining black 

slurry, and the suspension was filtered again. All of the filtrates were combined with 50 

mL of ethyl acetate and washed 4x with 100 mL H2O. The organic layer was dried after 5 

g of MgSO4 and precipitated by addition to 2 L of hexane. A white precipitate was 

collected by filtration, redissolved in 30:50 THF/ethyl acetate and reprecipitated into 1 L 

hexane. The obtained powder was dried under vacuum. Yield 6.80 g (5.89 mmol, 

recovery 82%).  
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2.2.4  Synthesis of Octa(Br5.3phenyl)silsesquioxane (Br5.3OPS) 
  

 Br5.3OPS was synthesized according to published methods.4 To a 250 mL round-

bottom flask equipped with magnetic stirring was added 5.0 g of finely ground OPS (38.7 

mmol-phenyl), 570 mg (10.2 mmol) of Fe, and 50 mL of CH2Cl2. Then, 1.78 mL (34.8 

mmol) of Br2 was added over the course of 10 min via syringe. The solution was stirred 

at ambient for 3 h. After this time, 50 mL of 10% NaHSO3 was added to destroy the 

remaining Br2. The organic layer was separated and washed with water three times, and 

the solvent was removed by rotoevaporation. The resulting white powder was dissolved 

in 50 mL of ethyl acetate and precipitated into 1000 mL of methanol. The solution was 

filtered, giving 6.1 g (87%) of a white powder. 

 

2.2.5  Synthesis of Octa(iodophenyl)silsesquioxane (I8OPS) 
 

 I8OPS was prepared according to the procedures by Roll, et. al.5  To an oven-dried, 

single-neck 1 L flask under flowing N2 was added 290 mL of 1.0 M ICl/CH2Cl2 solution. 

The solution was cooled to -40 °C using a dry ice/ethanol/ethylene glycol bath, and 26.7 

g (25.8 mmol) of powdered OPS was added at an approximate rate of 5 g/min with 

stirring. HCl evolution began within 1 min of OPS addition. Flowing N2 flushed the HCl 

from the reaction system. Residual OPS, sticking to the sides of the flask, was washed 

into the reaction solution with 40 mL of CH2Cl2. The reaction was stirred for 24 h at -

40 °C, allowed to warm to room temperature with stirring over another 24 h, and 

quenched with 300 mL of ~1 M sodium metabisulfite.  

 When all the ICl was consumed and quenched, the organic layer was extracted, 

washed three times with water, filtered, and dried over anhydrous sodium sulfate. The 

volume was subsequently reduced by rotary evaporation to produce a white solid. This 

solid was further dried under vacuum and then redissolved in 400 mL of THF. This clear 

solution was then precipitated into 3 L of cold methanol, providing a white powder that 

was then vacuum-dried to give 47 g (23 mmol, 90% yield). The as-precipitated material 

could then be recrystallized from hot ethyl acetate to give colorless crystals (~30–40% 
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yield). Single crystals suitable for X-ray diffraction were grown in using the same 

recrystallization procedures on a smaller scale. 
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Chapter 3 

 

Silsesquioxane Barrier Materials 
 

 

 Cubic octameric silsesquioxanes, because of their octahedral structures and 

nanometer size, represent potentially very useful nanoconstruction sites. Here we report 

the reaction of octaaminophenylsilsesquioxane (OAPS) with a variety of epoxides and 

dianhydrides and their subsequent heat treatment to form nanocomposite films with 

exceptional oxygen barrier properties. While solution-cast films give relatively low 

oxygen transmission rates (OTR), casting followed by warm-pressing lowers the OTR to 

values competitive with commercially available high-performance barrier films. The 

lowest OTR measured was obtained with warm-pressed bilayer films consisting of 

OAPS/tetraglycidyl-m-xylenediamine and OAPS/2,4-epoxycyclohexylmethyl-3,4-epoxy-

cyclohexanecarboxylate with OTRs < 1 cm3 20 μm/(m2·day·atm). These silsesquioxane 

films are thermally very robust, particularly the OAPS/imide films (>500 °C when fully 

cured), making them ideal for electronics packaging and encapsulation applications. 
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3.1  Introduction 
 

One of the oft-repeated objectives of nano-science and nano-technology is to develop 

methods of constructing materials from the bottom up. However, the potential to realize 

such approaches is limited by the availability of building blocks that permit the strategic 

design of materials and thereafter their construction with nanometer by nanometer 

control. The literature is replete with articles on the design and synthesis of nanosized 

particles and their assembly to nanostructured materials;1-6 however, there are very few 

building blocks that offer the potential for nanometer by nanometer construction in 1-, 2- 

or 3-D with control of periodicity over millimeter and even centimeter length scales and 

therefore global properties.  

Octasilsesquioxanes,7-11 Q8 [RMe2SiOSiO1.5]8 and T8 [RSiO1.5]8 (R = alkyl, alkenyl, 

alkynyl, aryl, epoxy, methacrylate, aromatic, etc; Figure 3.1) are spherical molecules ≈ 

1.0 nm  in diameter with cubic symmetry that places a functional group in each octant in 

Cartesian space, thereby, in principle, permitting their assembly one nanometer at a time 

in 1-, 2- or 3-D with complete control of periodicity. In principle, through control of the 

architecture of the organic groups connecting the vertices of each silsesquioxane, it is 

possible to tailor global properties. 

 We and others have begun to explore their utility for building nanostructured 

materials, nanocomposites for diverse applications.12-30 Our initial goal was first to prove 

that it is possible to both assemble Q8 and T8 systems in 3-D covalently linked 

nanocomposite networks with precise control of the periodicity over extended length 

scales.15,20  A second goal was to demonstrate the potential to tailor global properties 

through control of the architecture of the organic tethers joining silsesquioxane cage 

vertices. We focused our efforts on the epoxy and imide chemistries of the Q8 and T8 

systems, as suggested by Schemes 3.1 and 3.2.18,19  
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Figure 3.1. Typical (a) Q8 and (b) T8 Structures. 

 

 

 
 
Scheme 3.1.  Reaction of octaminophenylsilsesquioxane (OAPS) and tetraglycidyl-m-
xylenediamine (TGMX) to form nanocomposite films. 
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Scheme 3.2.  Reaction of OAPS with oxydiphthalic anhydride (ODPA) or pyromellitic 
dianhydride (PMDA) to form imide nanocomposite films. 
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One major finding of this work was that traditional epoxy resin stoichiometries, 

wherein one -NH2 group is reacted with two epoxy moieties (N = 0.5), offer poorer 

mechanical properties than a 1:1 NH2:epoxy stoichiometry (N = 1). In this regard, we 

recently reported the development of simple, low-viscosity epoxy resins with control of 

coefficients of thermal expansion (CTEs) over on order of magnitude from 25 to 240 

ppm/°C.22 In an extension of these efforts, we report here that it is possible to use 

nanometer tailoring of the structures of epoxy and imide systems to produce oxygen 

barrier films that, unoptimized, are equivalent to those produced commercially while 

offering improved thermal stability.  

At the molecular level, transport of gas molecules across membranes is controlled (1) 

by the solubility of the gas within the membrane materials followed by diffusion through 

it31,32 and (2) the ability to diffuse through the membrane without dissolution via 

adventitious pores and free volume.33 Thus, all efforts to make barrier materials must also 

consider ways of blocking these transport mechanisms. 

A review of the literature indicates that superior barrier properties are obtained from 

polymeric materials modified using an assortment of approaches.32-39 For example, good 

barrier properties extend from polymers with strong intra-chain forces that induce high 

packing densities that in turn hinder gas diffusion. Thus strong hydrogen bonding, chain 

alignment by extrusion, high degrees of crystallinity or liquid crystallinity provide one set 

of approaches to defeating diffusion of gases. Another approach is to add easily dispersed 

second phases that can be organic or inorganic inclusions such as exfoliated clay particles 

or simply silica.39 An extension of this approach is to make bilayer films where transport 

across the interface is problematic. In the extreme, this can include introduction of an 

inorganic phase including aluminum (metallized layers). Clearly, the need to disperse or 

coat a second phase adds to the difficulty and expense of processing as does extrusion or 

other processing methods that align polymer chains.  

If the claim that silsesquioxanes offer tailorability of global properties by assembly at 

nanometer length scales is to be justified, then it should be possible to develop low-

viscosity, single phase silsesquioxane systems that on curing offer good O2 transport 

barrier properties.  We describe here our efforts to identify useful barrier systems. It is 
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important to note that the systems developed here also offer considerable potential for 

modifying CTEs, and abrasion and corrosion resistance.22 

 

 

3.2  Experimental 
 

3.2.1  Materials 

 
Tetraglycidyl-m-xylenediamine (TGMX, MW 332.4), a gift from Dr. Rafil Basheer of 

Delphi Corp., and diglycidyl ether of bisphenol A (DGEBA, MW 340.4, Aldrich) were 

used as received.  Standard concentrations (2%, 5%, and 10%) of O2 in helium were 

purchased from Cryogenic Gases (Detroit, MI).  δ-Alumina nanopowder (Aluminium C, 

71 nm APS) was received as a gift from from Degussa Inc. and used as received. 4-

Vinyl-1-cyclohexene (MW 108.2), pyromellitic dianhydride (PMDA, MW 218.1), 4,4’-

oxydianiline (ODA, MW 200.2), 4,4’-oxydiphthalic anhydride (ODPA, MW 310.2), 3,4-

epoxy-cyclohexyl-methyl-3,4-epoxy-cyclohexanecarboxylate (ECHX, MW 252.3), 

resorcinol diglycidyl ether (RDGE, MW 222.2), and N-methylpyrrolidone (NMP) were 

purchased from Aldrich (Milwaukee, WI) and used without further purification.  

Octahydridosilsesquioxane (OHS, MW 1018.0) and octaaminophenylsilsesquioxane 

(OAPS, MW ≈ 1153) were synthesized following methods described in the literature.16,17  

All work was performed under nitrogen. 

 

3.2.2  Curing and Pressing Studies 
 

All samples were cast in round 100 mm diameter Teflon petri dishes. They were 

heated in a Thelco Laboratory Oven (equipped with temperature controller) according to 

the conditions described in Tables 3.1 and 3.2.  Heat-pressed samples were pre-cured and 

subsequently removed from the molds, sandwiched between aluminum foil sheets, and 

warm-pressed in air according to the conditions described in Table 3.2, from 0.690 – 

1.03 MPa (100-150 psi) in a Carver Press Model 3851-0 (equipped with heating platens 
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and temperature controller) according to the conditions specified in Table 3.2. Resulting 

warm-pressed samples were ~ 200 mm in diameter.  

 

3.2.3  Oxygen Transmission Rate (OTR) Measurements 
 

OTR values were measured using an HP Model 5890 Series 2 GC equipped with 

permeation cell and calibrated with 2%, 5%, and 10% concentrations of O2 in helium. A 

schematic of the components needed to determine OTR by permeation cell and GC is 

shown in Figure 3.2.  Test films were cut and mounted (with typical commercial 2-part 

epoxy adhesive) on circular aluminum foil holders 100 mm diameter with circle shape 

openings of 40 mm diameter.  Mounted films were then placed in the permeation cell and 

conditioned under steady flow of test and carrier gas for 2 h.  Measurements were taken 

(at ambient humidity) at room temperature, 18, 50, and 70 °C. The 18 °C measurements 

were achieved by submerging the permeation cell in an ice bath while measurements at 

50 and 70 °C were taken with the permeation cell heated in a temperature controlled 

oven.   

The gas (oxygen) transmission rate P (cm3·cm /cm2·s·cm Hg) was obtained by 

measuring the gas amount q (cm3) permeated through membrane in time t (sec), as 

follows: 

 

  
f

mt ×
=

60
 (s) 

76××
×

=
ta

lqP  (cm3·cm / cm2·s·cm Hg) 

 

where:  m = volume of gas sample loop (cm3) 

f = gas flow rate (cm3/min) 

q = volume of permeated O2 gas (cm3) 

a = area of membrane (cm2) 

  l = thickness of membrane (cm) 
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Three separate GC measurements (within ±5%) were recorded for each film and 

averaged.  The gas amount q was determined from a calibration curve.  The oxygen 

transmission rate (P) was calculated and standardized to 20 μm thickness. The OTR of 

the measured films are reported in Tables 3.1-3.2. 

 

 

 
 

Figure 3.2.  Schematic of GC/permeation cell for determination of OTR.  (Measurements 
taken at ambient humidity with HP Model 5890 Series 2 GC.) 
  

 

3.2.4  Synthetic Methods and Sample Curing Studies 
 

3.2.4.1  Synthesis of Tetrethylcyclohexenyl Silsesquioxane (TCHS) and Curing 

  

 OHS, 25.0 g (196.6 mmol Si-H) and 178.6 mg of PtO2 were placed in a 500 mL 

Schlenk flask equipped with magnetic stirrer and condenser. The flask was evacuated and 

flushed three times with N2. Toluene (200 mL) and 9.08 mL (122.8 mmol) of 4-vinyl-1-
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cyclohexene were added via syringe.  The reaction mixture was heated at 85 °C for 24 h.  

The solid PtO2 catalyst was separated over celite and residual toluene was removed under 

vacuum to reveal a white powder (30.9 g, 88%).  2.0 g of TCHS was placed in a round 

Teflon petri dish and heated at temperatures specified in Table 2.1 to give a 0.4 mm thick 

film used in gas transport measurements. 

 

3.2.4.2  Preparation of OAPS/PMDA Imide Films 

 

 OAPS, 25.0 g (173.6 mmol NH2-phenyl) was dissolved in 110 mL (1.13 mol) of 

NMP. This solution was added to another solution containing 18.9 g (86.8 mmol) of 

PMDA in 100 mL of NMP.  The combined solution was stirred at room temperature for 5 

min.  An 8.0 g portion of solution was cast into molds and heated at temperatures 

specified in Tables 3.1 and 3.2 to give 0.50 mm thick films.   

 

3.2.4.3  Preparation of OAPS/ODA/PMDA Imide Films 

 

 OAPS (6.25 g, 43.4 mmol NH2-Phenyl) and ODA (4.35 g, 43.4 mmol NH2-Phenyl) 

were dissolved in 110 mL of NMP.  This solution was added to another containing 18.9 g 

(86.8 mmol anhydride) of PMDA in 100 mL of NMP cooled to 0 °C. The combined 

solution was stirred at room temperature for 5 min.  An 8.0 g portion of solution was cast 

into molds and heated at temperatures specified in Tables 3.1 and 3.2 to give 0.50 mm 

thick films.   

 

3.2.4.4  Preparation of OAPS/ODA/ODPA Imide Films 

 

 OAPS (6.25 g, 43.4 mmol NH2-Phenyl) and ODA (4.35 g, 43.4 mmol NH2-Phenyl) 

were dissolved in 110 mL of NMP.  This solution was added to another containing 13.5 g 

(86.8 mmol anhydride) of ODPA in 100 mL of NMP cooled to 0 °C. The combined 

solution was stirred at 0 °C for 5 min.  An 8.0 g portion of this solution was cast into 

molds and heated at temperatures specified in Tables 3.1 and 3.2 to give 0.50 mm thick 

films.   
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3.2.4.5  Preparation of OAPS/DGEBA Epoxide Films  

 

 OAPS (25.0 g, 173.6 mmol NH2-Phenyl) was dissolved in 110 mL of NMP. This 

solution was added to another solution containing 32.12 g (173.6 mmol epoxy) of 

DGEBA in 100 mL of NMP cooled to 0 °C.  The combined solution was stirred at for 5 

min.  6.0 g of solution cast into molds and heated at temperatures specified in Tables 3.1 

and 3.2 to give 0.45 mm thick films.   

 

3.2.4.6  Preparation of OAPS/ECHX Epoxide Films 

 

 OAPS (3.20 g, 22.22 mmol of Ph-NH2) and ECHX (5.61 g, 44.44 mmol epoxy) were 

dissolved in 20 mL of DMF and stirred for 5 min.  The solution was cast into molds and 

heated at temperatures specified below in Tables 3.1 and 3.2 to give 0.50 mm thick films. 

 

3.2.4.7  Preparation of OAPS/TGMX Epoxide Films  

 

 OAPS (3.20 g, 22.22 mmol of NH2) and TGMX (2.29 g, 51.46 mmol of epoxy) were 

dissolved in 40 mL of THF and stirred for 5 min. The solution was left overnight at room 

temperature to evaporate THF. The solution was cast into molds and heated at 

temperatures specified below in Tables 3.1 and 3.2 to give 0.50 mm thick films. 

 

3.2.4.8  Warm-Pressed OAPS/TGMX-OAPS/ECHX Bilayer Epoxide Films  

 

 OAPS/TGMX films were prepared as above. The films were partially cured at 100 

°C/1h and 130°C /4h after which it became a flexible solid. OAPS/ECHX films were 

prepared as above and cast onto the partially cured OAPS/TGMX films.  Both layers 

were again heated at 100 °C/1h and 130 °C/4h, removed from the mold, sandwiched 

between aluminum foil sheets and heat pressed at 1.03 MPa as specified in Table 3.2. 
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3.2.4.9  Preparation of OAPS/RDGE Films  

 

 OAPS (3.20 g, 22.2 mmol of PhNH2) and RDGE (4.93 g, 44.4 mmol of epoxy) were 

dissolved in 40 mL of DMF and stirred for 5 min. The solution was cast into molds and 

heated at temperatures specified in Tables 3.1 and 3.2 to give 0.50 mm thickness films. 

 

 

3.3  Results and Discussion 
 

As noted above, traditional barrier materials rely on close packing of polymer 

molecules coupled with the introduction of both organic and inorganic crystalline second 

phases as micro and nanocomposite barriers within a standard polymer matrix. Given that 

octafunctional silsesquioxane cages offer the potential to produce very highly cross-

linked materials wherein the silica cage not only acts as the cross-linker but also provides 

a completely dispersed and highly impermeable inorganic phase, 40 the initial goal in this 

work was to form highly cross-linked materials with very short tethers connecting the 

silsesquioxane cores. Both the epoxy resins of our CTE studies and some of the 

polyimides studied earlier offer such opportunities.18,19,22  

In addition, we were also interested in a novel self-curing oligomer that offers the 

additional potential of relatively high thermal stability and high hydrophobicity. Thus, we 

briefly examined the barrier behavior of tetrethylcyclohexenyl silsesquioxanes (TCHS) 

produced via reaction 1 of Scheme 3.3.  TCHS melts at 120°C and cures at 180°C 

(reaction 2 of Scheme 3.4) to give fully dispersed and transparent materials that show no 

evidence of nanometer-sized pores by BET.   
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Scheme 3.3.  (1) Preparation of TCHS from OHS and 4-vinyl-1-cyclohexene and (2) 
self-curing of TCHS at 200 °C. 
 

 

TCHS can be melted, cast as a liquid and subsequently cured to provide high-quality 

films (see Experimental Section above). Unfortunately, as shown below, it is highly 

permeable to O2 but may offer utility for separation of other gases. Thus, the majority of 

the work reported here maps structure-processing-property relationships of 

silsesquioxane epoxy and imide nanocomposites as O2 barrier materials. The types of 

epoxy compounds studied are shown in Figure 3.3. The oxygen transport values (OTR - 

measured as a function of film thickness per unit surface area) and curing conditions are 

shown in Table 3.1. We have also characterized these materials via a number of standard 

techniques; see Chapter 2. 
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Figure 3.3. Sets of epoxies tested with various amine curing agents. 

 
Table 3.1.  Oxygen Transmission Rates (OTR) of cast silsesquioxane films. 

[@ 20 °C and 65% RH; cm3·20 μm /m2·day·atm-O2, i.e. standardized to 20 μm thickness] 

Sample N 
NH2 groups : 

Epoxide 
groups 

Curing OTR (± 0.5) 
(cm3·20μm/m2·day

·atm) 

TCHS [Pt(dcp)] -- 170 °C /5 h 24,000 
TCHS (PtO2) -- 130 °C/6 h, 130 °C/8 h, 150 °C/8 h,  

170 °C/8 h 
13,000 

50% OAPS/PMDA -- 120 °C /4 h, 205 °C /4 h, 215 °C/4 h 31 
50% OAPS/PMDA -- 120 °C /4 h, 205 °C /4 h, 215 °C/8 h,  

240 °C/8 h  
27 

50% OAPS/ODPA  120 °C /4 h, 205 °C /4 h 35 
50% OAPS/ODPA -- 120 °C /4 h, 205 °C /4 h, 215 °C/8 h,  

225 °C/8 h 
25 

50% OAPS/ODPA -- 120 °C /4 h, 205 °C /4 h, 215 °C/8 h,  
240 °C/8 h 

27 

50%OAPS/ODPA 
/ODA 

-- 120 °C /4 h, 205 °C /4 h, 215 °C/8 h,  
225 °C/8 h 

29 

OAPS/DGEBA 0.5 130 °C /5 h 110 
OAPS/DGEBA 0.5 130 °C /5 h, 150 °C /5 h 21 
OAPS/DGEBA 1.0 130 °C /5 h, 150 °C /5 h 24 
OAPS/TGMX 0.5 90 °C/2 h 14 
OAPS/ECHX 0.5 100 °C/1 h, 130 °C/4 h 8 
OAPS/ECHX 1.0 100 °C/1 h, 130°C/4 h 24 
OAPS/ECHX 0.5 100 °C/1 h, 130°C/4 h, 180 °C/4 h 6 
OAPS/RDGE 0.5 95 °C/4 h, 115 °C/4 h 105 
OAPS/RDGE 1.0 95 °C/4 h, 115 °C/4 h 115 
EVAL F Grade† -- -- < 1.0 

†Eval F is 32% ethylene-vinyl alcohol copolymer biaxially orientated (3x3) and heat treated to 
140 °C.42 
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In general, the OTR of the films decreases with increasing curing temperatures and 

times.  However, the limiting factor was increased brittleness at higher temperatures, as 

films cast from solution fractured easily from the stresses of curing in slightly curved 

molds. In contrast, warm pressing minimized brittle fracture and had a profound effect on 

barrier properties. 

 

3.3.1  Solution Cast Films  
 

3.3.1.1  TCHS 

 

TCHS films were formed by curing TCHS per conditions described in Table 3.1. 

TCHS is self-curing (Scheme 3.3); films are completely transparent and have high 

thermal stability. The 5% mass loss temperature (Td5%) of TCHS is 325 °C, making it 

ideal for electronics encapsulation. Qualitatively, films have a range of flexibility 

depending on the temperature and duration of curing. However, no quantitative 

measurements of flexibility were made.  Films cured at 5-h (170 °C) provided the best 

flexibility and least color while those subjected to step-wise curing (130 °C/6 h, 130 °C/8 

h, 150 °C/8 h, 170 °C/8 h) were most rigid and deeply yellow, yet still transparent.  The 

yellow color comes in part from the retained Pt catalyst. 

TCHS was initially synthesized using Pt(dcp), a soluble catalyst, which is quenched 

after the reaction with PPh3. However, we speculated that the presence of residual PPh3 

inhibited complete curing of TCHS, explaining the unusually high OTR values recorded 

in Table 3.1. According to solid state NMR studies, 130 °C/5 h and 170 °C/5 h TCHS 

films are 69% and 79% cured.41 In response to this, we examined PtO2 catalyzed 

hydrosilylation, and filtered off the solid catalyst while eliminating the need for PPh3. 

While the OTR values using PtO were lower by approximately half [13,000 vs. 24,000 

cm3·20 μm/(m2·day·atm)], they were not as low as expected or desired. Thus, we focused 

on the polyimide and epoxy systems. 
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3.3.1.2  Polyimide Films 

 

We previously described the synthesis, processing, and mechanical properties of two 

polyimide nanocomposite systems, OAPS/PMDA and OAPS/ODPA.18,19 Although the 

OAPS/PMDA materials are very brittle, we were able to successfully process a number 

of films suitable for OTR measurements. Note that in our earlier studies, these materials 

cured most effectively on heating to ≥ 300 °C. 

As expected, the barrier performance of these films improved with higher temperature 

(more complete) curing, but cast OAPS/PMDA films could not be heated above 240 °C 

without fracturing into unusable fragments. Even so, films heated step-wise (to minimize 

cracking) 120 °C /4 h, 205 °C /4 h, 215 °C/8 h, 225 °C/8 h exhibited promising barrier 

properties  [Table 3.1; 27 ± 0.5 cm3·20 μm/(m2·day·atm)] where commercial, biaxially 

stretched hot and oriented EVAL offer transport values of 1 ± 0.005 cm3·20 

μm/(m2·day·atm). Note that these values are far superior to those obtained for TCHS and 

reflect the length (~1.8 nm) and rigidity of the tethers that join the vertices of two 

cubes.18,19 

We also measured the barrier properties of analogous OAPS/ODPA films, which also 

exhibited barrier properties directly related to the degree of curing. Again, while cast 

OAPS/ODPA samples could not be heated directly to ≥225 °C without cracking, samples 

cured step-wise to that temperature showed barrier properties [25 cm3·20 

μm/(m2·day·atm)] competitive with commercial PVA films [20 cm3·20 

μm/(m2·day·atm)]42 but offering air stability to 550 °C when fully cured.  In contrast, the 

decomposition temperatures of PVA films are very close to their melting temperatures 

(between 150 °C and 250 °C), which in turn are dependent on the degree of hydrolysis.43 

In order to make the films more flexible with the goal of curing to higher 

temperatures, we introduced ODA (Figure 3.4) as a diluent in the OAPS/ODPA systems.  

Reactions of equal stoichiometric amounts of OAPS and ODPA with ODA gave films 

that were much less brittle than undiluted films, with comparable oxygen permeabilities 

[29 cm3·20μm/(m2·day·atm) for OAPS/ODPA/ODA and 25 cm3·20 μm/(m2·day·atm) for 

OAPS/ODPA] under identical curing conditions (120 °C /4 h, 205 °C /4 h, 225 °C/8 h, 

225 °C/8 h).   
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Figure 3.4.  Chemical structure of oxydianiline (ODA). 

 

 

As Table 3.1 shows, the use of ODA gives essentially the same barrier performance.  

However, the resulting films are qualitatively more flexible and also could be cured to 

somewhat higher temperatures (240 °C) before fracturing. 

 

3.3.1.3  Epoxy Resin Films 

 

 The bulk of our study focused on OAPS/epoxy resin systems, since they offer access 

to films with very high cross-link densities in addition to strong hydrogen bonding, as 

well as the incorporation of an inorganic silica core. Figure 3.3 provides a complete list 

of epoxy compounds studied and their structures. 

The flexibility of OAPS/epoxy films also depended on cure times and temperatures. 

In general, OAPS/TGMX films were more flexible compared to other epoxide films 

cured under similar conditions. All of the transparent films were colored from light 

yellow to dark orange.  OTR values for OAPS/epoxy films exhibited the best properties 

of all the cast films studied, with OAPS/ECHX (100°C/1 h, 130°C/4 h, 180 °C/4 h) 

exhibiting the lowest OTR [6 cm3·20 μm/(m2·day·atm)] observed.   

Again, barrier properties generally improved at higher temperatures and longer cure 

times.  For example, O2 permeability for OAPS/DGEBA (130 °C/5h) falls from 110 to 21 

cm3·20 μm/(m2·day·atm) when heated for 5 h more at 150 °C. In addition, these films 

also benefit from the heat capacity of the silica framework and the ability of the cube to 

control polymer (tether) chain motion at elevated temperatures. For example, the Td5% of 

OAPS/DGEBA is 180 °C, compared to 165 °C for DGEBA alone.  However, RDGE 

films did not offer the same barrier performance as ECHX, DGEBA, or TGMX. While it 

can be predicted that higher temperature curing may be necessary to reduce the O2 

permeability of OAPS/RDGE films, these films could not be heat treated higher than 115 
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°C without cracking. Since the epoxide functionalities of RDGE are meta to each other 

across the aromatic ring and because the separation (by measuring number of bonds) 

between them is relatively short compared to DGEBA and TGMX, there might not be 

enough flexibility in the tethers to limit cracking as the films cure.  However, the ability 

of the ECHX cyclohexyl epoxides to adopt flexible chair conformations could explain 

why OAPS/ECHX films do not crack under similar curing conditions to those used for 

OAPS/RDGE.  

 We also manipulated the ratio “N” (NH2 groups : epoxide groups) in OAPS/epoxide 

films to measure the effects on OTR values. In general, a lower N value led to improved 

OTR performance, which corresponds to an increase in cross-link density.  The materials 

with N = 1.0 and N = 0.5 stoichiometries are most important here because these are the 

ratios that can give perfectly matched curing to form one or two cross-links per each 

vertex, respectively. For example, OAPS/ECHX impermeability improves from 24 to 8 

cm3·20 μm/(m2·day·atm) under the same conditions (100 °C/1 h, 130 °C/4 h) when the N 

ratio is changed from 1.0 to 0.5, respectively.  

 

3.3.2  Warm-Pressed Films  
 

While ‘cube’ films exhibit excellent barrier properties when cast from solution, warm 

pressing dramatically lowers the OTR of the OAPS/imide and epoxide films, see Table 

3.2. Initially the films are pre-cured (Table 3.2) to remove solvent and then cured under 

pressure between heated platens (see experimental details). Note that the Table 3.2 

conditions represent maximum temperatures and loads during curing; higher 

temperatures and pressures cause films to crack. 

There is significant improvement in the barrier properties of both OAPS/imide and 

epoxide systems when cured under pressure. It is reasonable to assume that heating under 

pressure eliminates voids and pores resulting from residual solvent eliminated in the pre-

curing step. 
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Table 3.2.  Oxygen Transmission Rates (OTR) of heat-pressed silsesquioxane films. 
[@ 20 °C and 65% RH; cm3·20 μm /(m2·day·atm)-O2, i.e. standardized to 20 μm thickness] 

Sample N 
NH2 groups : 

Epoxide 
groups 

Initial 
Curing 

Curing w/Pressure OTR (± 0.5) 
(cm3·20 

μm/m2·day·atm) 

50% OAPS/PMDA -- 120 °C /4 h 240 °C/8 h @ 1.03 MPa 17 
50% OAPS/ODPA -- 120 °C /4 h 240 °C/8 h @ 1.03 MPa 12 
50% 
OAPS/ODPA/ODA 

-- 120 °C /4 h 240 °C/8 h @ 1.03 MPa 13 

OAPS/DGEBA 0.5 120 °C /4 h 200 °C /10 h @ 0.690 MPa 7 
OAPS/DGEBA 0.5 120 °C /4 h 200 °C /10 h @ 0.862 MPa 5 
OAPS/DGEBA 0.5 120 °C /4 h  200 °C /10 h @ 1.03 MPa 3.9 
OAPS/TGMX 0.5 100 °C/1 h, 

130 °C/4 h 
200 °C/4 h @ 1.03 MPa 3.2 

OAPS/ECHX 0.5 100 °C/1 h, 
130 °C/4 h 

200 °C/4 h @ 1.03 MPa 5.2 

OAPS/TGMX  
 

0.5 100 °C/1 h, 
130 °C/4 h 

200 °C/4 h @ 1.03 MPa 1.2 

OAPS/ECHX (i) & 
 
OAPS/TGMX (ii)  
Bilayer 

0.5 
 

0.5 

i. 100 °C/1 h, 
130 °C/4h  
ii.100 °C/1 h, 
130 °C/4h 

iii.  200 °C/4 h @ 1.03 
MPa 

0.8 

 

 

This is not unexpected given that it is known that a combination of heat treatment and 

orientation will improve gas barrier properties in ordinary polymer films, but 

improvement by orientation alone without heat treatment is usually marginal.43 This 

suggests that thermal treatment of film systems has a direct influence on chain-chain 

ordering (crystallinity), which determines the performance of barrier films.  Heat 

treatment under pressure may allow the cubes and tethers to order under conditions where 

they usually do not crystallize.  Future powder XRD studies could elucidate whether or 

not this is the case.  

The improvement in the polyimide films was significant, but not as dramatic as for 

the epoxide systems.  The OTR of OAPS/TGMX films, for example, drops from 14 (as 

cast) to 3.2 when cured at 1.03 MPa. Warm pressing reduces the propensity of films to 

crack permitting higher cure temperatures. In addition, the curing times for all systems 

are shortened without sacrifice to barrier performance.   

A bilayer of OAPS/TGMX and OAPS/ECHX film cured under pressure exhibits the 

best OTR of the cube films, 1.2 cm3·20 μm/(m2·day·atm). We have obtained values as 

low as ≈ 0.8 cm3·20 μm/(m2·day·atm) for this same system, but are hindered by the 
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detection limits of our instrumentation and thus these systems may actually be better than 

we are currently able to report. The transparent dark purple bilayer film offers excellent 

adhesion between the layers. Unfortunately efforts to form OAPS/DGEBA bilayers with 

OAPS/TGMX or OAPS/ECHX were not possible due to delamination after curing. More 

work and the possibility of making tri and tetra-layer films offers further potential to 

improve barrier properties.  In addition, it may be possible to spray coat the individual 

layers since these materials will cure near room temperature.44 

 

3.3.3  Temperature Dependence 
 

 The dependence of OTR on temperature was investigated for OAPS/TGMX and 

OAPS/ODPA (Figure 3.5), as they represent the most flexible epoxy and imide films that 

still maintain excellent barrier properties. 
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Figure 3.5.  OTR vs. Temperature.  OAPS/TGMX (100 °C/1 h, 200 °C/4 h @ 1.03MPa)  and 
OAPS /ODPA (120 °C /4 h, 275 °C/8 h @ 1.03MPa). Ea ≈ 10 ± 2 kcal. 
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 As expected, the permeability of each film increases at temperatures above room 

temperature due to increased molecular motion of polymer segments in these films even 

though they rarely exhibit significant Tgs. Conversely, at lower temperatures the 

decreased motion of these segments improves OTR.  In addition, the temperature-

dependent asymptotic decrease in permeability is also attributed to the corresponding 

decrease in kinetic energy of the permeating O2 molecules at lower temperatures.45  

 At room temperature, the majority of epoxide films with N = 0.5 exhibit better barrier 

performance while films with N = 1.0 perform better at higher temperatures. This 

suggests that the increased cross-link density for OAPS/TGMX films improves OTR but 

only at low temperatures. The decrease in barrier performance at elevated temperatures, 

however, may be attributed to both a significant increase in motion of the permeant gas 

and the organic tethers, which leads to increased O2 transport. This suggests that a high 

degree of cross-linking is unfavorable since any significant increase in tether motion 

could lead to nano-sized cracks in the films.   

At N = 1.0, the degree of cross-linking is essentially halved, and the film may be able 

to relieve any strain caused by motion via flexing at the molecular level. This strain relief 

may explain why polyimide films behave relatively poorly at elevated temperatures, due 

to the short length and rigidity of cross-linking units. At lower temperatures, however, 

increased cross-link density is not a problem due to both the decreased motion of the 

tethers and lower gas mobility.    

 Since increased cross-link density improves OTR performance at temperatures < 50 

°C yet presents a liability at higher temperatures, it may be possible to tailor these films 

across a broad temperature range by maintaining maximum cross-link density with longer 

and somewhat more flexible epoxy tethers. Theoretically these systems should present 

the same barriers to oxygen permeation at lower temperatures while decreasing OTR at 

increased temperatures by flexing to avoid strain that leads to cracking. It could also lead 

to easier processing and perhaps the opportunity to align tethers through uniaxial or 

biaxial stretching. 
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3.4  Conclusions 
 

 We have found that OAPS/imide and OAPS/epoxide films exhibit excellent barrier 

properties, competitive with current commercial grade barrier films.42 While cast 

OAPS/ODPA and OAPS/ECHX epoxide films have promising OTRs of 25 and 6 cm3·20 

μm/(m2·day·atm) (at optimum curing conditions), a significant improvement is achieved 

with warm pressing.  A combination warm-pressed, bilayer film system consisting of 

OAPS/ECHX and OAPS/TGMX was found to have OTR of < 1 cm3·20 

μm/(m2·day·atm). It should be noted that commercial barrier films with similar 

performance are usually achieved with 3- or 4 different film layers and may utilize 

adhesives to keep the films together.46 

 The structure of the organic tethers, as well as cross-link densities, determine O2 

permeability.  Long and flexible organic tethers improve the film’s overall flexibility, an 

important factor during warm pressing. While increasing cross-link density traditionally 

improves OTR, high cross-link density of short and stiff tethers leads either to cracking 

during curing or nano-sized cracks or more free volume at elevated temperatures for 

reasons stated above.  At low temperatures, however, the movement of short and stiff 

tethers is minimized and high cross-link density improves OTR. We have determined that 

the ideal silsesquioxanes film would have a high cross-link density of long, flexible 

tethers, to achieve maximum performance at a wide range of temperatures.  

Silsesquioxane films, particularly OAPS/imide and OAPS/epoxide films, provide 

excellent O2 barrier properties potentially of use for a wide variety of packaging 

applications. The silsesquioxanes films can in principle be further functionalized to tailor 

barrier properties or for selected transport of specific gases for separation applications.  It 

was recently demonstrated both theoretically and experimentally that silsesquioxanes 

offer higher barriers to N2 diffusion than O2.40 They also offer high thermal stability of 

potential use in high temperature applications such as electronics packaging.   

Note that our results contrast considerably with polysiloxane films, which are well 

known to have high oxygen permeabilities [>19,000 cm3·20 μm/(m2·day·atm)] due to the 

high degree of chain flexibilities.44 Consequently, our results again support the utility of 
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using nanoscale tailoring with nanoscopic silsesquioxane units to closely control global 

properties. 
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Chapter 4 

 

Octalkynylsilsesquioxanes, Nano Sea Urchin Molecular 
Building Blocks for 3-D-Nanostructures 

 

 

 The design and construction of 3-D molecular scaffolds is currently an area of 

extreme interest for a variety of reasons including hydrogen storage, gas separation and 

molecular sieving. Octahedral silsesquioxanes, [RSiO1.5]8, represent a class of unusually 

robust, nanometer size molecules with cubic symmetry that places each functional group 

in a different octant in Cartesian space. This 3-D array of functional groups offers the 

potential to design nanobuilding blocks to construct multifunctional, nanocomposite 

materials including molecular scaffolds. We describe here detailed studies on the 

synthesis of octaalkyne silsesquioxanes using Sonogashira coupling of octaiodophenyl-

silsesquioxane, [p-IC6H4SiO1.5]8 (I8OPS) and a related bromine derivative with terminal 

alkynes. We describe versatile and reliable methods for synthesizing octaalkyne 

silsesquioxanes in moderate to high yields with 100% conversion of the I8OPS to the 

octaalkynes. The inorganic core provides 3-D rigidity and the heat capacity of crystalline 

SiO2 making them quite robust in many environments. The alkyne “spines” provide 

excellent solubility in organic solvents and the ability to polymerize on heating, to form 

robust 3-D polyalkyne networks with air stabilities to >500 °C suggesting potential utility 

as matrix materials for high temperature composites. With appropriate functionality on 

the external point of the spine, all of these molecules should also serve as 3-D connection 

points for the construction of molecular scaffolds. 
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4.1  Introduction 
 

The design and construction of 3-D molecular scaffolds is currently an area of 

extreme interest for a variety of reasons including hydrogen storage, gas separation and 

molecular sieving, for molecular recognition, non-linear optical properties, synthesis of 

hyperbranched and dendrimeric species, protection and stabilization of catalytic sites, the 

creation of well-defined arrays of addressable functional groups for computational 

purposes, and for micromechanical devices, etc.1-14 Extensive work has been devoted to 

developing rigid rod components for molecular scaffolds,1,2 and through the use of 

transition metal centers there are now extensive sets of work on developing connection 

points for these rigid rods.3-8 To date, however, very little work has been directed towards 

developing connection points with symmetry higher than tetrahedral.1,2,4 To our 

knowledge there are no components that provide connection points with cubic symmetry 

although the potential utility of cubane materials as difunctional connection points has 

been described.1 

 Part of the problem lies in the fact that aside from cubane, only one other easily 

accessible class of materials offers perfect cubic symmetry, the cubic silsesquioxanes.9-15 

We have recently developed a synthetic route to [p-I-C6H4SiO1.5]8,16 with the pure 

octasubstituted isomer isolated in ≥ 40% yields (at scales of 100 g of starting material) 

following recrystallization and where iodide substitution is reproducibly > 93 % para 

offering the potential to create cubic connection points for 3-D molecular scaffolds.  

Given the considerable interest in using alkyne and oligoalkyne rods as the bridging 

components in such scaffolds, we have undertaken to develop synthetic routes to a 

number of alkynes some of which offer potential as octafunctional, cubic connection 

points. These same systems polymerize on heating to generate materials that exhibit very 

high temperature oxidative stability offering the potential to serve as composite matrix 

materials. 
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4.2  Experimental 
 

4.2.1  Materials 
 

 Dioxane was purchased from Fisher and distilled under N2 prior to use. 

Octa(iodophenyl)silsesquioxane was synthesized according to recently published 

methods.16 All other chemicals were purchased from Fisher or Aldrich and used as 

received.  All work was performed under nitrogen unless otherwise stated. 

 

4.2.2  Synthetic Methods 
 

4.2.2.1 Sonogashira Coupling of  Br5.3OPS and Phenylacetylene   

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 

(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 

mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 

triethylamine, and phenylacetylene (0.21 mL, 1.8 mmol). The solution was stirred at 

25 °C for 48 h, during which time it turned dark gray-brown. The mixture was poured 

into excess methanol to deactivate the catalyst. Volatiles were removed by rotary 

evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through celite, 

and precipitated into 100 mL of methanol. The light orange powder was collected by 

filtration and dried in vacuo for 5 h, giving 0.418 g (90%).  Characterization data:  TGA 

(air, 1000 °C):  Found 25.4%; Calculated 27.0%; Td5% 518 °C.  GPC:  Mn 1349; Mw 1538; 

PDI 1.14. 

 

4.2.2.2  Sonogashira Coupling of  Br5.3OPS and 4-Ethynyltoluene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 
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(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 

mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 

triethylamine, and 4-Ethynyltoluene  (0.23 mL, 1.8 mmol). The solution was stirred at 

25 °C for 48 h, during which time it turned dark gray-brown. The mixture was poured 

into excess methanol to deactivate the catalyst. Volatiles were removed by rotary 

evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through celite, 

and precipitated into 100 mL of methanol. The light orange powder was collected by 

filtration and dried in vacuo for 5 h, giving 0.421 g (86%).  Characterization data:  TGA 

(air, 1000 °C):  Found 22.5%; Calculated 25.4%; Td5% 482 °C.  GPC:  Mn 1575; Mw 1654; 

PDI 1.09. 

 

4.2.2.3  Sonogashira Coupling of  Br5.3OPS and 4-Ethynylanisole 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 

(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 

mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 

triethylamine, and 4-Ethynylanisole  (0.24 mL, 1.8 mmol). The solution was stirred at 

25 °C for 48 h, during which time it turned dark gray-brown. The mixture was poured 

into excess methanol to deactivate the catalyst. Volatiles were removed by rotary 

evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through celite, 

and precipitated into 100 mL of methanol. The light orange powder was collected by 

filtration and dried in vacuo for 5 h, giving 0.451 g (87%).  Characterization data:  TGA 

(air, 1000 °C):  Found 21.2%; Calculated 23.8%; Td5% 502 °C.  GPC:  Mn 1643; Mw 1791; 

PDI 1.15. 

 

4.2.2.4  Sonogashira Coupling of  Br5.3OPS and 4-Ethynyl-α-α-α-trifluorotoluene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 

(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 
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mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 

triethylamine, and 4-Ethynyl-α-α-α-trifluorotoluene (0.25 mL, 1.8 mmol). The solution 

was stirred at 25 °C for 48 h, during which time it turned dark gray-brown. The mixture 

was poured into excess methanol to deactivate the catalyst. Volatiles were removed by 

rotary evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through 

celite, and precipitated into 100 mL of methanol. The light orange powder was collected 

by filtration and dried in vacuo for 5 h, giving 0.376 g (64%).  Characterization data:  

TGA (air, 1000 °C):  Found 22.5%; Calculated 20.7%; Td5% 417 °C.  GPC:  Mn 1761; Mw 

2132; PDI 1.21. 

 

4.2.2.5  Sonogashira Coupling of  Br5.3OPS and Trimethylsilylacetylene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 

(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 

mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 

triethylamine, and Trimethylsilylacetylene (0.13 mL, 1.8 mmol). The solution was stirred 

at 25 °C for 48 h, during which time it turned dark gray-brown. The mixture was poured 

into excess methanol to deactivate the catalyst. Volatiles were removed by rotary 

evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through celite, 

and precipitated into 100 mL of methanol. The light orange powder was collected by 

filtration and dried in vacuo for 5 h, giving 0.471 g (80%).  Characterization data:  TGA 

(air, 1000 °C):  Found 17.8%; Calculated 27.5%; Td5% 423°C.  GPC:  Mn 1045; Mw 1275; 

PDI 1.22. 

 

4.2.2.6  Sonogashira Coupling of Br5.3OPS and Methyl Propriolate 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar was 

added 0.500 g of Br5.3OPS (1.83 mmol Br), CuI (18.2 mg, 0.096 mmol, 5%), Pd2(dba)3 

(22.08 mg, 0.048 mmol), bis(tri-tert-butylphosphine)-palladium(0) (24.5 mg, 0.096 

mmol), 5.0 mL 1,4 dioxane (previously distilled under N2), 0.36 mL (2.6 mmol) of 
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triethylamine, and Methyl Propriolate (0.15 mL, 1.8 mmol). The solution was stirred at 

25 °C for 48 h, during which time it turned dark gray-brown. The mixture was poured 

into excess methanol to deactivate the catalyst. Volatiles were removed by rotary 

evaporation. The residue was dissolved in 5.0 mL of ethyl acetate, filtered through celite, 

and precipitated into 100 mL of methanol. The light orange powder was collected by 

filtration and dried in vacuo for 5 h, giving 0.242 g (56%).  Characterization data:  TGA 

(air, 1000 °C):  Found 31.8%; Calculated 29.3%; Td5% 398 °C.  GPC:  Mn 1110; Mw 1410; 

PDI 1.27. 

 

4.2.2.7  Sonogashira Coupling of  I8OPS and Phenylacetylene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.29 mL (2.6 mmol) phenylacetylene, 18.2 

mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 

24 hours. The solution turned dark gray-brown. The mixture was passed through a short 

celite column and poured into an excess of methanol to deactivate the catalyst.  The 

resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.403 g (90%).  

Characterization data:  TGA (air, 1000 °C):  Found 26.4%; Calculated 27.0%; Td5% 

526 °C.  GPC:  Mn 1112; Mw 1128; PDI 1.02. 

 

4.2.2.8  Sonogashira Coupling of  I8OPS and 4-Ethynyltoluene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.33 mL (2.6 mmol) 4-Ethynyltoluene, 18.2 

mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 
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24 hours. The solution turned dark gray-brown. The mixture was passed through a short 

celite column and poured into an excess of methanol to deactivate the catalyst.  The 

resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.423 g (89%).  

Characterization data:  TGA (air, 1000 °C):  Found 24.5%; Calculated 24.7%; Td5% 

475 °C.  GPC:  Mn 1150; Mw 1165; PDI 1.01. 

 

4.2.2.9  Sonogashira Coupling of  I8OPS and 4-Ethynylanisole 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.34 mL (2.6 mmol) 4-Ethynylanisole, 18.2 

mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 

24 hours. The solution turned dark gray-brown. The mixture was passed through a short 

celite column and poured into an excess of methanol to deactivate the catalyst.  The 

resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.456 g (90%).  

Characterization data:  TGA (air, 1000 °C):  Found 22.6%; Calculated 23.8%; Td5% 

508 °C.  GPC:  Mn 1327; Mw 1346; PDI 1.01. 

 

4.2.2.10  Sonogashira Coupling of  I8OPS and 4-Ethynyl-α-α-α-trifluorotoluene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.36 mL (2.6 mmol) 4-Ethynyl-α-α-α-

trifluorotoluene, 18.2 mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 

24 hours. The solution turned dark gray-brown. The mixture was passed through a short 
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celite column and poured into an excess of methanol to deactivate the catalyst.  The 

resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.406 g (70%).  

Characterization data:  TGA (air, 1000 °C):  Found 21.7%; Calculated 20.7%; Td5% 

423 °C.  GPC:  Mn 2017; Mw 2144; PDI 1.15. 

 

4.2.2.11  Sonogashira Coupling of  I8OPS and Trimethylsilylacetylene 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.184 mL (2.6 mmol) 

Trimethylsilylacetylene, 18.2 mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 

24 hours. The solution turned dark gray-brown. The mixture was passed through a short 

celite column and poured into an excess of methanol to deactivate the catalyst.  The 

resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.406 g (81%).  

Characterization data:  TGA (air, 1000 °C):  Found 27.6%; Calculated 27.5%; Td5% 

418 °C.  GPC:  Mn 1050; Mw 1098; PDI 1.02. 

 

4.2.2.12  Sonogashira Coupling of  I8OPS and Methyl Propriolate 

 

 To a dry 50 mL Schlenk flask under N2 and equipped with a magnetic stir bar under 

was added 0.5g I8OPS (2.4 mmol I-Phenyl), 0.215 mL (2.6 mmol) Methyl Propriolate, 

18.2 mg (0.096 mmol, 4%) CuI, 194 mg (0.168 mmol, 7%) 

tetrakis(triphenylphosphine)palladium(0), 5.0 mL 1,4 dioxane (previously distilled and 

degassed), and 0.808 mL (4.9 mmol)  triethylamine. The solution was stirred at 60 °C for 

24 hours. The solution turned dark gray-brown. The mixture was passed through a short 

celite column and poured into an excess of methanol to deactivate the catalyst.  The 
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resulting precipitate was collected by filtration.  The residue was redissolved in 5.0 mL 

ethyl acetate and precipitated into 100 mL methanol.  The light brown-orange powder 

was collected by filtration and dried in vacuo for 5 h, giving 0.276 g (67%).  

Characterization data:  TGA (air, 1000 °C):  Found 29.3%; Calculated 29.3%; Td5% 

403 °C.  GPC:  Mn 1101; Mw 1123; PDI 1.02. 

 

 

4.3  Results and Discussion 
 

The objectives of the current study are to develop molecular “sea urchins,” molecules 

that have alkyne groups pointing to each octant in Cartesian space (cubic symmetry).  

Such structures offer the opportunity to build 3-D molecular scaffolds by serving as 

connection points, especially for example the trimethylsilyl compound which can be 

expected to be susceptible to facile proto-desilylation providing a point for further 

elaboration.17 In addition, reaction of the alkyne groups with perphenyl-

cyclopentadienones can be expected to provide access to 3-D graphene like structures 

akin to the novel 2-D structures developed by the Mullen group over the last decade.18 

Finally, alkyne monomers are known to undergo polymerization to provide novel, high 

temperature matrix materials for high strength, carbon fiber-reinforced composite 

materials for aerospace applications.19 A further possible application of these materials is 

as starting points for the synthesis of robust 3-D star networks of polyacetylenes.20 

Our initial approach focused on using Br5.3OPS as the substrate for alkynation via Pd 

catalyzed Songashira reactions.21 Unfortunately the complex substitutions patterns found 

for Br5.3OPS were not conducive to producing highly symmetrical products. In addition, 

this approach suffered other problems as noted below. Thus with the successful synthesis 

of very pure p-I8OPS, we switched to this substrate for more extensive efforts (Scheme 

4.1). 
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Scheme 4.1.  Synthesis of octaalkyne silsesquioxane via Br5.3OPS and I8OPS.  

 

4.3.1  Sonogashira Reactions from Br5.3OPS 
 

 Both I8OPS and the previously reported20 Br5.3OPS were reacted with various 

terminal acetylenes (Table 4.1) under slightly different conditions with different Pd 

catalysts (see Experimental Section). A catalyst system containing bis(tri-tert-butyl-

phosphine)-palladium(0) and Pd2(dba)3 was employed for Br5.3OPS because previous 

work showed that this system catalyzed both Heck and Sonogashira reactions from aryl 

bromides at ambient temperature, exclusive of unwanted side polymerizations associated 

with higher temperature reaction conditions.21  

 
 

Table 4.1.  Alkyne product yields, conversions, and GPC data from Br5.3OPS21 and I8OPS.16
 

 Br5.3OPS I8OPS  

Acetylene Yield 
(%) † 

%Conv.
*(NMR)

GPC
PDI

Ceramic 
Yield 

Yield 
(%) † 

%Conv. 
*(NMR) 

GPC 
PDI 

 
Ceramic 

Yield 
 

Ceramic 
Yield 

(Theory) 

Phenylacetylene 90 n/a 1.14 25.4% 90 n/a 1.02 26.4% 27.0%
4-Ethynyltoluene 86 130 1.09 22.5% 89 >99 1.01 24.5% 25.4% 
4-Ethynylanisole 87 130 1.15 21.2% 90 >99 1.01 22.6% 23.8% 
4-Ethynyl-α,α,α-
trifluorotoluene 64 120 1.21 22.5% 70 >99 1.15 21.1% 20.7% 
Trimethylsilyl-
acetylene 80 110 1.23 17.8% 81 >99 1.02 27.6% 27.5% 
Methylpropiolate 56 110 1.23 17.8% 67 >99 1.02 29.3% 29.3%

† Isolated yield calculated relative to complete conversion of aryl halide. *Conversion calculated as ratio of 
aromatic to non-aromatic protons in 1H NMR compared to the theoretical ratio.  
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 Br5.3OPS was used as the starting aryl halide since “octa-functional” Br8OPS is 

actually a mixture of mono- and di-substituted isomers.21 The use of Br5.3OPS ensures 

that the majority (>97%) of the resulting products are mono-substituted and 

predominantly (40%) p-isomers. 

 Early attempts to synthesize p-alkynes from Br5.3OPS resulted in the coincident 

formation of alkenyl bromides, as evidenced by characteristic alkenyl C-H peaks (≈ 6.5 

ppm) present in the 1H NMR of each sample. These peaks suggest that HBr byproduct 

adds across the alkyne triple bond, resulting in a C=C bond and a vinyl bromide that 

offers another site for further reaction. Multiple substitution products are reflected in 

greater-than-unity % conversions (determined by 1H NMR as the ratio of aromatic to 

non-aromatic protons compared to the theoretical ratio) for alkyne products from 

Br5.3OPS. Consequently, MALDI-TOF data collected for the reaction of Br5.3OPS with 4-

ethynyltoluene indicates an average degree of substitution of 7.5 whereas the starting 

material was only 5.3.  Residues at 1000 °C in air, which indicate the SiO2 content 

(ceramic yields) of the materials, are all lower than theory, indicating higher-than-

expected substitution. Furthermore, the PDIs determined by GPC are somewhat broader 

than expected for typical octa-substituted cubic silsesquioxanes (which usually have very 

narrow polydispersities), and may signify the presence of asymmetrical, multiply-

substituted products. Even when a deficiency of acetylene is used compared to the aryl-

bromide (4 eq. acetylene: 5.3 eq. Ph-Br), the presence of multi-substituted products is 

detected by 1H NMR and TGA. 

 In an effort to capitalize on such uncontrolled substitution, we attempted to create 

exhaustively substituted “hyperbranched” oligoalkynes. Thus, Br5.3OPS was reacted with 

a 2:1 excess of phenylethyne under Sonogashira conditions. Unfortunately, attempts to 

obtain effective alkyne hyper-branching were unsuccessful, as determined by the TGA, 

the maximum degree of substitution was ≈ 9 for Br5.3OPS, regardless of additional 

addition of catalyst or alkyne.     

 Since Br5.3OPS is a mixture of isomers with only 40% p-isomer and the remaining 

61% a mixture of unsubstituted phenyl and m- and o-isomers, the resulting Sonogashira 

products are expected to be a mixture of isomers as well. This fact is reflected in the 

rather broad 1H NMR signals for phenyl–CH3 and phenyl–OCH3 substituted alkynes. 
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Since highly symmetric octa-alkynes offer considerable potential for the reasons 

discussed above, the low symmetry of alkynes from Br5.3OPS increases the probability of 

defects in higher ordered structures derived from them.   

 

4.3.2  Sonogashira Reactions from I8OPS 
 

 The problem of multiple substitution products and isomer mixtures was remedied by 

using I8OPS as the starting aryl halide. Apart from the aryl-iodide being more reactive16 

in Sonogashira and similar coupling reactions, I8OPS is ≥93% p-substituted and 99% 

octa-substituted after recrystallization, highly soluble in organic solvents and preparable 

in 100 g quantities.16 In theory, the use of highly symmetrical I8OPS should lead 

selectively to symmetrical p-octa-alkynes, “sea urchin”-like molecules. 

 The catalyst system for alkynylation from I8OPS was changed from (tri-tert-butyl-

phosphine)-palladium(0)/Pd2(dba)3  to the less expensive  (Ph3P)4Pd, due to the increased 

reactivity of the aryl iodide towards substitution. We found that heating the reaction 

mixture at 60 °C for 24 h drove the reactions to completion in the shortest possible time. 

As expected from aryl iodides, I8OPS is so reactive towards substitution that ≈70% 

conversion can be achieved even at ambient temperature if stirred for 2.5 d. However, we 

found that mild heating could achieve higher conversion in less time. There was no 

evidence of unwanted double addition of the starting alkyne on heating. 

 Compared to alkyne products from Br5.3OPS, I8OPS products by GPC are very 

monodisperse, representative of typical octa-functionalized cubic silsesquioxanes (see 

Table 4.1). Moreover, 1H NMR does not reveal the presence of any alkenyl H’s from 

addition side reactions as for Br5.3OPS.  Note that we were unable to obtain MALDI-TOF 

data for this set of materials although we tried multiple times using several procedures, 

e.g. with and without Ag+. 

 

4.3.3  Thermal Studies 
 

 The octaalkynes from I8OPS exhibit exceptional thermal robustness in air (Table 

4.2). The 5% mass loss temperatures (Td5%) determined by TGA predictably are the 
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highest for the phenylethyne derivatives (475 - 526 °C) and the lowest for the non-

aromatic propiolate and trimethylsilyl derivatives (ca. 400 and 420 °C, respectively). 

Residues at 1000 °C (ceramic yields, Table 4.1) in air for all derivatives are very close to 

theory (± 1 weight %). 

 

 

Table 4.2.  Td5% for octa-alkynes from I8OPS (in air). 
 

R Td5% (°C)

 
 

526 

 

 

475 

 

 

508 

 

 

423 

 418 

 403 

   

 

When heated treated to 400 °C/4 h, the materials thermally cross-link. Following 

polymerization, the cross-linked materials exhibit even greater stability. The Td5% for Ph-

OCH3 increases from ≈ 510 °C to 560 °C as shown in Figure 4.1, which is typical 

behavior for these materials.19,22 These properties make octa-alkynes ideal cross-linking 

agents for high performance resins.22  

 Evidence for self-polymerization is seen in the DRIFTS spectra of the diphenylethyne 

derivative before and after heat treatment. Before heating, we see typical νC≡C at ≈ 2217 

cm-1, as well as νC-H aromatic ring and νSi-O stretches at ≈3050 and 1120 cm-1, 

respectively, which are consistent with the proposed structure of the material. After 

heating at 400 °C/4h, however, there is a notable absence of νC≡C peaks in the spectrum 

(Figure 4.2b). This seems to indicate exhaustive polymerization of the alkyne groups.  
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νC-H aromatic ring and νSi-O stretching peaks are still found in the DRIFTS spectrum 

after heat treatment, indicating retention of the tether aromatic rings as well as the silica 

cage. Thus the material is still polymeric (and not charred) after heating. 

 

 

 
 
Figure 4.1. TGA of p-methoxydiphenylethyne derivative before/after 400 °C/4 h heat treatment. 

 

 The DSC of [diphenylethyneSiO1.5]8 is shown in Figure 4.3. Most notable are two 

exotherms with maxima at 190 ° and 285 °C, and an exotherm onset at ≈ 325 °C. We 

believe that the first exotherm corresponds some form of ordering, e.g. Tc, since materials 

heated to this temperature and subsequently cooled remain soluble. However, heating to 

temperatures ≥ 285 °C, results in much reduced solubility, suggesting some form of 

polymerization occurs during the second exotherm. Materials heated past this 

temperature are brittle and completely insoluble in any organic solvents suggesting that 

the 325 °C exotherm onset corresponds to bulk polymerization. While we do not observe 

the appearance of an endotherm corresponding to Tm, it is possible that the endotherm is 
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masked by the other two exotherms (simultaneous melting and polymerization). The 

other octa-alkyne derivatives exhibit similar DSC plots. In no instance are we able to 

observe melting via DSC or using standard melting point studies. 
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Figure 4.2. DRIFT spectra of [diphenylethyneSiO1.5]8 (a) before, (b) after heating to 400 °C/4h.  
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 While the precise mode of cross-linking is unclear, the presence of IR peaks ≈ 1680 

cm-1
 in the heat treated material (Figure 4.2b) could be attributed to C=C bond peaks 

resulting from polymerization. If this is indeed the case, the resulting thermoset could 

have a structure such as shown in Figure 4.4. The weakness of this reasoning is that there 

does not seem to be a reasonable source of protons during thermal self-polymerization to 

support this mechanism. However, thermolysis of aromatic acetylenes has been reported 

to give various π-conjugated products, such as fused rings, by means of intra and inter-

molecular cyclization.22-26   

 

 

 
 

Figure 4.3.  DSC thermogram of diphenylethyne derivative (N2). 

 

While further analysis is needed to identify the exact cross-linking mechanism 

whereby these materials polymerize, we find that they readily self-polymerize at 

temperatures ≈ 400 °C to produce cross-linked materials with thermal stabilities in air 
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above 500°C.  This level of thermal stability is among the best for alkyne derived 

polymers currently known.22-26 In part these stabilities must result as a consequence of 

generating full dispersed nanosilica particles within the polymer matrix that provide extra 

heat capacity not found in simple cross-linked polyalkynes. 

 

 

 
 

Figure 4.4.  Possible structure of octa-acetylenes after thermal polymerization. 

 

In a future paper we will explore the reaction of selected octaalkynes with 

tetraphenylcyclopentadienone to first produce, for example, an octahexaphenylbenezene 

silsesquioxane, a soluble, robust molecule with 56 phenyl rings that offers potential 

access to an octagraphene silsesquioxane. 

 

 

4.4  Conclusions 
 

 Octa-alkynes are readily synthesized in >70% yields with 100% conversions from 

I8OPS via Sonogashira reactions under mild conditions. While the formation of octa-

alkynes from Br5.3OPS resulted in unwanted addition reactions, the reactivity of the aryl 

iodide and near-perfect symmetry makes I8OPS a suitable platform for the construction of 

octa-alkynes with corresponding geometry. The resulting alkyne compounds are 

thermally robust, yet highly soluble and have been shown to self-polymerize at 

temperatures ≈ 400 °C to form highly cross-linked star polyalkynes with exceptional high 

temperature oxidative stability in air. 
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Finally, given that we now have developed a simple, high yield route to 3-D “Nano-

Sea Urchin” molecules, it appears reasonable to suggest that the introduction of 

appropriate functionality at the external alkyne position will offer the potential to use 

these compounds as 3-D connectors for the construction of nanostructured materials. It 

also appears that these compounds, made in two steps from OPS could be used as new 

matrix materials for structural composites. 
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Chapter 5 

 
Synthesis, Characterization and Functionalization of 

Incompletely Condensed “Half Cube” [RSi(OH)O]4 or 
[RSi(ONa)O]4 Silsesquioxanes as  

a Potential Route to Nanoscale Janus Particles 
 

  

 Multiple literature reports describe the synthesis of [RSiO(OH)]4 or [RSiO(ONa)]4 

compounds.  Surprisingly, in the majority of cases the OH or ONa groups all lie on the 

same face of the cyclomers or half cubes. Consequently, it appears possible to couple R 

containing half cubes with R’ containing half cubes to form bi-functional (Janus) 

silsesquioxane cages or cubes. We report here synthesis of [PhSiO(ONa)]4 and [p-

IPhSiO(ONa)]4 half cubes. We thereafter discuss efforts to react the [PhSiO(ONa)]4 salt 

with RSiCl3 (R = Me, vinyl, and cyclohexyl) in MeOH to produce the compounds 

{PhSiO[OSi(OMe)2R]}4 species which were characterized using traditional spectroscopic 

procedures. These compounds were then subjected to acid catalyzed hydrolysis to 

hydrolytically remove the OMe groups to generate Janus cubes. While it is possible to 

isolate the target compounds, which were also characterized in detail, the yields were 

lower than expected perhaps because of competitive hydrolytic cleavage of the Si-O-

SiR(OMe)2 linkage. 
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5.1  Introduction 
 

The synthesis and perfect assembly of 2- and 3-D structures from molecular 

components (nanobuilding blocks) is of immense current interest due to the potential to 

realize novel properties in nanosized and nanostructured materials, since materials 

reduced to the nanoscale often exhibit very different properties or phenomena compared 

to the macroscale.  In fact, the essential challenge is to control materials’ structures at 

these dimensions because the ability to tailor global properties precisely is dependent on 

manipulating component organization at the finest length scales.  Indeed the construction 

of materials nanometer-by-nanometer should lead to the design of a variety of materials 

with well-defined nanoarchitectures and predictable behaviors. 

Consequently highly symmetrical nanobuilding blocks are required, particularly those 

that offer both diverse functionality coupled with ease of synthesis, because it follows 

that breaks in periodicity (defects) in assembled 2- and 3-D structures should be 

minimized with higher component symmetry.  The energy required to create a defect is 

offset by a gain in entropy; in theory, defects can be minimized by using highly 

symmetrical and well-ordered components that minimize the entropy of a given system. 

It can be expected then that misaligned but highly symmetrical components would 

require the least energy (associated with the least movement) to reorient and align with 

other assembled components.  Accordingly, cubic structures (offering the highest 

symmetry) would also require the least energy to assemble.1 Note that defects will still 

occur due to temperature-dependent entropic effects (T∆S). 

Cubic silsesquioxanes are one of the few groups of 3-D molecules with structures that 

offer high symmetry, ease of synthesis and/or modification, and octafunctionality such 

that each octant in Cartesian space contains one functional group.  It is the positioning of 

functional groups, the variety possible, and their nm size that provide unique 

opportunities to build nanocomposites in 1-, 2- or 3-D, one nm at a time.2-33 In addition, 

the core adds the rigidity and heat capacity of silica (in essence “the smallest single 

crystal sand particle”) making these compounds thermally robust at elevated 

temperatures.  
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 As nanoconstruction sites, completely condensed silsesquioxanes can be further 

functionalized by direct chemical modification of the organic moieties to form larger, 

well-defined structures.  However, similar “bottom-up” construction possibilities may 

also exist by employing incompletely condensed silsesquioxanes as nanobuilding blocks. 

Recently, incompletely condensed silsesquioxanes [(RSiO1.5)a(H2O)0.5b, where a, b, n are 

integers:  a + b = 2n, b ≤ a + 2] have attracted attention as models for silica-supported 

systems, ligands for homogeneous catalysts, and comonomers in silsesquioxane-siloxane 

polymers.34  Of particular interest to us is the all cis- (RSiO1.5)4(H2O)2 “half cube” 

(Figure 5.1a), since it represents a proposed intermediate in the formation of completely 

condensed cubic silsesquioxanes 34,35. 

 

 

 (a)             (b) 

     (c) 

 
Figure 5.1.  Structure of a. (RSiO1.5)4(H2O)2 “half cube” b. [Ph4SiO(ONa)]4 half cube salt c. [p-
IPhSiO(ONa)]4 half cube salt. 
 

 

    In principle such incompletely condensed half cube silsesquioxanes may provide 

potential access to “perfectly” defined surfaces via “Janus” (two-faced) cubes and may 

also help explain the unique emission characteristics of stilbene silsesquioxane 

derivatives, which are red-shifted up to 80 nm (0.75 eV).36  The synthesis of a Janus cube 

such as suggested by  Figure 5.2 could help support (or refute) the existence of 3-D 
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excited state conjugation through the center of the silsesquioxane cage, which density 

functional theory (DFT) HOMO-LUMO calculations have  deemed quite possible.37 

 

 

 
 

Figure 5.2.  Target structure of a tetrastilbene Janus cube. 

 

 In addition, bi-functional or Janus cubes in principle can be tailored to modify 

surfaces and/or thin films with nanometer-scale control of the compositions and 

properties of individual layers.  Moreover, one could also introduce bifunctionality 

allowing layer-by-layer coatings of hydrophobic/hydrophilic or hard/flexible layers with 

defined length scales.  Janus cubes can also serve as interfaces between different domains 

or to guide self-assembly wherever complementary or dissimilar chemical functionalities 

are used. Here we describe efforts to develop routes to Janus cubes through studies on the 

functionalization of compounds like that shown in Figure 5.1b. 

 

 

5.2  Experimental 
 

5.2.1  Materials 
 

 All trichlorosilanes were purchased from Gelest, Inc. and used without further 

purification.  All other chemicals were purchased from Fisher or Aldrich and used as 

received.  Octaphenylsilsesquioxane (OPS) and octaiodophenylsilsesquioxane (I8OPS) 
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were synthesized following methods described in the literature.38,39  All work was 

performed under nitrogen unless otherwise stated. 

 

5.2.2  Synthetic Methods 
 

5.2.2.1  Synthesis of Tetraphenyl Sodium Salt from OPS 

  

To a dry 250 mL round bottom flask under N2 and equipped with a magnetic stir bar 

and reflux condenser was added 5.00 g OPS (4.84 mmol, 38.8 mmol Si), 1.71 g NaOH 

(42.6 mmol), and 150 mL n-BuOH.  The solution was stirred at 110 °C for 24-48 h, 

during which time it turns yellowish green.  The hot solution was gravity filtered to 

remove the insolubles and allowed to cool to room temperature.  The solution was then 

placed in a freezer and after 24 h white needle-like crystals form.  The solid was filtered 

and dried in vacuo at 50 °C for 6 h, giving 4.97 g [(80%) - Figure 5.1b].  Characterization 

data:  1H NMR (400 MHz, DMSO):  7.1 (1 H, m, para Ar-H), 7.2 (2 H, m, meta Ar-H), 

7.7 (2 H, m, ortho Ar-H). 

 

5.2.2.2  Reaction of Tetraphenyl Sodium Salt and Me3SiCl3   

 

To a 250 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added 8.23 mL Me3SiCl (65.0 mmol) and 2.83 mL pyridine (35.0 mmol) in 50 mL of 

toluene.  5.00 g of tetraphenyl sodium salt (8.22 mol) was added in one portion and the 

resulting mixture was refluxed for 1.5 h.  The mixture was allowed to cool to room 

temperature and the insolubles were gravity filtered.  The toluene filtrate was washed 

with water and dried over sodium sulfate. Benzene was removed in vacuo at 50 °C for 12 

h to give 6.23 g (90.0 %) of white crystalline solid.  Characterization data:  1H NMR (400 

MHz, CDCl3):  0.2 (36 H, s, CH3), 7.1 (4 H, m, Ar-H), 7.3 (4 H, m, Ar-H), 7.4 (8 H, m, 

Ar-H) ppm. 
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5.2.2.3  Synthesis of Tetra(p-iodophenyl) Sodium Salt from I8OPS  

 

To a dry 250 mL round bottom flask under N2 and equipped with a magnetic stir bar 

and reflux condenser was added 3.40 g I8OPS (1.66 mmol, 13.28 mmol Si), 0.53 g NaOH 

(13.25 mmol), and 100 mL n-BuOH.  The solution was stirred at 110 °C for 12 h, during 

which time it turns colorless after 40 mins.  The hot solution was gravity filtered to 

remove the insolubles and allowed to cool to room temperature.  The solvent was 

removed slowly under reduced pressure at 35 °C for ~5 h at which point white needle-

like crystals form.  The solid was filtered and dried in vacuo at 50 °C for 6 h, giving 2.82 

g [(74%) – Figure 5.1c].  Characterization data:  1H NMR (400 MHz, CD3OD):  7.3 (2 H, 

m, meta Ar-H), 7.6 (2 H, m, ortho Ar-H). 

 

5.2.2.4  Synthesis of Tetramethyltetraphenyl Dimethoxy Derivative  

 

To a 500 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added a suspension of 5.00 g of tetraphenyl sodium salt (8.22 mmol) in 100 mL MeOH.  

4.25 mL of CH3SiCl3 (36.2 mmol) was dissolved in 100 mL of hexane and added to the 

MeOH suspension via addition funnel over 30 minutes.  The heterogeneous reaction 

mixture was allowed to stir for 24 h at room temperature at which point insoluble NaCl 

formed.  The salt was filtered from the reaction mixture and the hexane layer was 

separated, dried over Na2SO4, and rotary evaporated to give a viscous light-yellow oil.  

The oil was dried in vacuo at 80 °C for 6 h to give 6.20 g (82%).  Characterization data:  
1H NMR (400 MHz, CDCD3):  0.4 (3 H, s, CH3), 3.2 (6 H, s, OCH3), 7.2 (3 H, m, Ar-H); 

7.6 (2 H, m, Ar-H) ppm.  GPC:  Mn 658; Mw 684; PDI 1.09. 

 

5.2.2.5  Hydrolysis of Tetramethyltetraphenyl Dimethoxy Derivative 

 

To a 25 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added 0.500 g (0.516 mmol) of tetramethyltetraphenyl dimethoxy derivative dissolved in 

10 mL of hexane.  5 mL of H2O and 1 mL of concentrated HCl were added dropwise to 

the solution and allowed to react 24 h at room temperature.  The white insoluble 
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precipitate (0.344 g, 85%) was filtered and dried in vacuo at 80 °C for 12 h.  

Characterization data:  TGA (air, 1000 °C):  Found 61.2%; Calculated 61.2.%; Td5% 

450 °C.  IR:  νC=H (3048-2939), νCH3 (2838), νC=C (Ar ring, 1591), νSi-CH3 (1269), 

νSi-O (1132) cm-1. 

 

5.2.2.6  Bromination of Tetramethyltetraphenyl Janus Cube  

 

To a 50 ml Schlenk flask under N2 and equipped with a magnetic stir bar was added 

granular iron (0.060 g, 1.00 mmol), tetramethyltetraphenylsilsesquioxane (2.00 g, 2.56 

mmol), and CH2Cl2 (15 mL). The suspension was cooled to 0°C and bromine (3.30 g, 

21.0 mmol) was slowly added.  The suspension was stirred for 2 days and then more 

bromine (0.1 mL) and iron (0.02 g) were added and stirred for an additional 2 days.  The 

suspension was filtered and the organic layer was washed with a sodium bicarbonate 

solution and then dried over Na2SO4.  The solvent was removed under reduced pressure 

and the solid was collected and washed with water (3 x 10 mL), acetone (3 x 10 mL) and 

diethylether (3 x 10 mL) and dried in vacuo to give 1.2 g as white solid (64%).  

Characterization data:  IR:  νC=H (2870), νSi-C (1274), νSi-O (1142, 1041) cm-1.  

MALDI-TOF: m/z (Ag+ adduct) = 897 [AgSi8O12(C6H5)3(CH3)4], 970 

[AgSi8O12(C6H4Br)(C6H5)3 (CH3)4], 1205 [AgSi8O12(C6H4Br)4(CH3)4] amu. 

 

5.2.2.7  Synthesis of Tetraphenyltetravinyl Dimethoxy Derivative   

 

To a 500 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added a suspension of 5.00 g of tetraphenyl sodium salt (8.22 mmol) in 100 mL MeOH.  

4.60 mL of C2H3SiCl3 (36.2 mmol) was dissolved in 100 mL of hexane and added to the 

MeOH suspension via addition funnel over 30 minutes.  The heterogeneous reaction 

mixture was allowed to stir for 24 h at room temperature at which point insoluble NaCl 

formed.  The salt was filtered from the reaction mixture and the MeOH layer was 

separated, dried over Na2SO4, and rotary evaporated to give a viscous colorless oil.  The 

oil was dried in vacuo at 80 °C for 6 h to give a white crystalline solid 6.91 g (87%).  

Characterization data:  1H NMR (400 MHz, CD3OD):  3.2 (6 H, s, OCH3), 5.9 (3 H, m, -
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CH=CH2), 7.2 (3 H, m, Ar-H), 7.6 (2 H, m, Ar-H) ppm.  GPC:  Mn 705; Mw 741; PDI 

1.05. 

 

5.2.2.8  Hydrolysis of Tetraphenyltetravinyl Dimethoxy Derivative   

 

To a 25 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added 0.500 g (0.492 mmol) of tetraphenyltetravinyl dimethoxy derivative dissolved in 

10 mL of MeOH.  5 mL of H2O and 1 mL of concentrated HCl were added dropwise to 

the solution and allowed to react 24 h at room temperature.  The white insoluble 

precipitate (0.377 g, 92%) was filtered and dried in vacuo at 80 °C for 12 h.  

Characterization data:  TGA (air, 1000 °C):  Found 51.5%; Calculated 57.7%; Td5% 424 

°C.  IR:  νC=H (3048-2950),  νC=C (1630), νC=C (Ar ring, 1593), νSi-O (1134) cm-1.  

MALDI-TOF: m/z (Ag+ adduct) = 755, 900, 941 [AgSi8O12(C6H5)4 (C2H3)4)], 1060, 1080, 

1130, 1180, 1230  amu. 

 

5.2.2.9  Synthesis of Tetracyclohexyltetraphenyl Dimethoxy Derivative   

 

 To a 500 mL round bottom flask under N2 and equipped with magnetic stir bar was 

added a suspension of 5.00 g of tetraphenyl sodium salt (8.22 mmol) in 100 mL MeOH.  

6.45 mL of C6H9SiCl3 (36.2 mmol) was dissolved in 100 mL of hexane and added to the 

MeOH suspension via addition funnel over 30 minutes.  The heterogeneous reaction 

mixture was allowed to stir for 24 h at room temperature at which point insoluble NaCl 

formed.  The salt was filtered from the reaction mixture and the hexane layer was 

separated, dried over Na2SO4, and rotary evaporated to give a viscous light-yellow oil.  

The oil was dried in vacuo at 80 °C for 6 h to give 7.76 g (76%).  Characterization data:  
1H NMR (400 MHz, CDCl3):  0.8 (3 H, m, aliphatic-H), 1.2 (4 H, m, aliphatic-H), 1.7 (4 

H, m, aliphatic-H), 3.5 (7 H, m, OCH3), 7.4 (2 H, m, Ar-H), 7.7 (3 H, m, Ar-H) ppm.   

GPC:  Mn 934; Mw 1037; PDI 1.18. 
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5.3  Results and Discussion 

 

 The objectives of the current study are to develop straightforward routes to half cube 

silsesquioxanes that in turn may be tailored by simple silanization. The resulting 

modified half cubes could then be hydrolyzed to form fully condensed Janus cubes with 

different moieties on each defined “face” of the cube. For example, any effort to 

functionalize just four of the eight p-iodo groups in I8OPS,39 see Scheme 5.3 below, 

would lead to a statistical distribution of functional groups at all corners rather than just 

cis-functionalization. It would also lead to sets of products where the average degree of 

substitution would be four rather than only four functional groups. 

 Thus, one can only expect to form a true Janus cube (where each face has one specific 

functionality) exclusively via a half cube intermediate. Previous work35 by others and 

members of our team40 focused on using acid-catalyzed hydrolysis of aromatic trichloro- 

or triethoxysilanes to form half cubes as suggested in Scheme 5.1.  

 

 

 
 

Scheme 5.1.  Hydrolysis of PhSiCl3 to form [PhSiO(OH)]4. 

 

 However, the tendency of incompletely condensed half cubes (Figure 5.1a or the 

product of Scheme 5.1) to further condense even at room temperature in the solid state 

severely limits their utility and makes subsequent modification of the phenyl groups (i.e. 

by electrophilic aromatic substitution) essentially impossible without encountering 

extensive amounts of undesirable side products. In the past, the incorporation of 

tailorable moieties on the half cube required prior functionalization of the starting 

84 
 



monosilane via multiple step reactions involving both air and moisture sensitive 

intermediates followed by careful purification.40 We report here an alternate route that 

permits access to perfectly functionalized half cube intermediates and also, initial efforts 

to produce Janus cages. 

 

5.3.1  Synthesis of Tetra(p-iodo)phenyl Tetrasilesquioxane (I4Ph4) Sodium Salt 

 

 Shchegolikhina et al41 reported the high yield synthesis of the sodium salt of 

tetraphenyl tetrasilesquioxane [(Ph4 half cube) - Figure 5.1b] from OPS, Scheme 5.2. The 

structure of the Ph4 half cube salt was corroborated by 1H NMR, and physical properties 

identical to those as described previously in the literature.41 

 

 

 

Scheme 5.2.  Reaction of OPS with NaOH to form Ph4 sodium salt. 

 

 A similar approach was extended to NaOH cleavage of I8OPS to produce tetra(p-

iodo)phenyltetrasilesquioxane (I4Ph4) sodium salt, Figure 5.1c and Scheme 5.3, which 

incorporates a modifiable para iodo on the aromatic ring. This compound is readily 

synthesized in one step in high yield (see experimental section) and eliminates the need 

for Grignard modification of a triethoxysilane.40 The structure of the I4Ph4 sodium salt 

was confirmed by 1H NMR and the absence of a para aromatic proton (due to p-iodo 

substitution) is observed in the spectrum. A single crystal XRD data set was collected42 

and while the data are not suitable for publication at this time, the structure clearly shows 
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the I-Ph- groups entirely cis with the half cube assuming a distorted boat 

conformation.40,41 

 

 

 
 

Scheme 5.3.  Reaction of I8OPS with NaOH to form I4Ph4 sodium salt. 

 

5.3.2  Synthesis of Tetramethyltetraphenyl (Me4Ph4) silesquioxane 

 

 In an effort to make fully condensed Janus cubes, the Ph4 half cube sodium salt was 

reacted with MeSiCl3 in the presence of methanol at room temperature to form the 

tetramethyltetraphenyl (Me4Ph4) dimethoxy half cube derivative {PhSiO[OSi-

(OCH3)2Me]}4, (Scheme 5.4) in 85% yield. 1H NMR (see experimental) confirmed the 

product structure and demonstrated facile methanolysis of the {PhSiO[OSiCl2Me]}4 

intermediate’s chloro groups by reaction with methanol solvent. GPC analysis reveals a 

single peak with Mn = 658 and Mw = 684 (vs. 969 amu theory) as has been seen 

previously because the GPC is calibrated using polystyrene standards that do not take 

into account silsesquioxane compounds’ 3-D structures.30 Mass spectroscopy using 

MALDI-ToF was unsuccessful as such compounds appear to not be readily ionizable. 

 Hydrolysis of Me4Ph4 dimethoxy derivative and subsequent cage closure were 

achieved by reaction with dilute HCl to form the Me4Ph4 Janus cube (Figure 5.3). Figure 

5.4 provides TGA data indicating a ceramic yield (61.23%) essentially identical to theory 

(61.21%), supporting the formation of Me4Ph4 silsesquioxane. Unfortunately, the yields 

of this material are rather low, 10 %. 
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Scheme 5.4.  Reaction of Ph4 half cube sodium salt with MeSiCl3. 

 

  

 
 

Figure 5.3. Tetramethyltetraphenyl (Me4Ph4) silsesquioxane cube. 

 

 While the TGA data indicate that the hydrolysis process likely works and that at least 

some of the –O(Me)Si(OCH3)2 groups of the starting material are cis on the same face of 

the half cube.  The low yields might suggest that only some of the intermediate 

compound has the dimethoxy groups all cis. Alternately, subsequent reaction with 

aqueous acid could lead to formation of high MW oligomeric condensation products and 

or oligomers that are not seen by GPC for any number of reasons. One they could be so 

crosslinked as to be insoluble or just insoluble because the parent cage compounds 

[MeSiO1.5]8 and [PhSiO1.5]8 are not particularly soluble. Indeed, the isolated Me4Ph4 

cube is not very soluble. However in addition to the excellent correlation between the 

found and calculated TGA data, we also find that the melting point of the Me4Ph4 cube 

(112-114 °C) is essentially the same (116-118 °C) as reported by Andrianov et al.43 

Andrianov et al successfully synthesized the Me4Ph4 cube by the reaction of cis-1,3,5,7-

tetrahydroxy-1,3,5,7-tetraphencylcyclotetrasiloxane with tetra-methylcylclotetrasiloxane 

in low concentrations. Their yields were only 1-2 %. 
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Figure 5.4.  TGA (air) of tetramethyltetraphenyl (Me4Ph4) cubic silsesquioxane. 

 

 The FTIR of the Me4Ph4 cube, Figure 5.5, exhibits characteristic aromatic νC-H 

vibrations (3070-2970 cm-1), aliphatic νC-H bands (2490 cm-1), a νSi-C band (1270 cm-1), 

and νSi-O attributed to the silsesquioxane cage (1130 cm-1). Perhaps most important, no 

νO-H bands (3200-3400 cm-1) are seen, thus no unreacted –OH groups remain.  Because 

it is insoluble in both nonpolar and polar solvents (CHCl3, DMSO, THF, MeOH, etc.) we 

were unable to further characterize it by NMR or MALDI-TOF. MALDI characterization 

requires THF solubility to allow intimate mixing with aqueous AgNO3, for sample 

preparation. 

 The low yields of this product mean that efforts to reproduce this synthesis often fail. 

The inconsistency in forming the intended product signifies a more complicated 

hydrolysis mechanism than originally predicted. We tried a variety of hydrolysis 

conditions and varied solvents, concentrations of reactants, reaction time, temperature, 

etc. with no clear insight into hydrolysis optimization. A more precise and rigorous study 

into the optimization of the hydrolysis conditions to form the Me4Ph4 Janus cube 

exclusively via a unimolecular pathway is necessary. 
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Figure 5.5. FTIR of tetramethyltetraphenyl (Me4Ph4) cubic silsesquioxane. 

 

 

 
 

Scheme 5.5.  Bromination of  Me4Ph4 Janus cube. 

 

 As a result of these shortcomings, we sought to improve solubility by attempting 

bromination (Scheme 5.5) without purification. We found evidence for the Ag+ adduct of 

both mono- [Me4(Br-Ph)1Ph3] and tetra-brominated [Me4(Br-Ph)4] Janus cubes. However, 
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we were unable to develop a well defined route to any one easily isolated product and 

further efforts ceased. 

 

5.3.3  Synthesis of Tetravinyltetraphenyl (vinyl4Ph4) silsesquioxane 

 

 Similarly the tetraphenyltetravinyl dimethoxy derivative {PhSiO[OSi(OCH3)2vinyl]}4, 

was also easily prepared by reaction of the Ph4 half cube sodium salt with 

vinyltrichlorosilane at room temperature in the presence of methanol, reaction (6). Unlike 

the Me4Ph4 dimethoxy derivative (a viscous oil), the vinyl4Ph4 derivative is a white 

crystalline solid. The structure of the vinyl4Ph4 dimethoxy derivative was confirmed by 
1H NMR, Figure 5.6 showing characteristic aromatic (7.0-8.0 ppm), vinyl (~5.9 ppm), 

and methoxy (~3.2 ppm) peaks with the correct integration (1.9:1.0:2.2 actual vs. 

1.7:1.0:2.0 theory, respectively). GPC analysis showed a single peak consistent with the 

proposed molecular weight. 

 

 

 
 

Scheme 5.6.  Reaction of Ph4 half cube sodium salt with VinylSiCl3. 

 

 Again we attempted to hydrolyze the vinyl4Ph4 dimethoxy derivative using dilute HCl 

to form the vinyl4Ph4Janus cube (Figure 5.7). The MALDI spectrum of the hydrolysis 

product is shown in Figure 5.8. While the spectrum indicates the presence of the MW 

(Ag+ adduct) of the proposed structure, higher MW peaks in the MALDI also suggests 

the existence of oligomeric or polymeric condensation products in addition to the desired 

compound. Moreover, since the resulting product is insoluble in both aqueous and 

organic solvents, GPC and 1H NMR analyses of the hydrolyzed product are impractical in 

this case.  
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Figure 5.6.  1H NMR of tetravinyltetraphenyl (vinyl4Ph4) dimethoxy derivative (CD3OD). 

 

 

 
 

Figure 5.7.  Tetravinyltetraphenyl (vinyl4Ph4) silsesquioxane. 

 

 As in the case of Me4Ph4 derivative, the hydrolysis of the vinyl4Ph4 dimethoxy 

derivative may proceed via bimolecular pathways because of the competing reactivity of 

the Si(OMe)2vinyl-O-Si linkages. Again, further optimization of hydrolysis conditions is 
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needed. However, the vinyl4Ph4 Janus cube is definitely a product that forms during 

hydrolysis, albeit one of many products that are not easily isolated. 

 

 

 

750 850 950 1050 1150 1250 1350

m/z Ag+

942

Figure 5.8.   MALDI of tetravinyltetraphenyl (vinyl4Ph4) Janus cube (m/z Ag+). 942 Da is the 
expected MW of the proposed product. 
 

 

5.3.4  Tetracyclohexyltetraphenyl (Cyclohexyl4Ph4) Dimethoxy Derivative 

 

 The Ph4 half cube sodium salt was reacted with cyclohexyltrichlorosilane in MeOH in 

order to make {PhSiO[OSi(OCH3)2cyclohexyl]}4, Scheme 5.7. Again, the anticipated 

structure is supported by 1H NMR and GPC analyses. Unfortunately, we were 

unsuccessful in hydrolyzing this derivative to form the intended, fully-condensed cube. 

As above, we examined a wide variety of hydrolysis conditions and were only able to 

isolate high MW liquid product(s). We surmise that the mechanism of hydrolysis with 
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aqueous HCl is particularly inefficient in this case because of the bulky alkyl groups, 

which when hydrolyzed most likely form oligomeric products because of the tendency of 

{PhSiO[OSi(OCH3)2cyclohexyl]}4 to phase separate from the acid phase rather than mix 

intimately as required for uniform and rapid hydrolysis of the methoxy groups. Perhaps 

this problem could be overcome using a miscible organic acid (e.g. glacial acetic acid). 

 

 

 

Scheme 5.7.  Reaction of Ph4 half cube sodium salt with CyclohexylSiCl3. 

 

 

5.4  Conclusions 
 

 Half cube sodium salts are readily synthesized in one step and >70% yields from OPS 

and I8OPS. In particular, the I4 half cube sodium salt shows potential for further 

modification at the iodo moiety by a host of Pd-catalyzed substitution reactions (after 

protection of the hydroxyl group with Me3SiCl). We have also shown evidence for the 

syntheses of the {PhSiO[OSi(OCH3)2R]}4 where R = Me, vinyl and cyclohexyl as well as 

their hydrolysis products Me4Ph4 and vinyl4Ph4.  However, extensive efforts to optimize 

their hydrolysis to form Janus cubes in high yields suggests that further studies are 

needed to avoid formation of unwanted higher MW products. Base-catalyzed hydrolysis 

may also be considered as an alternative to acid-catalyzed conditions. The purity of the 

dimethoxy derivatives as assessed by 1H NMR and GPC suggest that the critical stage of 

Janus cube formation occurs during hydrolysis. Regardless, while such optimization may 

not be trivial, the dimethoxy derivatives still remain a potential route to nanoscale Janus 

cubes. 
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Chapter 6 

 

Fluoride Rearrangement Reactions of Polyphenyl- and 
Polyvinylsilsesquioxanes as a Facile Route to 

Fluorescent Oligomers 
 

 

 The objectives of the work described in this chapter are to demonstrate novel, facile 

routes to fluorescent oligomers via fluoride-mediated rearrangement of 

polyphenylsilsesquioxane (PPS) and polyvinylsilsesquioxane (PVS).  PPS and PVS are 

polymeric by-products of the syntheses of the related T8 octamers and as such lack the 

perfect 3-D symmetry of their polyhedral counterparts.  Here we demonstrate that 

random-structured PPS and PVS rearrange in the presence of catalytic amounts of 

Bu4N+F- in THF to form mixed polyhedral T10 and T12 cages in high yield.  Furthermore, 

through control of the ratio of starting materials, we can statistically tailor the numbers 

and types of moieties on these cages, vinylxPh10-x T10 and vinylxPh12-x T12.   

 Simple metathesis chemistry on cages with x~2 vinyl groups and 4-bromostyrene 

followed by Heck coupling with other vinyl cages leads to “string of beads” 

silsesquioxane oligomers joined by conjugated organic tethers.  The functionalized T10 

and T12 cages, metathesis compounds, and Heck compounds were characterized by 

standard analytical methods (MALDI-TOF MS, 1H and 13C NMR spectroscopy, TGA, 

and GPC).  MALDI confirms the elaboration of the cages after each synthetic step and 

GPC verifies the presence of higher MW silsesquioxane oligomer.  TGA shows that all of 

these compounds are thermally stable in air (>300 °C).  Investigation of the UV-Vis 

absorption and photoluminescence behavior of the Heck oligomers reveals exceptional 

red shifts (≈120 nm) that suggest electronic interaction with the silica cores.  Such 

phenomena may imply 3-D conjugation through the cores themselves. 
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6.1  Introduction 
 

 Polyhedral silsesquioxanes, in particular the T8 octasilsesquioxane “cubes” 

[(RSiO1.5)8 Figure 6.1a], represent a versatile class of highly symmetrical three-

dimensional organosilicon compounds with well-defined nanometer structures.  The 

combination of a rigid silica core and a more flexible, modifiable organic shell make 

these compounds extremely useful as platforms for hybrid nanocomposite materials with 

properties intermediate between the properties of ceramics and organics.1-12
       

 Silsesquioxanes have been used in recent years to (1) model catalytic surfaces,13,14 (2) 

generate new catalysts15 and (3) novel porous media,16 serve as (4) NMR standards,17 and 

(5) encapsulants.18  The T10 decameric and T12 dodecameric cages (Figure 6.1b and 6.1c, 

respectively) are frequently formed alongside the T8 cube19,20
 and their derivatives often 

exhibit similar chemical, thermal, and mechanical properties parallel to those of T8 

derivatives.19b 

 Cubic silsesquioxanes are typically prepared via acid or base-catalyzed hydrolytic 

condensation of trifunctional organosilanes or by chemical transformation of the pendant 

groups on pre-existing cages.   Since their initial discovery in 1946,21  there have been 

numerous studies on the synthesis of polyhedral silsesquioxanes.  However, no universal 

preparative procedures have been established for reasons mentioned below.19   

 Many factors are known to influence the formation (and hence structure) of 

silsesquioxanes from the hydrolytic condensation of RSiX3 (where X is typically a 

halogen or alkoxy group);  they are:  the nature of the R group, nature of X group, solvent, 

concentration of starting materials, reaction time, rate of addition and quantity of H2O, 

pH, solubility of product, etc.20 It has proven difficult to quantify the effects of these 

factors, either individually or collectively, because each reaction appears to be uniquely 

sensitive to a combination of many (if not all) of the above variables.   

 Researchers have shown that acid-catalyzed hydrolysis of trialkoxysilanes often 

forms the corresponding cubic silsesquioxane very slowly and with poor yields (~5-30%) 

depending on the nature of the starting silane.22-24  In contrast, base-catalyzed conditions 

generally improve reaction times and yields,25 but the use of excessively strong base 

usually leads to undesired cage scission.  Among the base promoted syntheses recently, 

99 
 



work by others25,26 used F- as a base to synthesize T8 silsesquioxanes, because it is also a 

strong nucleophile and forms kinetically reactive Si-F bonds.27 For example, F- is 

effective in rapidly catalyzing gel formation of tetraethylorthosilicate in sol-gel processes 

at 25 °C.28
  Tetrabutylammonium fluoride25 and KF26 were used because solutions of 

these compounds are only slightly basic (pKa ~ 3.20 in H2O).   

 

 

 
 

Figure 6.1.  Idealized structures of (a) T8 octasilsesquioxane “cube”, (b) T10 decasilsesquioxane, 
and (c) T12 dodecasilsesquioxane. 
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Scheme 6.1.  Synthesis and structure of F-@(PhSiO1.5)8 from (a) reaction of phenyltriethoxysilane 
and TBAF29a and by (b) reaction of OPS and TMAF.30a 
 

 

 Recently Bassindale29a reported the encapsulation of F- in the center of a phenyl T8 

cage (octaphenylsilsesquioxane, OPS; Scheme 6.1a) by removal of solvent after the 

hydrolysis of phenyltriethoxysilane with stoichiometric tetrabutylammonium fluoride 

(TBAF).  The structure was confirmed by 29Si NMR and single crystal X-ray diffraction 

(XRD).  The syntheses of F-@(vinylSiO1.5)8 and F-@(p-tolylSiO1.5)8 were also 

reported.29b  The trapped fluoride ion results in only very slight changes in the Si-O 

distances and cage bond angles from structures where the central fluoride is absent.29  19F 

NMR shows a single, sharp peak at δ = -26.4 ppm, where F- essentially behaves as a 

naked ion with very little coordination to the silicon atoms.29 

 Building on this work, Bowers et al synthesized a new series of F- encapsulated cubes 

(for reasons discussed further below), F-@(RSiO1.5)8, where R = vinyl, phenyl, styrenyl, 

trifluoropropyl, nonafluorohexyl, or tridecafluorooctyl by reaction of 

tetramethylammonium fluoride (TMAF) and the corresponding R8T8 cage (Scheme 

6.1b).30a
   While they report that the synthesis works well for electron withdrawing 

substituents, they find that it fails when R is an electron donating group (R = ethyl, 

cyclohexyl, and i-butyl).   
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 Modeling studies of (RSiO1.5)8 (R = H, F, HO, NH2, alkyl, etc.) done by multiple 

groups31-35 find that the (RSiO1.5)8 HOMO involves the 2p lone pair states on the oxygen 

atoms and lies on the edges of the cubes (Figure 6.2a).  These studies also find that the 

LUMO involves contributions from all Si, oxygen atoms, and the R substituents, is 

spherical and resides in the cube center (Figure 6.2b).31-35  Bassindale has suggested that 

fluoride interaction with an electrophilic LUMO may account for the stability of F- 

encapsulated silsesquioxanes.29  Furthermore, the presence of an electronically accessible 

“core” state may also explain the unique red-shifted emission behavior of silsesquioxanes 

as discussed further below. 

 

 

 
    HOMO                  LUMO 

 

Figure 6.2. (a) HOMO and (b) LUMO of [XSiO1.5]8.34 

 

 While the mechanism of fluoride inclusion is uncertain, it is clearly much more 

complicated than a simple insertion through the cube face.  Figure 6.3a shows the 29Si 

NMR spectrum of F- encapsulated OPS and octavinylsilsesquioxane (OVS) after mixing 

with THF.30a  The sharp peaks at ~ -81 and ~ -83 ppm correlate to the eight equivalent 

silicon atoms in F-@OPS and F-@OVS, respectively.  The numerous small peaks 

between those of the pure starting materials suggest that many compounds with mixed 

phenyl and vinyl groups are generated in solution after mixing.   

 Similarly, Figure 6.3b shows a complex signal pattern when pure OPS and OVS are 

mixed in the presence of stoichiometric TMAF in THF.  In this instance, no pure F- 

encapsulated compounds are detected.  However, Bowers et al suggest that the broad 
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multiplet between ~ -81 and ~ -83 ppm represents a complex mixture of compounds 

resulting from cage scrambling.30a 

  

 

a b

 
Figure 6.3.  (a) 29Si NMR sprectrum obtained from mixing F-@OPS and F-@OVS in THF and 
the (b) spectrum obtained from mixing TMAF with equivalent amounts of OPS and OVS in THF.   
Adapted from Reference 30a. 
 

 

 The ESI mass spectrum (Figure 6.4) observed from the reaction of (i-

Bu)7(C6H5CH=CH2)1T8 and TMAF provides further evidence for F--mediated cage 

rearrangement.30a  The spectrum shows peaks corresponding to F-@(i-Bu)6Styrl2, F-@(i-

Bu)5Styrl3, and F-@(i-Bu)4Styrl4 T8 side-products in addition to the structure of the target 

F-@(i-Bu)7Styrl1 T8 cage. The presence of additional side products having mixed 

functionalities can only be reasonably explained by the complex scrambling of the 

original starting material catalyzed by F-.   

 The instability of F-@(RSiO1.5)8 compounds as illustrated in Figures 6.3 and 6.4 

suggests dynamic F--mediated rearrangements of the silsesquioxanes in solution. It is 

likely that the fluoride ion catalyzes the exchange of RSiO- groups among cages, perhaps 

also assisted by traces of water.  The authors report that scrambling is not observed when 

anhydrous THF is used.30a 
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Figure 6.4.  ESI mass spectrum of fluoride species derived from reaction of (i-
Bu)7(C6H5CH=CH2)1 T8 and TMAF.  Adapted from Reference 30a. 
 

 

 The work presented here seeks to take advantage of the phenomenon of F--mediated 

silsesquioxane rearrangement in order to synthesize multifunctional cage compounds 

with controlled distribution of functionalities.  Judging from the observations reported by 

Bowers et al,30a we anticipated that the number and type of functional groups on the 

target molecule could be controlled statistically by manipulating the ratio of 

silsesquioxanes prior to equilibration with F-.  As we demonstrate below, success in our 

approach offers direct access to a potentially new class of multifunctional compounds 

with one, two (or more) distinct functionalities that may later be modified through 

chemical synthesis.  These functional cages in turn can serve as possible platforms to:  (1) 

thermally stable, linear, and soluble silsesquioxane polymers with the capability of being 

spin/spray/dip-coated, cast, drawn, etc.; (2) low Tm, alkylated silsesquioxane polymers 

for high temperature lubrication applications, as was previously demonstrated for OPS;11b 

(3) silsesquioxane polymers functionalized with liquid crystalline (LC) mesogens for the 

fabrication of unique LC polymeric materials, etc.11c   

 The synthesis of fluorescent silsesquioxane oligomers described below is meant to be 

representative of the unique and unlimited utility of these compounds.  A further goal of 

the work initiated here is to explore the unusual luminescence behavior of these 
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materials.  The exceptional red-shifted emission behavior associated with these 

compounds has significant scientific implications as discussed further in this chapter.    

 Silsesquioxane cages with two reactive functionalities are important because they are 

possible platforms to “string of beads” silsesquioxane polymers, where cages are directly 

incorporated along the backbone of the polymer chain.  Reactive monofunctional 

silsesquioxanes, on the other hand, are typically used as co-polymerizable pendant groups 

for traditional polymer systems.36,37 They are readily prepared from “corner capping” 

reactions of partially condensed trisilanol cages and monofunctional trichlorosilanes.  

Relatively few polymers with cages along the chain backbone have been reported, 

however, because known routes to reactive difunctional cage compounds are rare and/or 

inefficient.  For example, the polymerizable disilanol cage of Figure 6.5 is synthesized in 

only 15% yield after 12 weeks.38  

 

 

 
 

Figure 6.5.  Disilanol silsesquioxane monomer (R = c-C6H11).38 

 

 

 Currently, our group is investigating fluoride-catalyzed rearrangements to synthesize 

silsesquioxanes with mixed functional groups and controlled stoichiometries from OPS 

and octa(aminophenyl)silsesquioxane (OAPS; see Scheme 6.2).39 Diamino cage 

compounds are potential platforms to thermally stable, soluble, and high molecular 

weight silsesquioxane polymers via reaction with dianhydrides or diepoxides.  T8 

silsesquioxane nanocomposites based on imide11d,e and amine/epoxy11a,f chemistries have 

already been shown to demonstrate enhanced thermal and/or mechanical properties.  We 
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have extended this work further by using the by-products of OPS and OVS syntheses as 

starting materials in a possible route to fluorescent cages and/or linear silsesquioxane 

oligomers as described further in Section 6.3.  

  

 

 
 

Scheme 6.2.  F--mediated reaction of OPS and OAPS with TBAF.39 
 

 

 Polyphenylsilsesquioxane (PPS) and polyvinylsilsesquioxane (PVS) are attractive 

precursors in fluoride-mediated rearrangement reactions, as they provide access to 

functionalized silsesquioxane cages originating from generally “useless” polymeric 

starting materials.  PPS is a by-product in the synthesis of OPS, which is formed in 10-

20% yield from the 60 h reaction of phenyltriethoxysilane, 7.5 wt% KOH, and 10 wt% 

H2O in refluxing toluene.40  It has the general formula (C6H5SiO1.5)n and is reported to 

contain a mixture of linear chain, open-caged, and/or ladder-like structures.41  In these 

studies, “n” ≈ 15 for PPS (determined by GPC analysis). 

 Similarly, PVS is formed as a by-product in the synthesis of OVS, attained from the 

hydrolysis of vinyltriethoxysilane in ethanol/H2O solution.42 PVS is formed as a 

methanol-soluble by-product in 60-70% yields.  While the structure of PVS has not yet 
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been studied in detail, it has the fully condensed general formula (C2H3SiO1.5)n.  In these 

studies, “n” ≈ 16 for PVS (determined by GPC analysis). 

 

 

6.2  Experimental 
 

6.2.1  Materials 
 

Polyphenylsilsesquioxane (PPS) and polyvinylsilsesquioxane (PVS) were synthesized 

according to previously described methods.40,42  A first generation Grubbs catalyst 

[RuCl2(=CHPh)(PCy3)2], 1.0 M tetrabutylammonium fluoride (TBAF, ~5 wt% H2O) in 

THF, and vinyltriethoxysilane were purchased from Aldrich and used as received.  All 

other solvents were purchased from Fisher or Aldrich and used as received.  All work 

was performed under nitrogen unless otherwise stated. 

 

6.2.2  Synthetic Methods  
 

6.2.2.1  Synthesis of VinylxPh1 (x = 9, 11) T10 and T12 Silsesquioxanes 

 

 PPS (1.00 g, 7.7 mmol) and PVS (7.0 g, 88.5 mmol) were placed in a dry 250 mL 

round bottom flask equipped with magnetic stirrer and condenser. The flask was 

evacuated and flushed three times with N2. THF (100 mL) and 0.96 mL (1.0 M in THF, 

0.96 mmol) of 95% TBAF were added via syringe.  The reaction mixture was stirred at 

room temperature for 48 h.  CaCl2 (0.8 g, 7.2 mmol) was added to the reaction mixture 

and stirred an additional 2 h.  The insolubles (~1 g) were then gravity filtered and the 

filtrate was removed under reduced pressure.  The solid residue was dissolved in ~15 mL 

of THF and precipitated into 300 mL MeOH.  The precipitated products were collected 

and dried in vacuo to give a white powder (7.05 g, 88% with respect to total initial mass 

of reactants).  Characterization data:  1H NMR (400 MHz, CD3Cl):  5.6-6.2 (br, -

CH=CH2), 6.9 (br, Ar-H); 7.4 (br, Ar-H); 7.6 (br, Ar-H).  13C NMR:  126.9 (Ar-C), 130.2 
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(-Si-CH=CH2), 130.7 (Ar-C), 139.8 (Ar-C), 136.0 (CH=CH2) ppm.  MALDI-TOF: m/z 

(Ag+ adduct) = 899 [AgSi10O15(C2H3)10], 949 [AgSi10O15-(C2H3)9(C6H5)1], 999 

[AgSi10O15(C2H3)8(C6H5)2] 1057 [AgSi12O18(C2H3)12], 1107 [AgSi12O18(C2H3)11(C6H5)1], 

1157 [AgSi12O18-(C2H3)10(C6H5)2] amu.  GPC (found):  Mn 1026; Mw 1077; PDI 1.05 

(see also Table 6.6). 

   

6.2.2.2  Synthesis of Vinyl1Phx (x = 9, 11) T10 and T12 Silsesquioxanes 

 

 PPS (15.0 g, 116 mmol) and PVS (1.0 g, 12.6 mmol) were placed in a dry 250 mL 

round bottom flask equipped with magnetic stirrer and condenser. The flask was 

evacuated and flushed three times with N2. THF (100 mL) and 1.29 mL (1.0 M in THF, 

1.29 mmol) of 95% tetrabutylammonium fluoride were added via syringe.  The reaction 

mixture was stirred at room temperature for 48 h.  CaCl2 (0.8 g, 7.2 mmol) was added to 

the reaction mixture and stirred an additional 2 h.  The insolubles (~5 g) were then 

gravity filtered and the filtrate was removed under reduced pressure.  The solid residue 

was dissolved in ~15 mL of THF and precipitated into 300 mL MeOH.  The precipitated 

products were collected and dried in vacuo to give a white powder (11.52 g, 72% with 

respect to total initial mass of reactants).  Characterization data:  1H NMR (400 MHz, 

CD3Cl):  5.8-6.1 (br, -CH=CH2), 7.1-7.8 (br, Ar-H).  13C NMR:  127.0 (Ar-C), 130.0 (-

Si-CH=CH2), 130.6 (Ar-C), 134.0 (Ar-C), 136.1 (-CH=CH2) ppm.  MALDI-TOF: m/z 

(Ag+ adduct) = 1141 [AgSi8O12(C6H5)8], 1299 [AgSi10O15-(C2H3)2(C6H5)8], 1349 

[AgSi10O15(C2H3)1(C6H5)9], 1399 [AgSi10O15(C6H5)10], 1557 [AgSi12O18(C2H3)2(C6H5)10], 

1607 [AgSi12O18(C2H3)1(C6H5)11],  1658 [AgSi12O18-(C6H5)12] amu.  GPC (found):  Mn 

725; Mw 754; PDI 1.04 (see also Table 6.6). 

 

6.2.2.3  Synthesis of Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes 

 

 PPS (7.24 g, 56.0 mmol) and PVS (1.0 g, 12.6 mmol) were placed in a dry 250 mL 

round bottom flask equipped with magnetic stirrer and condenser. The flask was 

evacuated and flushed three times with N2. THF (100 mL) and 0.69 mL (1.0 M in THF, 

0.69 mmol) of 95% tetrabutylammonium fluoride were added via syringe.  The reaction 
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mixture was stirred at room temperature for 48 h.  CaCl2 (0.8 g, 7.2 mmol) was added to 

the reaction mixture and stirred an additional 2 h.  The insolubles (~3 g) were then 

gravity filtered and the filtrate was removed under reduced pressure.  The solid residue 

was dissolved in ~15 mL of THF and precipitated into 300 mL MeOH.  The precipitated 

products were collected and dried in vacuo to give a white powder (6.67 g, 81% with 

respect to total initial mass of reactants).  The products were further purified by column 

chromatography (silica, 1:10 THF:hexane) and followed by TLC.  Characterization data:  
1H NMR (400 MHz, CD3Cl):  5.2-6.3 (br, -CH=CH2), 6.6-8.1 (br, Ar-H). 13C NMR:  

127.0 (Ar-C), 130.0 (-Si-CH=CH2), 130.7 (Ar-C), 133.8 (Ar-C), 136.3 (-CH=CH2)  ppm.  

IR:  νC=H (3066-2917), νC=C (Ar ring, 1591), νC=C (Ar ring, 1429), νSi-O (1132), 

νSi-C (729) cm-1.  MALDI-TOF: m/z (Ag+ adduct) = 1199 [AgSi10O15(C2H3)4(C6H5)6], 

1249 [AgSi10O15(C2H3)3(C6H5)7], 1299 [AgSi10O15-(C2H3)2(C6H5)8], 1349 [AgSi10O15-

(C2H3)1(C6H5)9], 1399 [AgSi10O15(C6H5)10], 1458 [AgSi12O18(C2H3)4(C6H5)8], 1507 

[AgSi12O18(C2H3)3(C6H5)9], 1557 [AgSi12O18-(C2H3)2(C6H5)10] amu.  GPC (found):  Mn 

986; Mw 1005; PDI 1.02 (see also Table 6.6).  TGA (air, 1000 °C):  found 49.4%; Td5% = 

459 °C (see also Table 6.7). 

 

6.2.2.4  Metathesis Reaction of Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes and 

4-Bromostyrene 

 

 Vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxanes (1.00 g) and 52 mg of first 

generation Grubb’s catalyst43 (0.13 mmol) were added to a dry 50 mL Schlenk flask 

under N2.  Dry CH2Cl2 (20 mL) was added by syringe followed by 4-bromostyrene (2.48 

mL, 19.0 mmol).  The mixture was stirred at room temperature for 72 h and then 

quenched by precipitation into 300 mL of MeOH.  The solution was filtered and the 

products (0.98 g) were purified by column chromatography (silica, 1.5:8.5 THF:hexane) 

and followed by TLC.  Characterization data:  1H NMR (400 MHz, CD3Cl):  5.2-6.1 (br, 

-CH=CH), 6.5-8.0 (br, Ar-H). 13C NMR:  121.9 (-C-Br), 126.5 (Ar-C), 127.0 (Ar-C), 

130.8 (-Si-CH=CH-), 131.9 (Ar-C), 132.0 (Ar-C), 134.0 (Ar-C), 136.0 (-Si-CH=CH-) 

ppm.  IR:  νC=H (3079-2958), νC=C (Ar ring, 1593), νC=C (Ar ring, 1429), νSi-O 

(1132), νSi-C (731) cm-1.  MALDI-TOF: m/z (Ag+ adduct) = 1399 [AgSi10O15(C6H5)10], 
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1505 [AgSi10O15(C8H6Br)1(C6H5)9], 1610 [AgSi10O15(C8H6Br)2-(C6H5)8], 1763 

[AgSi12O18-(C8H6Br)1(C6H5)11], 1867 [AgSi12O18(C8H6Br)2(C6H5)10] amu.  GPC (found):  

Mn 1383; Mw 1437; PDI 1.04 (see also Table 6.6).  TGA (air, 1000 °C):  found 40.1%; 

Td5% = 303 °C (see also Table 6.7). 

 

6.2.2.5  Self-Metathesis Reaction of Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes 

 

 Vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxanes (1.00 g) and 52 mg of first 

generation Grubb’s catalyst43 (0.13 mmol) were added to a dry 50 mL Schlenk flask 

under N2.  Dry CH2Cl2 (20 mL) was added by syringe.  The mixture was stirred at room 

temperature for 72 h and then quenched by precipitation into 300 mL of MeOH.  The 

solution was filtered and the recovered solid was analyzed by GPC, TGA, and MALDI, 

which confirmed only the presence of unreacted starting materials [vinyl2Phx (x = 8, 10) 

T10 and T12 silsesquioxanes].   

 

6.2.2.6  Heck Reaction of BrStyr2Phx (x = 8, 10) T10 and T12 Silsesquioxanes and 

Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes 

 

 To a dry 50 mL Schlenk flask under N2 was added 0.50 g of BrStyr2Phx (x = 8, 10) 

T10 and T12, 19 mg (0.04 mmol) of Pd[P(t-Bu3)]2, and 18 mg (0.02 mmol) of Pd2(dba)3. 

1,4-dioxane (10 mL) was then added by syringe, followed by NCy2Me (2.11 mmol, 0.45 

mL) and 0.40 g of vinyl2Phx (x = 8, 10) T10 and T12. The mixture was stirred at room 

temperature for 72 h and then filtered through 1 cm celite, which was washed with 5 mL 

of THF. The solution was then quenched by precipitation into 300 mL of methanol and 

filtered and the solid redissolved in 10 mL of THF. This solution was then filtered again 

through a 1 cm celite column to remove any remaining Pd particles and reprecipitated 

into 200 mL of methanol. The products were further purified by column chromatography 

(silica, 1:10 THF:hexane) and followed by TLC, collected, and dried in vacuo to give a 

white powder (0.72 g).  Characterization data:  1H NMR (400 MHz, CD3Cl):  5.1-6.3 (br, 

-CH=CH), 6.5-7.9 (br, Ar-H). 13C NMR:  127.3 (Ar-C), 129.0-132.0 (Ar-C), 134.0 (Ar-

C) ppm.  IR:  νC=H (3077-2979), νC=C (Ar ring, 1591), νC=C (Ar ring, 1429), νSi-O 
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(1132), νSi-C (731) cm-1.  MALDI-TOF: m/z (Ag+ adduct) = 1399 [AgSi10O15(C6H5)10], 

1505 [AgSi10O15(C8H6Br)1(C6H5)9], 1763 [AgSi12O18C8H6Br)2-(C6H5)10], 2593, 2697, 

2797, 2849, 3003 amu.  GPC (found):  Mn 2973; Mw 3716; PDI 1.25 (see also Table 6.6).  

TGA (air, 1000 °C):  found 45.0%; Td5% = 325 °C (see also Table 6.7). 

 

6.2.2.7 Heck Reaction of BrStyr2Phx (x = 8, 10) T10 and T12 Silsesquioxanes and 

Vinyltriethoxysilane 

 

 To a dry 50 mL Schlenk flask under N2 was added 0.50 g of BrStyr2Phx (x = 8, 10) 

T10 and T12, 19 mg (0.04 mmol) of Pd[P(t-Bu3)]2, and 18 mg (0.02 mmol) of Pd2(dba)3. 

1,4-dioxane (10 mL) was then added by syringe, followed by NCy2Me (2.11 mmol, 0.45 

mL) and 0.38 mL (2 mmol) of vinyltriethoxysilane. The mixture was stirred at room 

temperature for 72 h and then filtered through 1 cm celite, which was washed with 5 mL 

of THF.  The solution was then quenched by precipitation into 300 mL of methanol and 

filtered and the solid redissolved in 10 mL of THF. This solution was then filtered again 

through a 1 cm celite column to remove any remaining Pd particles and reprecipitated 

into 200 mL of methanol. The products were further purified by column chromatography 

(silica, 1:10 THF:hexane) and followed by TLC, collected, and dried in vacuo to give a 

white powder (0.58 g).  Characterization data:  1H NMR (400 MHz, CD3Cl):  1.2 (s, 3.6 

H, -CH3), 1.3 (s, 5.4 H, -CH3), 3.8 (s, 2.4 H, -OCH2CH3), 3.9 (s, 3.6 H, -OCH2CH3), 5.1-

6.3 (br, 4 H, -CH=CH), 6.4-7.9 (br, 68 H, Ar-H). 13C NMR:  18.0 (-CH3), 58.8 (-

OCH2CH3), 127.3 (Ar-C), 129.0-132.0 (Ar-C), 134.1 (Ar-C), 136.1 (-CH=CH) ppm.  IR:  

νC=H (3087-2985), νC-H (2981-2811), νC=C (Ar ring, 1591), νC=C (Ar ring, 1431), 

νSi-O (1132), νSi-C (737) cm-1.  MALDI-TOF: m/z (Ag+ adduct) = 1399 

[AgSi10O15(C6H5)10], 1614 [AgSi10O15(C6H5)9(C16H23O3Si)1], 1828 [AgSi10O15-

(C6H5)8(C16H23O3Si)2], 1872 [AgSi10O15(C6H5)11(C16H23O3Si)1], 2086 [AgSi10O15-

(C6H5)10(C16H23O3Si)2] amu.  GPC (found):  Mn 1441; Mw 1527; PDI 1.06 (see also 

Table 6.6).  TGA (air, 1000 °C):  found 40.5%; Td5% = 351 °C (see also Table 6.7). 
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6.3  Results and Discussion 
 

 The unexpected discovery of a trapped fluoride ion in the center of silsesquioxane 

cages by Bassindale was initially motivated by efforts to improve silsesquioxane yields 

from alkoxysilanes.25,29a Bowers’ incorporation of F- into cubes, however, targeted 

increasing the ionization efficiency of silsesquioxane-containing oligomers and polymers 

for study by mass spectrometry.30a
  Though it is known that polyhedral silsesquioxanes 

are easily detected by MALDI-TOF MS, high molecular weight silsesquioxane-

containing polymers are not readily ionizable.30
  Bowers previously reported the MALDI 

characterization of only two silsesquioxane oligomer systems (based on 

propylmethacrylates and siloxanes), having weakly detected systems with a maximum of 

only three cages.30b,c  We also observed similar difficulties detecting silsesquioxane 

oligomers by MALDI as described further in Section 6.3.4.   

 Bowers et al anticipated, therefore, that incorporation of fluoride ions into the cages 

of silsesquioxane-containing polymers would increase their ionization efficiencies (or 

reduce the mass to charge ratio of the ions), making the resulting samples easier to detect 

by MALDI-TOF MS.  The scrambling of cages by F- that they observed (see Section 6.1) 

serves as the inspiration for the work reported here.  

 Below we describe a simple and direct route to fluorescent silsesquioxane oligomers 

by reaction of TBAF with stoichiometrically-controlled amounts of PPS and PVS, 

followed by CaCl2 workup to capture F- (Scheme 6.3).  Failure to capture F- after cage 

synthesis leads to further rearrangement and to resins of uncharacterizable products 

following solvent removal.39  Subsequent chemical modification of the pendant organic 

tethers by olefin metathesis (Scheme 6.4) and Heck coupling leads to a “string of beads” 

silsesquioxane oligomer (Scheme 6.6).  As depicted in Schemes 6.3, 6.4, and 6.6, a single 

product from the fluoride ion-mediated rearrangement of PPS and PVS is not observed, 

but rather the result is a mixture of predominantly the T10 and T12 cages as described 

further below. 
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Scheme 6.3.  Fluoride-mediated rearrangement of PPS and PVS to (a) vinylxPh1 (x = 9, 11) T10 
and T12 and (b) vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxanes. 
 

 

6.3.1  Synthesis of VinylxPh1 (x = 9, 11) T10 and T12 Silsesquioxanes 
 

 In efforts to synthesize cages having ~2 phenyl groups (with vinyl groups as the 

remaining moieties), a 10:1 mole ratio of PVS:PPS was reacted with 1 mol% TBAF in 

THF (RT/48 h; Scheme 6.3a).  A minimum amount of TBAF was used to reduce the 

chance of residual F- catalyzing unwanted side products during workup (as previously 

described).  An 8-10 mol% excess of CaCl2 was used to trap F- after completion of the 

reaction.  Ca+2 reacts with F- to form the insoluble CaF2 salt, allowing for easy removal of 

fluoride ion from the products.  Similarly, Cl- reacts to form insoluble 

tetrabutylammonium chloride.  The successful trapping of fluoride ion by CaCl2 workup 

was confirmed by an absence of peaks in the 19F NMR spectrum.  The products were 

non-crystalline as XRD powder patterns exhibited only amorphous scattering.   

   The MALDI-TOF spectrum of the products of a 10:1 PVS:PPS reaction is shown in 

Figure 6.6 and the most common isotopes are listed in Table 6.1.  Small discrepancies 

(<1 Da) between “found” and “calculated” values listed in Table 6.1 may be due to 

ionization potential differences in the experimental situation or possibly errors in 

calibration.  The Figure 6.6 MALDI spectrum shows that the reaction does not give 

single cube products as anticipated, but rather a mixture of T10 and T12 cages with the 
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dominant ionizable species being the unsubstituted deca- and dodecavinylsilsesquioxanes 

and monophenyl compounds. While MALDI indicates the presence of the intended 

diphenyl T10 and T12 compounds, no T8 cubes are observed under these reaction 

conditions, perhaps indicating a preferential, thermodynamically-controlled reaction 

pathway to T10 and T12 cages. Unlabeled peaks in Figure 6.6 correspond to fragments 

generated by the MALDI laser, mainly from loss of 1-2 vinyl (-CH=CH2) groups from 

the T10 cages. 

 It is important to note that the absolute quantities of T8, T10, and T12 in the product 

mixture cannot be determined by MALDI alone because the distribution patterns are not 

perfectly quantitative.  It is well-known that the peak heights in MALDI-TOF MS 

correspond to the ionization efficiencies of the species and are not necessarily 

representative of the amounts of each in the sample.  However, since silsesquioxane 

monomers are readily ionizable and many have been successfully characterized by 

MALDI techniques by us39,40,49 and others,30 we can use the MALDI peak heights as a 

relative (qualitative) measure of the amounts of each species in the monomeric sample. 

  Mono- and diphenylvinyl T10 and T12 compounds are potentially useful as thermally 

stable, high density cross-linking agents or as platforms to 3-D “star” type materials.49  

Furthermore, the synthesis of such compounds demonstrates the ability to tailor the 

numbers and types of functional groups on the silsesquioxane cages by simply altering 

the ratio of the polymeric starting materials.  This capability is further demonstrated 

below in the synthesis of the related divinylphenyl T10 and T12 cages, which serve as the 

starting materials for both cross metathesis (Scheme 6.4) and Heck coupling (Scheme 

6.6) leading to the “string of beads” fluorescent oligomers described further in Section 

6.3.4.     
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Figure 6.6.  MALDI-TOF spectrum of 10:1 PVS:PPS reaction with TBAF (RT/48 h).  The major 
products detected are the deca/dodecavinyl and monophenylvinyl T10 and T12 cages. 
 

 

Table 6.1.  MALDI-TOF data (Ag+ Adduct) for 10:1 PVS:PPS reaction with TBAF.   
 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(CH2=CH)10(SiO1.5)10 898.8 899.2 77 

(CH2=CH)9(C6H5)1(SiO1.5)10 948.8 949.2 73 

(CH2=CH)8(C6H5)2(SiO1.5)10 998.8 999.3 28 

(CH2=CH)12(SiO1.5)12 1056.9 1057.4 100 

(CH2=CH)11(C6H5)1(SiO1.5)12 1106.9 1107.5 97 

(CH2=CH)10(C6H5)2(SiO1.5)12 1156.9 1157.5 49 
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6.3.2  Synthesis of Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes 
 

 A 10:1 mole ratio of PPS:PVS was reacted with 1 mol% TBAF in THF (RT/48 h) and 

gave results analogous to the 10:1 PVS:PPS reaction, with monovinyl compounds being 

the major products according to MALDI-TOF MS (see Figure 6.7 and Table 6.2).  

MALDI also detects the presence of T8 cube in addition to the T10 and T12 species.   

 The MALDI spectrum of Figure 6.7 also shows the presence of OPS, decaphenyl- 

and dodecaphenylsilsesquioxane (DPS) species as by-products of the synthesis.  Divinyl 

compounds of the T10 and T12 cages are also observed.   

 

 

 

1000 1100 1200 1300 1400 1500 1600 1700

m/z Ag+

T12

T8

T10

Ph8

V2Ph8

V1Ph9

Ph10

V2Ph10

V1Ph11

Ph12

 

Figure 6.7.  MALDI-TOF spectrum of 10:1 PPS:PVS reaction with TBAF (RT/48 h). 
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 Table 6.2.  MALDI-TOF data (Ag+ Adduct) for 10:1 PPS:PVS reaction with TBAF. 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(C6H5)8(SiO1.5)8 1141.1 1141.4 60 

(CH2=CH)2(C6H5)8(SiO1.5)10 1299.2 1299.6 80 

(CH2=CH)1(C6H5)9(SiO1.5)10 1349.2 1349.7 100 

(C6H5)10(SiO1.5)10 1399.2 1399.8 97 

(CH2=CH)2(C6H5)10(SiO1.5)12 1557.2 1558.0 68 

(CH2=CH)1(C6H5)11(SiO1.5)12 1607.3 1608.1 81 

(C6H5)12(SiO1.5)12 1658.3 1658.1 55 

 
 

  

 Monovinyl silsesquioxane compounds offer potential use as organic-inorganic hybrid 

monomers for polymerization reactions and/or in the preparation of block copolymers, 

for example.  They can be also used as pendant or end-cap groups in existing polymer 

systems.  Polymer resins incorporating thermally robust silsesquioxane cages can exhibit 

improved thermal stabilities (increased degradation temperatures) suggested to be 

associated with the heat capacity of the cage components, which form a glassy layer of 

SiOxCy during pyrolysis that retards diffusion of O2 through the surface char.44a   

 Alternately, others suggest that increased thermal stability is achieved by retarding 

polymer chain motion, either by intermolecular interactions (between the cages and 

polymer chains) or by the tendency of the large cage molecules to restrict the mobility of 

the polymer segments at elevated temperatures.44b  Lee et al reported that pendant cubes 

also enhance the mechanical properties of polymers, such as the tensile strength of 

styrene-butadiene-styrene triblock copolymers near the Tg of styrene, for example.45 The 

authors speculate that the pendant cubes act as “physical cross-linkers” in these systems 

and provide sites for physical constraint opposing the viscous flow of polymer chains at 

higher temperatures, which is responsible for the improved load carrying capacity over 

polymers that do not contain cubes.45 

 After trial and error, we found that reaction of a 4.4:1 mole ratio of PPS:PVS with 

TBAF in THF (RT/48 h; Scheme 6.3b) gave predominantly the T10 and T12 divinyl 

compounds as shown by the MALDI spectrum in Figure 6.8.  Divinyl compounds are 
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particularly important because further reaction of the two vinyl moieties can lead to 

“string of beads” oligomers/polymers as explained below.   

 The 4.4:1 PPS:PVS reaction MALDI-TOF spectrum shows reaction products 

corresponding to Ag+ adducts of T10 and T12 cages; see Table 6.3.  A small amount of 

phenyl T8 cube formed as a by-product and is easily removed by column chromatography 

for reasons discussed below.  MALDI indicates the presence of mono- and divinylphenyl 

T10 and T12 as well as small amounts of tri- and tetravinyl T10 and T12.  The structures of 

the T10 and T12 products are supported by FTIR, 1H NMR, and 13C NMR data as listed in 

Section 6.2.  XRD powder patterns exhibit only amorphous scattering. 
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Figure 6.8. MALDI-TOF spectrum of 4.4:1 PPS:PVS reaction with TBAF (RT/48 h) after 
purification by column chromatography. 
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Table 6.3.  MALDI-TOF data (Ag+ Adduct) for 4.4:1 PPS:PVS reaction with TBAF. 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(CH2=CH)4(C6H5)6(SiO1.5)10 1199.1 1199.5 12 

(CH2=CH)3(C6H5)7(SiO1.5)10 1249.4 1249.6 49 

(CH2=CH)2(C6H5)8(SiO1.5)10 1299.8 1299.6 100 

(CH2=CH)1(C6H5)9(SiO1.5)10 1349.3 1349.7 93 

(C6H5)10(SiO1.5)10 1399.8 1399.8 27 

(CH2=CH)4(C6H5)8(SiO1.5)12 1458.0 1457.9 17 

(CH2=CH)3(C6H5)9(SiO1.5)12 1507.8 1508.0 23 

(CH2=CH)2(C6H5)10(SiO1.5)12 1557.9 1558.0 23 

 

 
 The dominant ionizable species according to the MALDI-TOF spectrum of Figure 6.8 

is the vinyl2Ph8 T10 species as anticipated.  Separation (and thus quantification) of the 

cage species resulting from the reaction of 4.4:1 PPS:PVS by column chromatography is 

not trivial due to similarities in the chemical structures and properties (e.g. solubility, 

polarity, etc.) of the products.  There are 9 distinct products from the reaction that differ 

only slightly in their chemical structures.  The phenyl T8 is the only compound readily 

separated by column chromatography.  It is crystalline and highly insoluble in most 

solvents, and is the main insoluble by-product in the F- rearrangement reactions of PPS 

and PVS.  Furthermore, GPC analysis is not useful in determining the exact amounts of 

T8, T10, or T12 in the product mixture due to similarities in their hydrodynamic volumes, 

as evidenced by a single peak in the GPC chromatogram of Figure 6.13 and narrow 

polydispersity [PDI = 1.02 (Table 6.6); see Section 6.3.4 for discussion of GPC data].  

However, separation and purification of the products by column chromatography 

following metathesis with 4-bromostyrene makes separation of the resulting compounds 

easier due to more significant changes in the solubility of each species as described 

further below in Section 6.3.3.   

 The TGA curves of the vinyl2Phx (x = 8, 10) T10 and T12 compounds in air and N2 are 

shown in Figures 6.14 and 6.15, respectively.  These compounds are very stable in air 

(Td5% = 459 °C; Table 6.7), as is expected of silsesquioxane cages containing rigid, 
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thermally-stable phenyl groups.  The ceramic yield of the products is 49.4%.  An accurate 

theoretical ceramic yield could not be calculated because the products are a mixture of 

different cage structures of unknown quantities.  However, a comparison of the ceramic 

yield to the theoretical ceramic yields of the individual compounds in the mixture (as 

detected by MALDI) corresponds closely (± 4%, neglecting the amount of phenyl T10) as 

evidenced in Table 6.7.   

 The amount of phenyl T10 in the product mixture can be estimated to be < 5% by 

GPC (see Figure 6.13).  This is calculated by comparing the area of overlap between the 

divinyl T10 and T12 peak and phenyl T8 peak.  As previously suggested, GPC cannot 

adequately resolve phenyl T8, T10, or T12 due to similarities in their hydrodynamic 

volumes.  Comparing the area of overlap with phenyl T8 gives a rough estimate of the 

amount of unreacted phenyl T10 in the product mixture.  This is also supported by the 

TGA of the divinyl compounds in N2 (Figure 6.15).  The mass loss before 500 °C is 

likely due to sublimation of phenyl T10 (~5 wt%). 

 The progress of the reaction of a 4.4:1 mole ratio of PPS:PVS with 1 mol% TBAF 

was monitored by GPC as shown in Figure 6.9.  At the beginning (t=0 h), only one broad 

peak appears for PPS and PVS [retention time (tR) ≈ 31.5 mins].  After one hour, a large 

peak corresponding to the T10 and T12 cages appears (tR ≈ 33 mins; see also Figure 6.13), 

indicating that the reaction proceeds rapidly on catalyst addition.  At t=2 h, the PPS peak 

height drops to ~54% of the peak height at t=1 h, indicating further rearrangement.  

Unreacted PPS in the reaction solution is consumed slower as the reaction stirs longer 

than ~2 h.  The unreacted PPS peak height drops an additional 22% over 5 d (from t=48 

to 168 h), as opposed to 54% over one hour (t=1 to 2 h) at the beginning of the reaction.  

Thus from the behavior illustrated in Figure 6.17, the yield of divinyl cage products 

(~81% with respect to mass of initial reactants) essentially reaches equilibrium after 48 h.  

We could not accurately determine a rate law because PPS is only sparingly soluble in 

THF.   

 Unreacted PPS is collected as insoluble material after CaCl2 workup and/or separated 

from the products further by column chromatography (see Experimental, Section 6.2.2).  

While the rearrangement reactions work well using 1 mol% TBAF, it may be possible to 

improve the reaction times/yields by using more catalyst or raising the reaction 
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temperature.  A detailed study of the effects of catalyst amounts (and/or temperature) on 

the reaction rate is needed and remains an area for further study.  
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Figure 6.9. Progress of the reaction of a 4.4:1 mole ratio of PPS:PVS with 1 mol% TBAF as 
monitored by GPC. 
 

 

6.3.3  Metathesis Reaction of Vinyl2Phx (x = 8, 10) T10 and T12 Silsesqui-

oxanes and 4-Bromostyrene 
 

 Vinyl2Phx (x = 8, 10) T10 and T12 (from reaction of 4.4:1 PPS:PVS with TBAF) were 

reacted with 4-bromostyrene as shown in Scheme 6.4.  All of the vinyl groups reacted to 

give ~2 aryl bromides per T10 and T12 as sites for further functionalization, as evidenced 

by MALDI of the purified products (Figure 6.10 and Table 6.4).  Low intensity signals 

from the mono bromostyrenyl (BrStyr1) T10 and T12 were also present in the spectrum.   
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 MALDI MS of the crude metathesis products initially showed the presence of BrStyr3 

T10 and T12 as well as BrStyr4 T10 and T12 compounds, indicating reaction of the trivinyl 

and tetravinyl cages present in the starting material as described in Section 6.3.2.  

However, the bromostyrenyl compounds are more easily purified by column 

chromatography (see Section 6.2.2) than their corresponding vinyl precursors, as the 

BrStyr3 and BrStyr4 derivatives are much more soluble than the BrStyr1 and BrStyr2 

derivatives.  It proved difficult to completely remove phenyl T10 even after column 

chromatography.   

 The GPC chromatogram of the metathesis products (Figure 6.13) shows a single, 

narrow peak (PDI=1.04; see Table 6.6) confirming the absence of polymeric side 

products and retention of intact silica cores.  There is a small difference in the retention 

times of the peaks corresponding to the metathesis compounds and vinyl2Ph T10 and T12, 

owing to only a slight increase in the hydrodynamic volumes after metathesis with 4-

bromostyrene.  We roughly estimate the amount of phenyl T10 in the product mixture to 

be < 4% by measuring the area of overlap with the phenyl T8 peak in the GPC of Figure 

6.13. 

 The 1H NMR spectrum was complex and the broad peaks corresponding to the vinyl 

and phenyl protons from varying amounts of different compounds were not useful for 

determining the structures of the products.  13C NMR, however, shows distinct peaks for 

the vinyl carbons at ~130.8 (-Si-CH=CH-) and ~136.0 (-Si-CH=CH-) ppm.  Peaks were 

assigned by comparison to 13C NMR spectra of vinyltriethoxysilane and 

phenyltriethoxysilane.46  A peak at ~122 ppm is characteristic of bromine bonded to an 

aryl carbon, associated with the bromostyrenyl moieties of the expected product.  The 

generally weak carbon-bromine bond stretch (~1028-1073 cm-1) was not observed in the 

FTIR possibly due to overlap with the very intense and broad Si-O-Si stretching peak 

(~1130 cm-1) characteristically associated with silsesquioxane cages.   

 The TGAs in air and N2 are shown below in Figures 6.14 and 6.15, respectively.  Td5% 

of the metathesis compounds is 303 °C (Table 6.7).  The ceramic yield of the metathesis 

products (40.1%) corresponds closely to the range (39.9 - 43.6%) of theoretical ceramic 

yields of the compounds in the mixture. 
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Scheme 6.4.  Olefin metathesis of vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxane with 4-
bromostyrene. 
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Figure 6.10. MALDI-TOF spectrum of metathesis reaction of vinyl2Phx (x = 8, 10) T10 and T12 
silsesquioxanes and 4-bromostyrene after column chromatography. 
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Table 6.4.  MALDI-TOF data (Ag+ Adduct) for metathesis reaction of vinyl2Phx (x = 8, 10)  
T10 and T12 and 4-bromostyrene. 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(C6H5)10(SiO1.5)10 1399.1 1399.8 100 

(C8H6Br)1(C6H5)9(SiO1.5)10 1503.5 1504.7 18 

(C8H6Br)2(C6H5)8(SiO1.5)10 1610.0 1609.6 74 

(C8H6Br)1(C6H5)11(SiO1.5)12 1763.1 1763.1 19 

(C8H6Br)2(C6H5)10(SiO1.5)12 1867.0 1868.0 50 

 

 

 A self-metathesis reaction of the divinyl cages using the same reaction conditions was 

attempted (Scheme 6.5) in efforts to directly synthesize cage oligomers/polymers. This 

resulted only in recovery of the starting materials (as determined by GPC, MALDI TOF, 

and TGA), likely due to the steric effects of the bulky phenyl groups and/or cages 

impeding formation of the intermediate four-member ring in the cross metathesis 

mechanism.47 This suggests that cages with longer, more flexible vinyl-terminated tethers 

and/or less bulky non-reactive moieties may be more facile to self-metathesis.  

Furthermore, a molecular diluent with two reactive vinyl groups could be used to link the 

bulky cages together, for example.  Reactions such as these remain an area for further 

study. 

 

 

 
 

Scheme 6.5.  Attempted olefin self-metathesis of vinyl2Phx (x = 8, 10) T10 and T12 silsesqui-

oxanes. 
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6.3.4  Heck Reaction of BrStyr2Phx (x = 8, 10) T10 and T12 Silsesqui-

oxanes and Vinyl2Phx (x = 8, 10) T10 and T12 Silsesquioxanes 
 

 BrStyr2Phx (x = 8, 10) T10 and T12 silsesquioxanes were reacted with vinyl2Phx (x = 8, 

10) T10 and T12 under Heck coupling conditions (Scheme 6.6) in efforts to form linear 

oligomers.  The isolated products are soluble in typical organic solvents (THF, ethyl 

acetate, and acetone) and its proposed structure is shown schematically in Figure 6.11.  

The unique photoluminescence properties of these compounds are discussed in more 

detail below.  

 Figure 6.12 shows the MALDI spectrum after Heck coupling (see also Table 6.5).  

Unreacted mono-bromostyrenyl species are present in the spectrum, as are unreactive 

phenyl T10, which could not be completely separated from the starting materials by 

column chromatography.  Higher molecular weight species (from dimers, trimers, etc.) 

are not readily detected by MALDI, for reasons previously discussed concerning the 

difficulties in ionizing silsesquioxane oligomers/polymers.  ESI MS was also attempted, 

but gave results similar to MALDI and did not show the presence of high molecular 

weight species.  

 

 

 
 
Scheme 6.6.  Heck coupling of vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxanes with BrStyr2Phx 
(x = 8, 10) T10 and T12 silsesquioxanes. 
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Figure 6.11.  Schematic depiction of the proposed structure of the Heck coupling product.  
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Figure 6.12. MALDI-TOF spectrum after Heck reaction of BrStyr2Phx (x = 8, 10) T10 and T12 
silsesquioxanes and vinyl2Phx (x = 8, 10) T10 and T12 silsesquioxanes.  (Purified by column 
chromatography). 
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Table 6.5.  MALDI-TOF data (Ag+ Adduct) for Heck reaction of BrStyr2Phx (x = 8, 10)  
T10 and T12 and vinyl2Phx (x = 8, 10) T10 and T12. 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(C6H5)10(SiO1.5)10 1400.0 1399.8 100 

(C8H6Br)1(C6H5)9(SiO1.5)10 1505.1 1504.7 20 

(C8H6Br)1(C6H5)11(SiO1.5)12 1763.2 1763.1 39 

 

 

 The GPC chromatograms of the Heck oligomer, model compounds (see Section 6.3.5 

below), metathesis compounds, vinyl2Ph8 T10, and vinyl2Ph10 T12 are shown in Figure 

6.13.  A mixture of OPS and OVS is also included for comparison of separation and 

retention times.  Mass data as determined by GPC is listed in Table 6.6.   

 The GPC trace shows evidence of an increase in the molecular weight of the Heck 

products compared to the starting materials, thus confirming the formation of oligomer 

and the weakness of MALDI MS in detecting higher molecular weight silsesquioxane 

oligomers/polymers. A slight shoulder in the GPC at tR ≈ 31 min most likely indicates 

formation of dimer.  Unreacted BrStyr1 T10 and T12 also appears as a small peak (tR ≈ 32 

min) and corresponds to the peak for metathesis products.  The total amount of unreacted 

BrStyr1 T10 and T12 and phenyl T10 is ~10% by GPC (see Figure 6.13).     

 The TGA curves of the Heck products are shown in Figures 6.14 (air) and 6.15 (N2) 

and pertinent thermal analysis data is given in Table 6.7.  The 5% decomposition 

temperature for the Heck product is 325 °C, making these oligomers very thermally 

stable in air yet highly soluble (and therefore processible).  The ceramic yield of the 

compounds is 45.0%.  An accurate determination of the theoretical ceramic yield is 

impossible since the products are an oligomeric mixture of different cage compounds. 
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Figure 6.13.  GPC chromatogram of Heck, model and metathesis compounds, vinyl2Ph8 T10 and 
vinyl2Ph10 T12, and OPS/OVS (for comparison).  Shaded areas represent amounts of unreacted 
starting materials in divinyl, metathesis and Heck compounds (~5%, ~4%, and ~10%, 
respectively). 
 

 
Table 6.6.  GPC mass data for Heck, model and metathesis compounds, vinyl2Ph8 T10 and 

vinyl2Ph10 T12, and OPS/OVS (for comparison).  
Compound Name tR 

(mins) 

Mn Mw PDI 

Heck Compounds†  29.7 2973 3716 1.25 

Model Compounds 32.3 1441 1527 1.06 

Metathesis Compounds 32.6 1383 1437 1.04 

Divinyl Ph T10 & T12 33.1 986 1005 1.02 

OPS 33.7 -- -- -- 

OVS 34.6 -- -- -- 
† Area under curve measured from tR = 26.4 - 31.9 mins. 
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Figure 6.14.  TGA of Heck, model and metathesis compounds, vinyl2Ph8 T10 and vinyl2Ph10 T12 
silsesquioxanes (air, 10°C/min to 1000 °C).  Ph T8 and Ph T12 are included for comparison. 
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Table 6.7.  Decomposition temperatures (Td5%) and ceramic yields for Heck, model and 
metathesis compounds, vinyl2Ph8 T10 and vinyl2Ph10 T12 (air, 10°C/min to 1000°C).   

Theoretical ceramic yields for compounds detected by MALDI are given for reference. 
Compound Name Td5% 

(°C) 
Ceramic Yield 

(%) 
Theoretical 

Ceramic 
Yield (%) 

Heck Compounds 325 45.0 -- 

Model Compounds 351 40.5 -- 

(C8H6Br)1(C6H5)9(SiO1.5)10 -- -- 39.9 

(C8H6Br)2(C6H5)8(SiO1.5)10 -- -- 35.0 

(C8H6Br)1(C6H5)11(SiO1.5)12 -- -- 40.9 

(C8H6Br)2(C6H5)10(SiO1.5)12 -- -- 36.5 

(C6H5)10(SiO1.5)10 -- -- 30.3 

Metathesis Compounds 303 40.1 -- 

(C8H6Br)1(C6H5)9(SiO1.5)10 -- -- 43.0 

(C8H6Br)2(C6H5)8(SiO1.5)10 -- -- 39.9 

(C8H6Br)1(C6H5)11(SiO1.5)12 -- -- 43.6 

(C8H6Br)2(C6H5)10(SiO1.5)12 -- -- 41.0 

(C6H5)10(SiO1.5)10 -- -- 30.3 

Divinyl Ph T10 & T12 459 49.4 -- 

(CH2=CH)3(C6H5)7(SiO1.5)10 -- -- 52.7 

(CH2=CH)2(C6H5)8(SiO1.5)10 -- -- 50.4 

(CH2=CH)1(C6H5)9(SiO1.5)10 -- -- 48.4 

(CH2=CH)4(C6H5)8(SiO1.5)12 -- -- 53.4 

(CH2=CH)3(C6H5)9(SiO1.5)12 -- -- 51.5 

(CH2=CH)2(C6H5)10(SiO1.5)12 -- -- 49.7 

(C6H5)10(SiO1.5)10 -- -- 30.3 
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Figure 6.15.  TGA of Heck, model and metathesis compounds, vinyl2Ph8 T10 and vinyl2Ph10 T12 
silsesquioxanes (N2, 10°C/min to 1000 °C).  Ph T8 and Ph T12 are included for comparison. 
 

 

6.3.5  Synthesis of Model Compounds by Heck Reaction of BrStyr2Phx 

(x = 8, 10) T10 and T12 Silsesquioxanes and Vinyltriethoxysilane 
 

 We prepared the model compounds of Figure 6.16 via reaction of BrStyr2Phx (x = 8, 

10) T10 and T12 silsesquioxanes with vinyltriethoxysilane [CH2=CH-Si(OEt)3] under 

Heck conditions (see Section 6.2.2.7).  The photoluminescence behavior of these 

compounds was compared to that of the Heck products (Figure 6.11) and is discussed 

further in Section 6.3.6 below. 
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Figure 6.16.  Structures of Heck model compounds from reaction of BrStyr2Phx (x = 8, 10) T10 
and T12 silsesquioxanes with vinyltriethoxysilane. 
 

 

 The MALDI spectrum of the model compounds after purification by column 

chromatography is shown in Figure 6.17 and the correct masses for the disubstituted Ag+ 

adducts are observed at m/z 1828 [(C16H23O3Si)2Ph8 T10] and 2086 [(C16H23O3Si)2Ph10 

T12] amu (see also Table 6.8).  The MALDI spectrum also shows peaks corresponding to 

the monosubstituted T10 and T12 cages, as well as decaphenyl silsesquioxane present as an 

impurity in the starting materials.  GPC shows a single, narrow peak at tR ~32.3 mins 

(PDI = 1.06); see also Figure 6.13 and Table 6.6.  The FTIR spectrum is also consistent 

with the structures associated with the model compounds (see characterization data in 

Section 6.2.2.7).   

 The Td5% of the model compounds is 351 °C (Table 6.7).  There is a small mass loss 

(~5 wt%) before 500 °C as the model compounds are heated in N2 (Figure 6.15).  This is 

attributed to sublimation of a small amount of phenyl T10.  The ceramic yield (40.5%) 

corresponds to the range (35.0 – 40.9%) of theoretical ceramic yields for compounds 

detected by MALDI in the product mixture.     
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Figure 6.17.  MALDI-TOF spectrum after Heck reaction of BrStyr2Phx (x = 8, 10) T10 and T12 
silsesquioxanes and vinyltriethoxysilane.  Purified by column chromatography. 

 

 

Table 6.8.  MALDI-TOF data (Ag+ Adduct) for Heck reaction of model compound. 

Most Common Isotope Found (Da) Calculated (Da) Relative Peak 
Intensity (%) 

(C6H5)10(SiO1.5)10 1399.1 1399.8 7 

(C6H5)9(C16H23O3Si)1(SiO1.5)10 1614.0 1614.1 61 

(C6H5)8(C16H23O3Si)2(SiO1.5)10 1827.9 1828.4 100 

(C6H5)11(C16H23O3Si)1(SiO1.5)12 1872.1 1872.5 46 

(C6H5)10(C16H23O3Si)2(SiO1.5)12 2086.0 2086.8 89 

 

 

 Figure 6.18 shows the 1H NMR spectrum of the model compounds with broad peaks 

in the aromatic (~6.4~7.9 ppm) and vinyl (~5.1~6.3 ppm; labeled peak “A” in Figure 

6.18) proton regions that are typical for these compounds.  The peaks ~3.8~3.9 (“B”) and 
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~1.2~1.3 ppm (“C”) correspond to the -OCH2 and -CH3 protons, respectively.  The 

theoretical ratio of vinyl:methoxy:methyl protons (A:B:C = 1:1.5:2.3) matches the actual 

integration (1:1.4:2.3).  Both “B” and “C” each exhibit two distinct signals, likely 

indicating protons in two magnetically different environments originating from the mono- 

and difunctional species and/or the T10 and T12 cages.  Integration of the separate signals 

comprising “B” and “C” gives a ratio ≈ 1.5:1 for each.  We can therefore assume that the 

T10 and T12 cages are present in similar proportion, though we cannot determine which 

cage species is present in greater amounts because the effect of the cage structure on the 

proton chemical shifts is unknown. 

 

 

A : B : C =  1 : 1.5 : 2.3 (theory) 
 1 : 1.4 : 2.3 (actual) C 

B 

A 

 
Figure 6.18.  1H NMR spectrum (CDCl3) after Heck reaction of BrStyr2Phx (x = 8, 10) T10 and 
T12 silsesquioxanes and vinyltriethoxysilane.  Purified by column chromatography. 
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 The 13C NMR spectrum of the model compounds (Figure 6.19) shows characteristic 

peaks for the methyl and methoxy carbons (~18 and ~59 ppm, respectively) and aryl 

carbons (~127~134 ppm).  Vinyl carbons are attributed to the peak at ~136 ppm.  Peaks 

were assigned by comparing with 13C NMR spectra for vinyltriethoxysilane, 

phenyltriethoxysilane, and triphenylchlorosilane.46 

 
 

 
 
Figure 6.19.  13C NMR spectrum (CDCl3) after Heck reaction of BrStyr2Phx (x = 8, 10) T10 and 
T12 silsesquioxanes and vinyltriethoxysilane.  Purified by column chromatography. 
 

 

6.3.6  Photoluminescence Studies 
 

 Currently, our group is investigating the luminescence behavior of silsesquioxanes 

functionalized with conjugated organic moieties.  Unusual red-shifted emission spectra 
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have been observed for octastilbene35 and dodecastilbene50 derivatives, and first and 

second generation “star” compounds derived from octavinylsilsesquioxane and 

functionalized styrenes.49 These compounds exhibit highly red-shifted emissions typical 

of molecules with extensively delocalized electronic structures and is unexpected in 

compounds that to date are thought of as silica-like insulators. 

 As a result of our observations, we have long suspected that luminescent tethers in the 

periphery electronically interact with the predicted, spherical LUMO located within the 

cage cores (see Section 6.1).  If this is indeed the case, then all eight (or twelve) tethers 

may “communicate” simultaneously through the cage.  

 The Heck oligomer formed in Scheme 6.6 exhibits unique photoluminescence 

properties at high dilution (10-5 – 10-6 M) as shown below in Figure 6.20.  The emission 

spectrum has two maxima at 386 and 408 nm and is highly red-shifted compared to the 

corresponding UV absorption maximum at 265 nm.  The magnitude of this red-shift 

seems inconsistent if one assumes the silsesquioxane cores to be solely insulating.   

   In an effort to explain this significant red-shift, the model compound was 

synthesized as previously discussed and its luminescence properties were measured.  The 

model compound is red-shifted (≈ 70-90 nm) compared to its UV absorption maximum.  

The shift to longer emission wavelength (Stokes shift) is typical and primarily due to 

energy lost as a consequence of collisions between the molecules of the excited species 

and those of the solvent.  The Stokes shift of the oligomer, however, is considerably 

greater than the model compound (≈ 120-140 nm).  The Heck oligomer is shifted ≈ 60 

nm from the model compound alone.  The magnitude of the Heck oligomer red-shift 

cannot be adequately explained solely in terms of energy loss from solvent collisions.  

The spectra in Figure 6.20 imply that the addition of a cage to another cage increases 

conjugation and induces this shift.    

 The red-shift associated with the addition of cage structures joined to other T10 and 

T12 cages by conjugated tethers is indicative of extensive electron delocalization and far 

beyond the behavior of isolated conjugated molecules trapped between insulating cores.  

It there is indeed conjugation through the cage centers, the delocalization would lower the 

energy of the π →π* transition and shift the emission maxima to longer wavelengths as a 

consequence.   It is a compelling argument for the existence of 3-D excited state 
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interaction through the cage centers and seems to agree with previous results from our 

group and corroboration of recent modeling studies in this area.31-35,49   In any case, it 

seems reasonable to assume that the ease of fluoride encapsulation inside the cube core 

reflects the unique electronic characteristics of these molecules and thus may help explain 

their unexpected emission behavior.  Further exploration of this phenomenon in detail is 

necessary and remains an area for further study. 
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Figure 6.20.  Solution (THF) absorption and emission spectra (λexcitation = 265 nm) of Heck 
compounds and corresponding Heck model -Si(OEt)3 compounds. 
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6.4  Conclusions 
 

 Fluoride-mediated rearrangement reactions of silsesquioxanes allow direct access to a 

potential new class of multifunctional cage compounds, offering unique and viable 

possibilities to build ordered, nanometer structures through simple control of the 

beginning materials ratio.  The F- rearrangement of polymeric phenyl- and 

vinylsilsesquioxanes, in particular, is exciting because the reactants are “useless” 

polymeric by-products in common silsesquioxane syntheses and lead opportunely to 

product mixtures of discreet polyhedral silsesquioxane cages.  Silsesquioxane cages with 

~2 reactive functionalities may be further modified and tailored to synthesize high 

molecular weight linear polymers with silsesquioxanes directly incorporated along the 

chain backbone.  These polymers could offer unique and tunable properties, such as high 

thermal stability, improved mechanical properties, liquid crystalline behavior, etc.  We 

illustrate the potential of these compounds here in the synthesis of novel, fluorescent 

“string of beads” oligomers with high solubility and thermal stability (up to 325 °C).  The 

highly red-shifted (≈120 nm) luminescence behavior of these compounds is unique in its 

own right, as it suggests extensive electron delocalization and may involve conjugation 

through the silsesquioxane cores.  The chemistries explored here are representative of 

many diverse structures of varying complexity that can be created using these simple 

cages as molecular scaffolds. 
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Chapter 7 

 

Future Work 
 

 

7.1  Discussion 
 

 In this work, we demonstrated the novel syntheses and functionalization of octa-, 

deca-, and dodecameric silsesquioxanes and investigated their utility as nanoconstruction 

sites for a variety of applications.  We have shown that films derived from cubic 

silsesquioxanes (Chapter 3) exhibit excellent barrier properties to oxygen (< 1 cm3·20 

μm/m2·day·atm) that are competitive with high-performance commercial systems and 

require only a minimum amount of processing effort.   These silsesquioxane films are 

thermally very robust, particularly the OAPS/imide films (>500 °C when fully cured),1 

making them ideal for electronics packaging and encapsulation applications that require 

high use temperatures.  The effect of moisture on the oxygen barrier properties and the 

barrier properties of silsesquioxane films to other gases, such as N2 and CO2, remain an 

area for further investigation. 

 The self-polymerizable octaalkynes developed in Chapter 4 offer considerable 

potential as high thermal stability matrices for advanced structural composites.  While an 

in-depth study of the cross-linking process is warranted, the process must involve the 

interdigitation of the alkynes prior to polymerization.  Octaalkynes are also currently 

being investigated by members of our group as platforms to supramolecular materials 

(Scheme 7.1).2 The reaction of octa(phenylethyne) derivatives with tetraphenyl-

cyclopentadienone to produce the hexaphenyl derivatives (Scheme 7.1-ii) has already 

been demonstrated.  The octagraphene silsesquioxanes from Scheme 7.1-iii are 
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expected to exhibit unique electronic properties and/or gas adsorption properties, for 

example. 

 

 

 
 

Scheme 7.1.  Synthesis of 3-D octagraphene silsesquioxane structures starting from I8OPS. 

 

 

 We demonstrated a facile route to [PhSiO(ONa)]4 and [p-IPhSiO(ONa)]4 half cube 

salts in Chapter 5 by the reaction of OPS and I8OPS with NaOH in n-butanol.  These 

compounds have Ph- and I-Ph- groups entirely cis on one face of the half cube.  We have 

also shown evidence for the syntheses of {PhSiO[OSi(OCH3)2R]}4 (R = Me, vinyl, and 

cyclohexyl) compounds from reactions of the tetraphenyl salt with the corresponding 

functional trichlorosilanes.  Optimization of the hydrolysis conditions to form Janus 

cubes in high yields is necessary.  The hydrolysis of chloro- and alkoxysilanes to form 

cage silsesquioxanes is highly dependent on a number of factors3 as previously discussed 

and careful control and optimization of reaction conditions is required.  

 Chapter 6 detailed an innovative route to mixed-functionality silsesquioxane cages 

via fluoride-catalyzed rearrangement reactions.  The ability to tailor the numbers and 

types of functional groups on the cages simply by controlling the amounts of starting 
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materials provides direct access to novel, hybrid nanoconstruction sites.  The compounds 

of these reactions are a mixture of T8, T10, and T12 cages with mixed vinyl and phenyl 

moieties.  As a result they are modifiable via chemistry already demonstrated for phenyl 

and vinyl T8 octamers.  Our group has synthesized alkyl, nitro, amino, halo, aryl, and 

alkyne substituted phenyl T8 and the related phenyl T12 silsesquioxanes.4-14 We also 

recently reported the synthesis of 3-D star materials elaborated from 

octavinylsilsesquioxane.15 

 Further refinement of the reaction conditions described in Chapter 6 to preferentially 

form the T8, T10, or T12 cages exclusively could perhaps be achieved by careful control of 

reaction times, temperature, solvent, type of catalyst, amount of water/catalyst present, 

etc.3 Optimization of the oligomerization reaction via Heck coupling to form higher 

molecular weight, luminescent polymers is another area for future investigation.   

 The photoluminescence efficiencies of the Heck compound and model compound of 

Chapter 6 (and/or similarly conjugated oligomers) warrant further exploration.  In 

addition, past modeling studies of the HOMO-LUMO band gaps and core LUMO of the 

T8 cube compounds should be extended to explain the unique photoluminescent 

properties of the T10 and T12 cage silsesquioxanes as well.  If indeed there are electronic 

interactions through the cage cores, functionalized silsesquioxanes could come to 

represent a new class of 3-D semiconducting materials in the near future. 

 Currently, our group is exploring the synthesis of silsesquioxanes with mixed 

functional groups and controlled stoichiometries based on OPS and OAPS,16 similar to 

the experiments detailed in Chapter 6. The diamino cage compounds from the 

rearrangement reactions of OPS and OAPS are potential platforms to thermally stable, 

soluble, and high molecular weight silsesquioxane polymers via reaction with 

dianhydrides or diepoxides.  T8 silsesquioxane nanocomposites based on imide10,11 and 

amine/epoxy12-14 chemistries exhibit enhanced thermal and/or mechanical properties.  In 

addition to these properties, we expect the analogous silsesquioxane oligomers/polymers 

to have superior solubility (due to statistical control of reactive sites) and thus possess 

similar processing advantages typically associated with soluble polymers. 

 Scheme 7.2 shows the reaction of diamino T10 and T12 compounds with oxydiphthalic 

anhydride (ODPA) to form cages connected by imide linkages, for example.  We can 
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expect the polymer of Scheme 7.2 to have a thermal stability >500 °C10 with high 

solubility, making these compounds suitable for a variety of high temperature 

applications.   

 

 

 
 

Scheme 7.2.  Reaction of diamino(phenyl)2 Ph8 T10 and T12 silsesquioxanes with oxydiphthalic 
anhydride (ODPA) to form imide oligomers. 

 

 

  The approaches described in Chapter 6 offer access to a potentially new class of 

multifunctional compounds with one, two (or more) distinct functionalities that may later 

be modified through chemical synthesis.  In addition to the fluorescent oligomers 

synthesized in Chapter 6, these functional cages in turn can serve as possible platforms 

to: (1) thermally-stable and soluble silsesquioxane polymers with the capability of being 

spin/spray/dip-coated, cast, drawn, etc.; (2) low Tm, alkylated silsesquioxane polymers 

for high temperature lubrication applications, as was previously demonstrated in the 

Friedel-Crafts alkylation of OPS;4 (3) silsesquioxane polymers functionalized with liquid 

crystalline (LC) mesogens for the fabrication of unique LC polymeric materials, etc.17  

The possibilities mentioned here are meant to be representative (and by no means 
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exhaustive) of the diverse utility of compounds derived from F- rearrangement reactions 

of silsesquioxanes.   
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