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Abstract 

 

Silsesquioxanes as organic-inorganic hybrid species are established polymer additives 

and fillers due to their beneficial contributions to the mechanical and thermal properties 

of the resulting material. Most investigations therefore focus on the organic 

substituents of the silsesquioxane, often ignoring the chemistry of the siloxane 

framework. This PhD thesis focuses on three aspects of silsesquioxane chemistry 

going significantly beyond such limitations: (1) a T8R8 silsesquioxane is connected with 

an unsaturated silicon cluster in search of a potential molecular silicon monoxide model 

system, (2) the straightforward trifluoromethanesulfonic acid-catalyzed condensation 

of two T7R7(OH)3 units towards the so far largest structurally fully characterized 

silsesquioxane with organic substituents is demonstrated and a tris(triflate) derivative 

as intermediate explored, (3) the Lewis basicity of phospha-substituted 

silsesquioxanes of the T7R7P type is systematically studied for the first time including 

the unambiguous demonstration of the coordination of a phenyl-substituted derivative 

to sterically demanding Lewis acids. 
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Zusammenfassung 

Silsesquioxane als organisch-anorganische Hybridspezies sind etablierte Polymer 

Additive und Füllmaterialien, aufgrund ihrer vorteilhaften Beiträge zu den 

mechanischen und thermischen Eigenschaften des resultierenden Materials. Die 

meisten Untersuchungen fokussieren sich daher auf die organischen Substituenten 

des Silsesquioxans, während die Chemie des Siloxangerüsts meist ignoriert wird. 

Diese Doktorarbeit fokussiert sich auf drei Aspekte der Silsesquioxanchemie, die 

signifikant weiter als diese Einschränkungen gehen: (1) ein T8R8 Silsesquioxan wird 

mit einem ungesättigten Siliziumcluster verbunden, auf der Suche nach einem 

potenziellen molekularen Siliziummonoxid Modellsystem, (2) die zielgerichtete, 

Trifluormethansulfonsäure katalysierte Kondensation von zwei T7R7(OH)3 Einheiten 

hin zum bislang größten strukturell voll charakterisierten Silsesquioxan mit 

organischen Substituenten ist demonstriert und ein tris(triflat) Derivat als Intermediat 

erforscht, (3) die Lewis Basizität eines phospha-substituierten Silsesquioxans des 

T7R7P Typs ist systematisch zum ersten Mal untersucht, inklusive der eindeutigen 

Demonstration der Koordination eines phenylsubstituierten Derivats an sterisch 

anspruchsvolle Lewis Säuren. 
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Preface 

Modern society is unimaginable without the technological advances seen in recent 

history. Of all elements in the periodic table, silicon is a critical component with regards 

to its role in semiconductors. It is only second to oxygen with regards to the abundance 

in earth’s crust[1] and occurs in the form of silicon dioxide and silicate minerals. Since 

its first isolation in amorphous form by Berzelius in 1824[2] and the discovery of its 

semiconducting properties, the development and improvement of industrial 

manufacturing processes opened the door for mass production of everyday devices.[3] 

The increase in annual production of (ferro-)silicon (from about 3.4 million tons in the 

year 2000 to over 9 million tons as of 2023) reflects the great demand of silicon-based 

materials.[4] The impact of the so-called semiconductor crisis[5] on the supply chains of 

silicon and the resulting delay in technological goods demonstrates the importance of 

the element in our daily lives. 

To further the technological progress even more, it is vital to understand more about 

different silicon compounds and their effect on semiconducting materials. Established 

processes, like the top-down approach of etching circuitry into silicon wafers via 

photolithography, frequently reach their resolution limit in creating smaller structures 

and new techniques must be explored. While extreme ultraviolet (EUV) lithography[6] 

enabled the patterning below the diffraction limit of previous photolithography methods, 

it faces challenges to further minimize semiconductor circuitry. Promising new 

techniques are investigated to replace EUV lithography,[6b;7a] as well as fundamentally 

new transistor components.[7b] On the other hand, bottom-up approaches[8] can be a 

complementary tool which in principle allows for a structural build-up from silicon 

surfaces. The investigation of relevant intermediates is hence a priority of increasing 

importance.  

Molecular silicon clusters were reported to resemble intermediates of bulk silicon 

produced by chemical vapor deposition (CVD) of silanes,[9] and can be versatile model 

systems of these processes and resulting materials. Silicon monoxide (SiO), which is 

known since 1886[10] and heavily investigated in industrial applications such as lithium-

ion battery materials,[11] is a prominent example as its exact atomic composition is still 

a matter of debate.  
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Aside from the semiconductor field, various forms of silicon compounds found their 

way into every nook and cranny of homes around the globe in the form of 

polysiloxanes. A special class of siloxane compounds are silsesquioxanes, organic-

inorganic hybrid materials consisting of a siloxane framework with organic substituents 

in the form of polymeric networks or discrete molecules. Due to their structural 

proximity to silicon dioxide, they are sometimes regarded as the smallest possible silica 

structure, albeit with some restrictions due to their substituents.[12] Closely resembling 

spherosilicates[13] (with organic substituents on each vertex), their synthetic access 

was troublesome in the beginning, but later breakthroughs[14] enabled their widespread 

use in industrial applications. Employed as copolymers, they transfer unique properties 

such as thermal and mechanical stability[15] to materials,[16] and are also relevant in the 

aforementioned bottom-up procedures.[17] Functionalization strategies of 

silsesquioxanes have been investigated thoroughly for certain readily accessible 

species such as the series from the T8R8 to T12R12 representatives, while synthetic 

access of larger frameworks and their structure-property relationships remain mostly 

obscure to this day. The goal of this thesis is to contribute to functionalization strategies 

from a molecular chemical point of view, regarding model systems of subvalent silicon 

oxides with the silsesquioxane acting as silica model, facile access to larger 

frameworks through catalyzed condensation, as well as Lewis-acid-base chemistry.  
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1 Introduction 

1.1 Silsesquioxanes  

1.1.1 Overview, early synthetic procedures and analysis 

Silsesquioxanes are a class of organic-inorganic hybrid materials with the 

stoichiometric formula of [RSiO1.5]n. The term “sesqui”, translating to “one and a half” 

in Latin, reflects the silicon to oxygen ratio of 1.5 in silsesquioxanes. A variety of 

structures is known, ranging from cage- or ladder-like representatives to random 

polymeric mixtures as shown in Figure 1. The functional group R can designate 

hydrogen or organic substituents suitable for a vast amount of functionalizations. As 

agreed upon in siloxane chemistry, the abbreviation Tn distinguishes the cage size with 

the index n (n ≥ 4) being the number of trifunctional silicon vertices T in the 

silsesquioxane. Additionally, the name “POSS” for polyhedral oligomeric 

silsesquioxanes has been established, differentiating the cage-like from cyclic and 

polymeric structures. The size of the T8R8 siloxane cages is usually in the range of 1.2 

to 1.4 nm,[18a] while the very rigid inorganic siloxane core[18b] itself amounts to about 

0.5 nm[18c] which makes them one of the smallest classes of nanoparticles.[19]  

First reports hinting at the formation of – by then – structurally unverified siloxane 

frameworks that could today be classified as silsesquioxanes were published as early 

as 1873 by Ladenburg.[20] The hydrolysis product of phenyltrichlorosilane was 

described as “silicobenzoic acid”, reaction with potassium hydroxide in alcohol and 

carbonic acid resulted in a solid product given the formula of (SiC6H5O)2O via 

molecular weight determination, wrongly identified as “siliconic anhydride”. Kipping and 

coworkers argued from their own observations with silane diols,[21] that the more 

realistic interpretation would be hydrolysis followed by condensation into more complex 

structures. The nature of these condensation products was also pointed out to be 

highly influenced by the hydrolysis conditions employed, usually resulting in mixtures. 

Reported by Scott in 1946,[22] thermal rearrangement of a MeSiCl3 and Me2SiCl2 

condensate forms different siloxane products, one of which was tentatively attributed 

to the formula [MeSiO1.5]2n, with n being an integer. Overall low yields (below 1%) and 

bad solubilities hindered a more detailed analysis. A patent by Barry and Gilkey 
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published in 1949[23] details the separation of supposedly T8R8 to T24R24 monomers – 

distinguished via their molecular weight – from a mixture of alkylsilsesquioxane 

hydrolysate and sodium hydroxide, with some of the proposed conformations being 

correct in hindsight, though at the time still unverified. 

 

 

Figure 1. Exemplary structures of different silsesquioxane types. A: T6R6, B: T8R8, C: T10R10, D: 
incompletely condensed T7R7(OH)3, E: ladder-like, F: random polymeric. R designates hydrogen or 
organic functional groups. 

 

In 1955, several reports were published in rapid succession by the groups of Guenther, 

Gilkey and Wiberg, describing indication for T6Me6, T8Me8,[24a,c] T6Ph6,[25] T8Et8[24b;25] 

T10Me10[25] and T4tBu4 as well as T4iPr4[26] units. It should be noted that some of the 

structural assumptions were allegedly wrong (T6Ph6)[25,27] or remained tentative until 

subsequently realized from different starting materials (T4R4).[26,28] The approach of 

Sprung and Guenther differed from the so far established procedures. Instead of 

thermally rearranging (co-)hydrolysates of di- and trichlorosilanes produced in an 

excess of water, they employed co-hydrolysis of trialkoxysilanes and trichlorosilanes 
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in the presence of up to three molar equivalents of water,[24a,b] with additional acid 

catalysis[24c] depending on the silane employed. In case of basic catalysis, the addition 

of tetraethylammonium hydroxide increased yields somewhat as well as shown by the 

same authors.[29] Structural conformations of T8Et8 and T8Cy8 were finally obtained by 

Gilkey via XRD-analysis,[25] followed by the works of Sliwinski[30] in 1959 (reporting the 

first synthesis of the octahydridosilsesquioxane T8H8) and Larrson[31] in 1960, detailing 

several other alkylsubstituted silsesquioxane solid-state structures. 

After these seminal reports, the next decades encompassed the synthesis of many 

structures from n= 6 upward in one reaction mixture from chloro- or alkoxysilanes. In 

addition, most silsesquioxanes could only be isolated in very low yields after being 

crystallized or precipitated over the course of weeks or even months.[25,32] During this 

time, the first incompletely condensed frameworks (such as Structure D from Figure 1) 

were reported by Brown and Vogt,[32a,b] which will be the focus of Chapter 1.1.3. In 

1970, Frye and Collins reported the synthesis of T8H8 under “scarce-water” conditions, 

in contrast to previous syntheses, which had employed water in excess. Controlling 

the exact equivalents of water in the reaction mixture allowed the authors to isolate 

T8H8 in about 13% yield, along with the first higher hydridosubstituted structures from 

T10H10 to T16H16 in combined yields of 15-35%.[33] Further improved protocols with 

additional characterization data based on Collins work were published in 1987 and 

1991 by Agaskar and coworkers,[34] reaching an overall yield of 17.5% of T8H8 1 

(Scheme 1). 

 

Scheme 1. Synthesis of T8H8 1 via “scarce-water” hydrolysis of trichlorosilane with FeCl3.[34b] 
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Another report of Agaskar and Klemperer in 1995[35] details the synthesis and isolation 

protocols of silsesquioxanes ranging from T8H8 1 to T18H18 from one and the same 

reaction mixture in a long and resource-intensive procedure. Breakthroughs such as 

reported by Bassindale and coworkers[14] enabled the synthesis of T8R8 

silsesquioxanes with yields of up to 90%, finally giving broader access to functionalized 

T8R8 frameworks without the need of hydrosilylation of T8H8.  

The remarkable and apparently quite selective formation of discrete molecules from 

monomeric silanes instead of random polymeric structures has been subject of many 

investigations. The observations of Brown and Vogt[32a,b] infer cyclic oligosiloxanes 

((SiO)3 and (SiO)4 rings) emerging from dimers. Fourier Transform infrared 

spectroscopy (FTIR) monitoring the condensation process of alkoxysilanes under 

basic conditions alludes to a four membered (SiO)4 ring as well, two of which then 

condense into T8 frameworks.[36] Kudo and coworkers investigated the formation of the 

T8H8 framework theoretically from the role of solvents and starting materials’ 

substituents to the fully condensed products.[37] Water is ascribed a significant 

beneficial effect in the initial condensation and formation of small three and four 

membered rings with SiO units by stabilizing all-cis transition states with hydrogen 

bonds.[37a,b] Supporting the findings of Brown, Vogt[32a,b] and Li,[36] the (SiO)4 ring 

(structure C in Figure 2) is understood as initial precursor for larger frameworks as well, 

although alternative rearrangement processes of for example three membered ring 

systems were not considered in the calculations.[37d] In addition to four consecutive 

condensations of two (SiO)4 rings towards the T8 framework, Kudo and coworkers 

describe (energetically less favored) alternative stepwise constructions from the form 

membered ring onward: ancillary siloxane mono- or dimers are being added in such a 

way, that the greatest possible stabilizing effect through hydrogen bonding is achieved. 

This leads to many possible intermediates on the way to the fully condensed 

octahydridosilsesquioxane T8H8 (Figure 2).[37d] Nevertheless, research concerning the 

choice of reaction conditions such as the solvent is still ongoing, which can significantly 

influence the structural outcome.[38]  
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Figure 2. Schematic of processes from silanol (A; HSi(OH)3) to T8 (U). The numbers are the 
MP2//B3LYP/6-31G(d) + ZPC reaction energies. The number of intramolecular hydrogen bonds shorter 
than 2.5 Å are indicated in parentheses. Figure reproduced with permission from the American Chemical 
Society.[37d] 

 

1.1.2 Synthesis of functionalized T8R8 Silsesquioxanes 

The T8R8 framework is the by far most investigated representative of the 

silsesquioxanes. Several pathways to certain functionality patterns are known, 

depending on the starting material. The parent molecule, T8H8 is formed through the 

improved “scarce-water”-method of Agaskar and Klemperer as described above.[34b] 

The silicon-hydrogen functionalities allow different modifications such as 

hydrosilylation, usually carried out with Speier’s or Karstedt’s catalysts.[39] The 

versatility of these approaches is limited by indiscriminate conversion of the Si-H 

functionalities, as in most cases all of them react in the same manner, although some 

reports do give insight into selective monofunctionalization via this route, as shown in 

Scheme 2.[39a-c]  
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Scheme 2. Selected functionalization strategies of hydridosilsesquioxanes TnHn. For 2 to 6: n = 8, for 7: 
n = 12, for 8: n = 14.[34a;39] 

 

Organically substituted T8R8 frameworks can be synthesized from accordingly 

substituted starting materials as well, provided the functional group tolerates the 

necessary condensation conditions. Common organic manipulations have been used 

to create silsesquioxanes tailored to the desired application, as most reactions are 

targeting the functional organic groups, not the siloxane core itself.[40] Perhaps the 

most important requirement in this case is the compatibility of the siloxane core with 

regards to harsh reaction conditions, as it can be cleaved by strong acids and bases, 

which will be discussed in the next chapter. Silsesquioxanes are also investigated 

regarding the encapsulation of hydrogen[41] and fluoride inside the siloxane core.[18c;42] 

 

1.1.3 Incompletely condensed silsesquioxanes  

As in the T8H8 parent case, monofunctionalization of only one functional group from a 

fully condensed T8R8 silsesquioxane is a difficult task. While condensations of 

differently substituted chloro- or alkoxysilanes in the desired stoichiometric ratio can 

indeed be used to isolate partially functionalized frameworks, very low yields and 

mixtures of different isomers are the result of such reaction conditions.[43] A different 

reaction pathway solves this problem by utilizing incompletely condensed 

silsesquioxanes, where at least one siloxane bond of the framework is missing. From 

general investigations, such as shown in Figure 2, it can be rationalized that 
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incompletely condensed structures are suitable precursors for various framework 

manipulations through condensation. As mentioned in Chapter 1.1.1, such open 

frameworks were already reported by Brown and Vogt in the 1960’s, although their 

significant synthetic value had not been recognized at the time.[32a] Two general 

methods are established: Siloxane bond cleavage of a completely condensed cage 

with strong acids or bases or preventing the condensation process from finishing the 

framework during the synthesis. Feher’s pioneering work details the edge-opening 

reactions of T8Cy8 silsesquioxane 9 using trifluoromethanesulfonic acid (TfOH) or 

HBF4∙OEt2.[44] Upon bond cleavage, either a triflate group or fluorine substitutes the 

oxygen on the silicon atoms formerly part of the siloxane bond. The disilyl fluoride 10 

allows substitution with trimethylstannanol, followed by hydrolyzation towards the 

exodisilanol 11. The bis(triflate) 12 is prone to hydrolysis and can form the 

endodisilanol 13 or reform the completely condensed T8 framework 9 to varying 

degrees.[44] With both reaction pathways, stereochemical control over the position of 

the silanol groups enables the endo- and exohedral functionalization of the framework 

(Scheme 3).  

 

Scheme 3. Treatment of fully condensed T8Cy8 9 silsesquioxane with a) tetrafluoroboronic acid and b) 
triflic acid. In both cases, one edge of the cubic framework is opened and two silyl fluoride (10) or triflate 
(12) moieties are produced. Cy=C6H11.[44] 
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While the disilyl fluoride 10 is a very stable species due to its silicon-fluoride bond and 

is restricted to a few manipulations, the more versatile bis(triflate) 12 can be 

functionalized with suitable nucleophiles. Treatment with either stoichiometric amounts 

or an excess of aniline results the silsesquioxane framework 14 with an oxygen atom 

substituted by nitrogen, or in the disilylamide 15, respectively (Scheme 4).[45] 

The incompletely condensed silsesquioxanes with one vertex missing have garnered 

more attention than the previously discussed mono edge-opened frameworks, as their 

synthetic access is far easier. The approximately C3v symmetric T7 silsesquioxane 

structure 16 is formed through the hydrolysis and condensation of trichloro- or 

alkoxysilanes. The early reports detail chlorosilane hydrolysis procedures lasting 

months to years,[32] a period of time that can be shortened considerably by the 

presence of a base such as lithium or sodium hydroxide and a slight excess (1.1 to 1.3 

equivalents) of water (Scheme 5).[46] The synthesized silanolates can then be 

protonated to obtain the incompletely condensed R7T7(OH)3 species.  

 

Scheme 4. Edge-capping of bis(triflate) 12 with an excess of aniline results in an incompletely 
condensed silsesquioxane functionalized with two silyl amide moieties 15. A formally fully condensed 
T8Cy8 structure such as 14 can be obtained with one oxygen replaced by nitrogen, by treatment of the 
bistriflate with an equimolar amount of aniline.[45]  

 

Notably, almost the same reaction conditions are employed to obtain the incompletely 

condensed framework 17, usually termed double decker silsesquioxane (DDSQ).[47] 

Applying alcohols as solvents instead of aprotic ethers such as thf and longer reaction 

times is the key for this reactivity, as intermolecular hydrogen bonding to the solvent 

molecule suppresses dimer formation of two T7R7(OH)3 fragments.[38,48] The 

T7Ph7(OH)3 trisilanol 16a was found to act as the precursor for DDSQ 17, which is 
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obtained after about 44 h of continuous stirring (Scheme 5), in line with previous 

findings reporting siloxane bond cleavage in silsesquioxane frameworks under basic 

conditions in alcoholic media.[36] 

 

Scheme 5. Synthesis of incompletely condensed silsesquioxanes T7R7(OH)3 type 16 with C3v symmetry 
and of the double decker type 17 from the same starting material. R = in general organic substituents, 
for R = Ph: 16a,[38,46b;48] R = Cy: 16b;[46c] R’ = alkoxysubstituents. 

 

The silanol functionalities of incompletely condensed silsesquioxanes make them an 

extremely versatile starting material, enabling the incorporation of a differently 

substituted silicon atom in so-called corner capping reactions. Capping the structure 

with silicon vertices is conveniently achieved with trichlorosilanes and an amine as 

auxiliary base (Scheme 6).[32a,c;49] In general, any functional group can be introduced 

this way, as long as the necessary reaction conditions do not decompose the siloxane 

framework. 
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Scheme 6. Corner capping reaction of incompletely condensed T7Cy7(OH)3 silsesquioxane 16b with 
chlorosilanes and an auxiliary base producing a completely condensed framework 18 akin to structure 
B (Figure 1) with one different substituent. R’ = H or organic substituent.[32a;49] 

 

Introduction of a second functional group can be accomplished by cleaving a silicon 

vertex of a previously corner-capped silsesquioxane (20) with Et4NOH,[50] although it 

has to be emphasized that the selective cleavage of a particular vertex can be 

challenging, and a mixture of corner-opened products can result (Scheme 7).[50f] 

Corner-capping with a suitable trichlorosilane enables two-fold functionalization, e.g. 

for the crosslinking of polymers.  

 

Scheme 7. Corner-opening reaction of a completely condensed monofunctional silsesquioxane 19 with 
tetraethylammonium hydroxide resulting in functionalized trisilanol 20.[50] 

 

Aside from silicon atoms, many other elements of the periodic table can be introduced 

by corner-capping reactions of incompletely condensed frameworks. In general, the 

heteroelement atoms introduced to the silsesquioxane framework do not have to 

coordinate exclusively to the oxygen atoms of just one silsesquioxane, most 
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prominently seen in metallasilsesquioxanes. While the T7 framework D from Figure 1 

is able to accommodate even large transition metals such as zirconium into a single 

vertex,[51] dimeric structures are frequently obtained, especially when trivalent metal 

precursors are employed.[52] One commonly adopted structure (21) is shown in 

Scheme 8, though depending on the metal and silsesquioxane framework, a different 

number of bridging blocks and coordination environments are possible. 
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Scheme 8. Incompletely condensed silsesquioxanes 16b react with (transition-)metals react with in such 
a way, that a M2O2 bridge between two T7 fragments is created. M = Ti: 21a;[52a] M = Al: 21b;[52b] M = V: 
21c.[52c;53a] 

 

For example, in addition to structure 21, molybdenum and tungsten form Mo≡Mo and 

W≡W triple bonds[52d] and a single transition metal can connect two corner opened 

T7R7(OR’)(OH)2[52e,f] or edge-opened T8R8(OH)2 moieties.[52h] Some species exhibit an 

equilibrium between the mono- and dimeric state,[53] tentatively attributed to the poorer 

orbital overlap between the silsesquioxane to the transition metal in the monomer,[53a] 

as well as steric demand of the corresponding ligand coordinating to the metal 

center.[53c] Through treatment of these dimers with strong bases such as pyridine or 

acetonitrile, species with two additional ligands located at one of the two transition 

metals are obtained, some of which are surprisingly stable against dissociation into 

monomers.[52a,c;53a] In other examples, a donor on each metal is reported for titanium 

dimers in chloroform solution (prepared from Ti(iPrO)4 and a T7 trisilanol), after addition 

of methanol.[53b]  

Alkali metals such as lithium and sodium are introduced either through the 

condensation process using NaOH or LiOH as discussed above,[46] or through 
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deprotonation of the trisilanol D with suitable bases. While stronger alkali metal bases 

such as sodium tert-butoxide[54a] tend to quickly destroy the silsesquioxane framework, 

sodium hydride[54b] or n-butyllithium[55a,c] are sufficient deprotonation agents. The 

structure of [T7R7(OLi3)]2 in the solid state is a matter of debate, as Edelmann and 

coworkers[55b] reported a dimer featuring a Li6O6 bridging unit between the two T7Cy7 

fragments, while Gómez and coworkers[55c] published a [T7iBu7(OLi3)]4 tetramer. In the 

latter case, bad crystal quality might factor into ambiguous results[55c] and DFT 

optimized studies[55d] support the former Li6O6 dimer reported by Edelmann.[55b]  

Group 2 elements are less common for corner-capping and can form more intricate 

structures. Magnesium features an example of three Mg2O2 rings bridging two T7 parts, 

but is nonetheless equally useful for the synthesis of silicon or titanium capped 

silsesquioxanes.[56] In contrast, treatment of T7Cy7(OH)3 16b in thf with calcium in liquid 

ammonia led to cage rearrangement towards the complex [(T8Cy8O)2Ca(dme)Ca(thf)2] 

with two edge-opened T8 fragments.[57]  

Group 13 elements produce different bridging modes: in contrast to aluminium (forming 

dimer 21b[52b]), boron tends to arrange its substituents in such a way that allows the 

retention of the trigonal planar coordination environment when incorporated into 

incompletely condensed T7 frameworks, as shown by Feher and coworkers (Scheme 

9, reaction a).[58] The reported [T7Cy7B]2 dimer 22 shows a remarkable stability against 

various bases and so far, no isolated species with a single boron atom capping a T7 

fragment was reported. Boron dimer 22 exhibits behavior indicative of switching the 

coordination of the oxygen ligands between the two borate esters, producing an 

intermediate structurally akin to the dimeric motif 21.[52b] Upon addition of Ph3PO or 

Me3NO to aluminium dimer 21b, the authors describe 21b as a “latent source”[52b] of 

the monomeric T7Cy7Al intermediate 23, forming according to a dissociative 

mechanism even before a reaction with Ph3PO or Me3NO takes place, as shown in 

Scheme 10.[52b;59a,b] In contrast to other monomer-dimer equilibria, however,[53b,c] the 

authors observe only one species in solution via spectroscopic methods,[52b] and the 

reactions take several hours at room temperature, so that an equilibrium producing 

noteworthy amounts of a reactive, Lewis acidic monomer seems unlikely.  
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Scheme 9. a) Treatment of incompletely condensed silsesquioxane T7Cy7(OH)3 16b with BI3 in the 
presence of NEt3 results in dimer 22, in which two boron atoms bridge two separate T7 fragments, while 
keeping their trigonal planar coordination environment.[58] b) The reaction of T7Cy7(OH)3 with AlMe3 
yields dimer 21b, in which the two Al atoms are tetrahedrally coordinated and form an Al2O2 ring.[52b] 

 

 

Scheme 10. Cleavage of aluminium dimer 21b with proposed occurrence of intermediate monomeric 
species 23 on the way to Lewis adducts 24a ((a) = R = OPPh3, n= 0), 24b ((b) = R = Me3NO, n= 0),[52b] 
24c ((c) = Me4SbOTMS, R = TMS, n= 1, X = Me4Sb; TMS = trimethylsilyl)[59a] and 24d ((d) = Me4SbOH, 
R = H, n= 1, X = Me4Sb).[59b] 

 

T7R7(OH)3 frameworks treated with gallium trichloride or trimethylgallium share similar 

dimeric structures as aluminium, though also Lewis base-coordinated monomers and 

more extensive dimers with multiple four-membered Ga2O2 rings can be obtained with 

an excess of GaMe3.[59c] 

 

Group 14 and 15 trihalides usually cap the missing vertex to complete the framework 

condensation,[60,61] if used in a 1:1 stoichiometric ratio. The heavier group 14 elements 

behave similar to silicon in the capping process,[32c,d;60] while group 15 elements can 
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act as Lewis bases due to their electron lone pair.[61a] Employing an excess of the main 

group element, a threefold substitution of a trisilanol with pentamethylantimony affords 

stibonium substituted silsesquioxanes amenable as precursors for a variety of 

electrophilic substitution reactions,[62a] although their propensity for side reactions such 

as cyclodehydrations limits their synthetic use. A trimeric Sb(V) species in which a 

single antimony atom is coordinated by three T7 frameworks was recently reported.[61c] 

Adding one equivalent of a mono- or dihalide to a trisilanol can introduce different 

functionalities, or exclude one or more silanols from participating in further reactions 

by capping them with inert groups.[62] Incompletely condensed T7R7(OSiR’3)(OH)2 

silsesquioxanes with one inert siloxane moiety can produce interesting structures, for 

example when treated with LiBH4 a lithium and a boron atom bridging two T7 

silsesquioxanes are introduced to give structure 26 (Scheme 11).[59c] In contrast to the 

[T7B]2 dimer 22, the boron atom adopts a tetrahedral coordination environment.  

 

Scheme 11. Treatment of incompletely condensed silsesquioxane 25 with 0.5 equivalents of LiBH4 
produces the bridged species 26 R = C5H9.[59c] 

 

Lanthanoids were introduced into silsequioxane frameworks as well, adopting 

silsesquioxane dimer, trimer and tetramer structures.[55a;63] Sometimes other elements 

such as lithium are mixed into the bridging units,[63b] and such species are investigated 

as potential components of semiconductor surfaces.[63c] Yttrium exhibits a dimer, in 

which framework oxygen atoms are used to satisfy the coordination sphere of the metal 

atoms.[55a;63a] Applied in transition metal complexes,[51,52,64] many incompletely 
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condensed silsesquioxanes tend to dimerize as with group 1, 2 or 13 metals, though 

some interesting features can be observed. For example, pleochroic mixed-metal 

species are obtained in solid solutions by treating the silsesquioxane trisilanol 

consecutively with the different metal precursors.[52c]  

 

1.1.4 Larger Silsesquioxane cage systems 

 

While the syntheses of larger congeners of T8H8 were reported early on,[33-35] simple 

and high-yielding procedures were lacking. The organically functionalized T10R10 

(Structure C) and T12R12 (G) silsesquioxanes turned out to be the most accessible 

larger silsequioxanes, prepared either from T8 and polysilsesquioxane structures with 

acid or base induced cleavage and subsequent rearrangement processes,[65a-c,e,f] or 

through TfOH-catalyzed hydrolysis of alkoxysilanes.[65d,g] So far, the largest isolated 

organically substituted silsesquioxane T18R18 (R = styryl, PhCH=CH-) framework (J) 

was reported by Wong Chi Man et al. in 2021,[66] albeit without characterization in the 

solid state. Functionalization strategies of T10R10, T12R12 and the T18R18 

silsesquioxanes are largely the same compared to T8R8, as most reactions occur at 

the organic substituents.  
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Figure 3. Examples of isolated larger silsesquioxane frameworks: T12R12 (G[65a-e]), C2v isomer of T14R14 
(H[67a]), D3h isomer of T14R14 (I[34a]), T18R18 (J[66]). 

 

So far, the systematic construction of a broad variety of larger silsesquioxanes other 

than T10 and T12 is considerably underdeveloped: many cage systems are formed in 

one-pot reactions without explicit control over the cluster size (aside from the 

previously mentioned NEt4F templated T8R8 synthesis). A few reports mention the 

selective formation of distinct silsesquioxanes where C2v or D3h T14R14 species 
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(Frameworks H and I, respectively) were either obtained as crystals in minute amounts 

or postulated as thermal rearrangement products of smaller silsesquioxanes.[67]  

Theoretical studies explored the possible isomers of T14H14 and T16H16 compositions. 

Usually, one distinguishes by the number of four-, five- and six-membered rings (with 

regards to the RSiO unit). The established nomenclature indicates as superscript how 

many ring motifs are present in a given silsesquioxane. For example, 605643 refers to 

the D3h isomer I of T14R14 displayed in Figure 3. While Freeman[68] and Kudo[41b] 

investigated only three of the four[35] possible T14R14 isomers, they found significant 

differences in relative stability. Freeman and coworkers[68] argued that larger structures 

favor larger ring systems to decrease ring strain, which is also reflected in the empirical 

observations by Agaskar,[35] Wong Chi Man[66] and Marsmann[65a] in their respective 

systems. Extrapolation of the number of rings from spectroscopic data would help 

identifying the framework isomers in a reaction mixture if isolation of single crystals is 

unsuccessful.  

 

1.1.5  Applications of silsesquioxanes  

Feher and coworkers first recognized the resemblance of incompletely condensed 

T7R7(OH)3 silsesquioxanes with hydroxylated silica surfaces.[32c;51a] Synthetically, T7 

silsesquioxanes are therefore useful silica model systems, resembling the (111) 

octahedral face of -cristobalite.[32c] Coordination to a transition metal follows the same 

rationale, allowing for the development of structure-property relationships of silica 

supported catalytic systems.[69,70] Early reports showcased vanadium and chromium 

silsesquioxanes as efficient catalysts for olefin polymerization.[70a,b] Since then many 

combinations of silsesquioxanes and (transition) metals have been evaluated on their 

catalytic activity. Along with useful insights into catalytically active sites in silica-

supported catalysts, these efforts led to interesting structural findings such as a 

tetrameric neodymium silsesquioxane complex initiating the 1,4 polymerization of 

isoprene,[70c] or two T7 fragments bridged by perpendicular Zn2O2 rings useful for 

polylactide polymerization.[70d]  

The completely condensed silsesquioxane framework can also act as monodentate 

ligand, for example in the molybdenum catalyzed alkyne metathesis.[71a] Non-
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metallated silsesquioxanes are used as catalysts as well, for example in the formation 

of cyclic carbonates from CO2 and epoxides,[71b] and C-O bond reduction with 

multiborylated T8 silsesquioxanes.[71c] 

Closely related to the function as silica surface model, the T8R8 framework was 

recognized to resemble the building blocks of zeolites.[59a,b] The vibrational spectra of 

hydrogen substituted silsesquioxanes, also in case of larger systems, match the zeolite 

data to such a degree, that they can act as model systems for the ring-opening 

vibrations of the latter.[72a-c] Kuroda and coworkers synthesized macrocylic structures 

from dihydroxysilsesquioxanes resembling zeolite apertures,[72d] while Feher and 

coworkers prepared R7T7Al-O-T8R7[59a] and [R7T7Al]2O[59b] species. The latter example 

violates Loewenstein’s rule[73a] (prohibition of (O3)Al-O-Al(O3) motifs in zeolites), which 

has seen some other violations and expansions emerge in recent times.[73b,c]. 

Treatment of a T7R7(OH)2(OSiMe3) incompletely condensed silsesquioxane with 

aluminium sources such as AlEt3[74a] or AlCl3[74b] along with an amine base result in a 

monoanionic dimer, in which one aluminium atom bridges two difunctional T7 

fragments, a feature usually observed in transition metal complexes of incompletely 

condensed silsesquioxanes.[52e,f] 

Since more synthetic procedures targeting the T8R8 silsesquioxanes produced better 

yields and shorter reaction times, T8 systems have been widely applied in industrial 

settings, mainly as nano building blocks[75a,b] of organic-inorganic hybrid systems. The 

inherent symmetrical structure and high core rigidity[18b] of T8 frameworks enables their 

use in dendrimers,[76a] chemical sensors[76b,c,d] and in OLED applications.[77] 

Calcination of metallasilsesquioxanes produces evenly distributed metal oxide 

particles in the resulting material, due to the preconfigured selective incorporation of 

heteroelements into the Tn framework.[78a,b] The same rationale prompted the groups 

of Thieuleux and Grandidier to dope germanium wafers with an antimony monolayer 

surface, applying silsesquioxane stibines as precursor.[78c,d] Their high thermal and 

mechanical stability[15] makes them attractive additives for fire-resistant materials, 

additionally introducing a protective char layer in the material during combustion.[79]  

Aside of the organically functionalized T8R8 framework, other forms of silsesquioxanes 

are of industrial interest as well. HSQ, a resin consisting of hydrogen-functionalized 

TnHn silsesquioxanes, can function as negative electron-beam and extreme ultraviolet 
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lithography resists for integrated circuitry with intriguing results for potential future 

nanofabrications below 10 nm.[80a,b] Organically functionalized silsesquioxane 

copolymers are promising electron-beam lithography resist candidates as well.[80c] 

Ladder-like silsesquioxanes (Type E in Figure 1) were recently shown to exhibit 

thermoplastic behavior, useful for thermally stable hybrid glass applications.[81] 
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1.2 Lewis acid-base chemistry and frustrated Lewis pairs 

The Lewis acid-base concept is one of the fundamental principles of chemistry. Lewis 

bases, electron pair donors as per definition,[82] are key components in transition metal 

chemistry, acting as ligands to the metal and exerting electronical as well as steric 

influence.[83] The almost unlimited combinations of Lewis basic centers with organic 

substituents enable specifically tailored electron pair donors, such as trisubstituted 

amines and phosphines amenable for C-C bond formation[84] and catalysis.[85] Lewis 

acids act as electron acceptors, and can likewise be tuned through their 

substituents.[86] Lewis acids are – for instance – employed as catalysts in a number of 

organic reactions[87] and as anion transporters.[88] In 2006, Lewis acids and bases 

attracted considerable renewed attention with the introduction of the concept of 

Frustrated Lewis Pairs (FLPs) by Stephan and co-workers.[89] In their pioneering work, 

they showed that the intermolecular combination of sterically shielded strongly Lewis 

acidic and strongly Lewis basic centers in 27 was capable of metal-free reversible 

dihydrogen activation to yield 28 (Scheme 12). The lone pair of the Lewis base and the 

empty p-orbital of the acid exhibit essentially unquenched reactivity if sterically 

hindered from forming the adduct. 

 

Scheme 12. The concept of Frustrated Lewis pairs (FLPs) illustrated with dihydrogen activation by 
prototypical 27.[89] 

 

Such hindrance is achieved intermolecularly with bulky substituents on preferably both 

components.[89b;90d] The reactive centers can additionally be incorporated 

intramolecularly into a rigid scaffold with a suitable distance between the two.[90a-c] 

Since their introduction, numerous FLPs with diverse structural features have been 

reported and investigated regarding their scope of substituents[91] and the mechanisms 

of activating small molecules.[92] Lewis acidity[93] and basicity[94] scales along with 

theoretical calculations[95] have been helpful to rationalize the general reactivity trends, 
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though the factors responsible for successful activation, or no reaction at all, are not 

always obvious.[96]   
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1.3 Stable unsaturated molecular silicon clusters 

1.3.1 Overview 

In general, silicon cluster chemistry can be divided into three categories shown in 

Figure 1: the polyhedral oligosilanes,[97,98] commonly referred to as saturated clusters, 

in which every silicon atom is tetrahedrally coordinated to either stabilizing substituents 

or other cluster vertices; the Zintl anions,[99-101] completely substituent-free, negatively 

charged deltahedral clusters; and siliconoids,[102] which must feature at least one 

unsubstituted, hemispheroidally coordinated silicon atom. Regarding silicon clusters in 

this thesis, the focus will be on siliconoids and the following section will give a brief 

overview of their syntheses, structures and properties. 

 

Figure 4. Examples of an Si8Me14 polycyclic silane 29,[97] a [Si9]4- Zintl anion 30[99a] and a Si5Tip6 
siliconoid 31.[102] The counter ions of 30 are omitted for clarity, the unsubstituted silicon atom of 31 is 
highlighted in bold (Tip =2,4,6-triisopropylphenyl). 

 

1.3.2 Stable neutral unsaturated Siliconoids 

Schnöckel and coworkers[103] developed synthetic protocols for the preparation of 

group 13 clusters via the corresponding monohalides, termed metalloids. A metalloid 

consists of more metal-metal than metal-ligand bonds and ligand free, “naked”, cluster 

vertices,[103a] with an average oxidation state between 0 and +I.[103d] The name was 

chosen to reflect on the atomic arrangement of these clusters, which is reminiscent of 

that in the corresponding bulk metal.[103b,c] Schnepf[104] later expanded the metalloid 

concept to group 14 elements, although the preference of this main group for oxidation 

states of +II rather than +I gives rise to a certain ambiguity. Scheschkewitz et al.[105] 

therefore coined the term siliconoids for unsaturated silicon clusters in 2012: while the 
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average oxidation state is ignored, a siliconoid only requires the presence of at least 

one unsaturated, hemispheroidaly coordinated cluster atom. The hemispheroidality 

parameter [106] was introduced to distinguish unambiguously from the tetrahedral 

coordinated case. The term siliconoid reflects on the resemblance to potential 

intermediates during the deposition of elemental silicon from the gas to the condensed 

phase.[105,107] The first siliconoid 31 (adhering to this definition in hindsight) was 

reported in 2005 by Scheschkewitz[102] and is obtained through treatment of SiCl4 with 

a fourfold excess of lithium-disilenide 32.[108] 

 

Scheme 13. Treatment of lithium-disilenide 32[108] with 0.25 eq of tetrachlorosilane yields the first 
siliconoid 31[107] with tetrasilabutadiene 33[109] as by-product (Tip = 2,4,6-triisopropylphenyl). 

 

In the following years, more examples of siliconoids were reported by the groups of 

Veith, Wiberg, Breher, Scheschkewitz, Iwamoto, Kyushin, Fässler and Lips (Figure 

5).[110] Some of them are obtained through thermal rearrangement of their isomers or 

smaller siliconoids, such as the global minimum isomer of hexasilabenzpolarene 

37[110d] or Iwamoto’s Si8 siliconoid 38.[110f]  
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Figure 5. Selected siliconoids (Mes = 2,4,6-trimethylphenyl, Dip = 2,6-diisopropylphenyl, Tip = 2,4,6-
triisopropylphenyl, R = SiMe3).[110] 

 

1.3.3  Stable anionic unsaturated siliconoids 

A common feature of many siliconoids is the propellane-like structure, which was also 

found to be a plausible structure of 2D silicon films such as the still elusive silicene.[111] 

Siliconoids thus constitute suitable molecular models stabilized kinetically by their large 

organic substituents. The unsubstituted vertices in siliconoids resemble the “dangling 

bonds” of a silicon surface and are heavily studied with regards to their reactivity and 

structure-property relationships. Scheschkewitz and coworkers reported (di)anionic 

unsaturated siliconoids,[112] which enable the transfer of the intact siliconoid moiety, or 

(among other methods[113]) the incorporation of heteroatoms into the cluster 

framework.[112c] Such anionic, partially substituted siliconoids represent a valuable 

contribution regarding the relationship of Zintl clusters of silicon with neutral saturated 

and unsaturated clusters.[110g] Silylation of a Si9 Zintl anion accesses the anionic 

siliconoid 44 with an exceptionally high number of unsubstituted vertices.  
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Scheme 14. a) Syntheses of anionic siliconoids from the dismutative isomer of hexasilabenzpolarene 
36 in different positions.[112a-c] (Reagents: (a): BH3·SMe2; (b): tBuC(O)Cl; (c): PhC(O)Cl; (d): SiCl4; (e): 
ClP(NMe2)2; (f): ClSiMe3; E = main group element electrophiles: 41a: E = BH3−, 41b: E = tBuCO, 41c: E 
= PhCO, 41d: E = SiCl3, 41d: E = P(NMe2)2, 41f: E = SiMe3, Tip = 2,4,6-triisopropylphenyl). b) Formation 
of anionic siliconoids 44 and 45 through silylation of K12Si17. 45 is formed in small amounts during 
crystallization of 44 (222crypt = {4,7,13,16,21,24-hexaoxa-1,10-diaza-bicyclo[8.8.8]hexacosane}).[110g] 

 

With the basic set of differently sized siliconoid frameworks and manipulation tools at 

hand, transition metal chemistry and cluster expansions are currently being 

explored.[114]  
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1.4 Silicon monoxide 

1.4.1 Synthesis of silicon monoxide 

The material commonly known as silicon monoxide (SiO) was first reported by Mabery 

in 1886 by reduction of silicon dioxide (SiO2) in an electrical furnace.[10] Mabery 

described a green-yellow amorphous substance with a nominal composition between 

elemental silicon (Si) and unreduced silicon dioxide, variable in color and yield 

depending on the reaction and condensation conditions. To this day, the exact 

structure of SiO in the condensed phase is unknown. The heavier group 14 monoxides 

of tin and lead[115] adopt well-characterized crystalline lattices, while the structure of 

solid GeO is also amorphous and still somewhat ambiguous.[116] SiO is commonly 

prepared by heating elemental silicon and silicon dioxide and condensing the 

generated gaseous SiO on cold surfaces (Scheme 7).[117] 

 

Scheme 15. Heating of silicon and silicon dioxide forms diatomic silicon monoxide, which 
disproportionates partially again upon cooling or thermal treatment into silicon and silicon dioxide.[117] 

 

Other preparation methods employ the reduction of silica with reductive agents other 

than elemental Si. As described by Hass,[117] these methods generate systematic by-

products and thus proceed with lower atom economy. Different cooling rates of the 

diatomic gas[118] result in several different modifications in the condensed phase, 

ranging from green-yellow to black in color.[10,117] The condensed material tends to 

disproportionate over time into Si and SiO2, which complicates the analysis and 

interpretation considerably. SiO is an amorphous substance, and the lack of spatial 

resolution approximating the long-range order of the material turns the deduction of 

structural information into a tedious task. Despite the so far unknown composition at 

the atomic level, it has been explored for many decades as component in optical 

coatings,[117,119] and is an extensively studied potential anode material in lithium ion 

batteries,[11,120] as well as precursor for Si nanowires, nanotubes and porous silicon.[121] 

Essentially since its first report, scientists debated if SiO consists of a mixture of 

amorphous silicon (a-Si) and amorphous silicon dioxide (a-SiO2)[122] or rather a 

macroscopic phase of silicon(II) oxide.[123] Regardless of their actual composition, the 
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various known modifications are all amorphous. Studies claiming that a crystalline SiO 

(c-SiO) modification exists[124] were proven wrong by describing the “c-SiO” to be a 

mixture of -silicon carbide and -crystobalite,[125a] and no credible report on c-SiO was 

published so far. Theoretical investigations regarding the crystallinity of SiO at 

pressures of 1 atm and above were performed by Hoffmann and coworkers,[126] in 

which they found many possible structures at ambient conditions deviating only slightly 

in energy. Crystallization of pure silicon from SiO however was experimentally proven 

through the aforementioned disproportionation into Si and SiO2 at temperatures above 

850 °C.[127] 

1.4.2 Model systems for SiO 

The works of Brady in 1959[122a] attributed the radial distribution functions of 

amorphous SiO to a stoichiometric mixture of a-Si and a-SiO2. The random mixture 

(RM) model later on presented by Temkin[128] regards SiO as a mixture of a-Si and a-

SiO2 in the short-range order. The individual phases were assumed to be 10 Å in size 

with thin intermediary regions. On the other hand, Philipp proposed the random 

bonding (RB) model,[129] in which silicon, being tetrahedrally coordinated, is bonded in 

a statistical distribution to silicon and oxygen atoms, which would result in a 

macroscopically unique phase of Si(II)oxide. Schmid-Fetzer and coworkers[125b] 

reviewed the literature, also highlighting the aforementioned disproportionation. This 

renders comparisons without further knowledge about the actual preparation method, 

age, and storage conditions of the investigated samples problematic.  

More intricate model systems have been proposed since then, essentially blending 

both aspects of the two pioneering models together. High resolution transmission 

electron microscopy (HRTEM)[130] analysis of commercially obtained, otherwise 

thermally untreated SiO samples only produces the image of an amorphous powder 

while samples annealed at 1000 °C exhibit small microcrystallites of silicon.[127,131] Pair 

distribution function (PDF) analysis hints at intermediate layers between silicon and 

silicon dioxide domains in which Si atoms are being coordinated by both silicon and 

oxygen, forming Si(SixO4−x) tetrahedra.[130] At the same time, energy-loss near edge 

structure (ELNES) fails to give any information about the intermediate regions. 

Schulmeister and Mader[130] suggest the Si and SiO2 domains to be about 3 to 4 nm in 

size, about six to eight times larger than assumed by Temkin.[128] The thickness of the 
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intermediate layer was suggested to be about 0.3 nm, interpreted as the edge length 

of one tetrahedrally coordinated Si(SixO4−x) silicon unit, reaching a proportion of 20 to 

25% of all silicon atoms in SiO.[130] 

The interface clusters mixture model (ICM model, Figure 3, left hand side)[131] 

describes SiO as a nano-composite being divided into a-Si and a-SiO2 domains. The 

bulk SiO is described as a “frozen non-equilibrium state”, the disproportionation having 

stopped sometime after the initial onset. The interface between the Si/SiO2 regions is 

described to be as thin as possible, while having a contribution of about 10 at.%.  

           

Figure 3. Left: Schematic illustration of the interface clusters mixture structure of a-SiO. The ultrathin 
sub-oxidic interface (gray) has a matrix-like structure (roughly 10 vol%) between clusters of SiO2 (light 
gray) and more numerous smaller convex clusters of Si (black). Figure and caption reproduced with 
permission from Elsevier.[131] Right: Reconstructed heterostructure model of amorphous SiO. The inner 
part corresponds to an amorphous Si cluster and the outer part is amorphous SiO2 matrix. The blue, red 
and green circles denote Si and O in amorphous SiO2 and Si in the Si cluster, respectively. Figure and 
caption reproduced with permission from the literature.[132] 

 

Taking different oxidation states and bond lengths into account, 79 different Si(SixO4−x) 

tetrahedra would be possible. The TEM investigations of the authors hinted at a 

maximum Si cluster size of less than 2 nm.  

In more recent times, Chen et al[132] published a heterogeneous structure model of a-

Si incorporated into an a-SiO2 matrix as shown in Figure 3 (right hand side), separated 

by the aforementioned interface. Angstrom beam electron diffraction analysis detected 

tetrahedral suboxidic species, reiterating the interface clusters mixture model. The 

existence of Si(SixO4−x) tetrahedra reinforces the hypothesis of disproportionation 

suggested by earlier publications.[125b] Very recently, machine-learning based models 

were applied to the SiOx system:[133] silicon domains after disproportionation were 
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estimated to average between 24 to 54 Å, in line with observations of Schulmeister 

and Mader.[130] Overall, the atomic composition of SiO might be approximated for the 

short-range order, but a concise description through experimental evidence is still 

elusive.  
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2 Aims and scope 

After the breakthrough of silsesquioxanes with regards to industrial applications and 

as ligands in transition metals, the majority of publications revolve around the well-

known T7R7(OH)3 and T8R8 species as well as the double-decker derivatives, with 

many silsesquioxanes finding their way into polymers. Aside from the use as transition 

metal ligands, the potentially interesting chemistry of the frameworks themselves has 

received less attention than the functionalization with organic groups. Considering 

larger structures, only a handful of reports detail the synthesis of silsesquioxanes larger 

than T12 systems, let alone detail more of their properties due to limited quantities 

available. The following summarizes the scope of this PhD thesis. 

The first contribution of the present work is the design and synthesis of a molecular 

proof-of-principle prototype, which can open the door to novel molecular model 

systems of SiO. So far, discrete silicon oxides such as silanones, resembling linear 

SiO in the gas phase, rely on stabilizing contributions of substituents, due to their 

inherent reactive nature.[134] A different approach combining Zintl anions and silicates 

approximates the necessary stoichiometry: obtained by the reaction of elemental Si, 

SiO2 and alkali metals at about 700 °C, SiO is also reported as byproduct.[135] As 

described in the introduction, SiO models of the actual material are in general realized 

as silicon clusters of variable sizes embedded into a subvalent silicon and silicon 

dioxide matrix[132] and of theoretical rather than experimental nature.[131] To circumvent 

such problems molecular model systems are a viable approach. Examples of other 

molecular suboxidic model systems employ strong Lewis basic substituents for 

stabilization,[136] whereas the model presented herein consists of donor free 

components and is in parts kinetically stabilized. The goal of any molecular model is to 

create a species with which more targeted experimental investigations regarding the 

thermal breakdown into SiO resembling domains can be realized. Such a model 

system must a) consist of a silicon to oxygen stoichiometry as close as possible to SiO 

(1:1) and b) be thermally decomposable in a way that mimics the synthesis 

procedure/formation of SiO. The high thermal stability silsesquioxanes makes them 

the ideal species to resemble the oxygen-rich domains of SiO (in analogy to the 

application of silsesquioxanes as silica models), which is preserved until organic 

components tend to be removed during heating. Silicon clusters on the other hand can 
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function as the pure silicon domains, evidenced by their inherent resemblance to bulk 

silicon intermediates during the condensation from the gas phase.[107] A Si6 silicon 

cluster together with a T8 silsesquioxane exhibit a stoichiometric ratio of about SiO0.86, 

as shown in the proof-of principle molecule 46. Both parts usually contain carbon-rich 

substituents, which (ideally) evaporate above temperatures of the usual decomposition 

of organic matter, leaving mainly silicon and oxygen phases.  

 

Figure 6. Targeted proof-of-principle molecule 46 consisting of hexasilabenzpolarene linked to a T8Ph7R 
silsesquioxane. The stoichiometry of silicon to oxygen (about 1:0.86) approximates the overall 1:1 ratio 
of silicon monoxide, while the components themselves represent silicon and oxygen rich domains. 

 

The creation of a straightforward synthetic procedure for larger silsesquioxanes would 

enable the application of extended systems in various applications, and in particular 

as larger SiO2 part of the model system. So far, all synthetic methods known involve 

tedious separation of larger frameworks from a mixture of many different cages, 

making broad reactivity and property related investigations cumbersome. Combining a 

few reports concerning the condensation of two cyclotetrasiloxanes,[137] siloxane bond 

(re)formation of silyltriflates in silsesquioxane frameworks[44] and the dimeric 

stabilization of incompletely condensed frameworks,[32a;138] the general idea of linking 

such open-cage systems with suitable catalytic support arose. Treatment of such 

incompletely condensed silsesquioxanes with TfOH should allow for the transformation 

of silanol functionalities at the open face into triflates, which may even be isolable and 

serve as precursors for a whole variety of subsequent manipulations including 
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condensation to larger silsesquioxanes. The use of silyl triflates was recognized by 

Feher and coworkers[44,45] for edge-opened silsesquioxanes as versatile intermediates, 

but an isolated incompletely condensed T7R7(OTf)3 had yet to be reported.  

 

Scheme 16. Proposed treatment of the phenyl substituted incompletely condensed silsesquioxane 
T7Ph7(OH)3 16a with trifluoromethanesulfonic acid.  

 

In light of the near endless possibilities of incompletely condensed silsesquioxanes to 

produce functionalized frameworks, it is curious that phosphites embedded into a 

silsesquioxane framework have not received much attention since their initial report by 

Feher.[61a] The few available publications provide an incomplete picture, especially 

regarding the variation of steric demand. The initial report cautioned that the large 

Tolman cone angle of the phosphite 47[61a;139] may be detrimental for its ligand 

properties towards transition metals. As, however, phosphite 47 readily coordinates to 

trimethylaluminium[61a] but shows no catalytic activity,[140] and the isooctyl-substituted 

congener actively hinders catalysis,[54b] the role of different substituents and Lewis 

acids should be evaluated. Even more so, since Tolmans initial report about the cone 

angle, several more sophisticated methods have been established, such as the 

crystallographic cone angle of Müller and Mingos,[141] and the percent buried volume 

parameter.[142]  
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Scheme 17. Treatment of incompletely condensed silsesquioxane 16b with PCl3 corner caps the 
missing vertex with a phosphorus atom. The hereby generated phosphite 47 was shown to coordinate 
to Lewis acidic center of trimethylaluminium to form the Lewis adduct 48.[61a] 

 

A comparison and possible reevaluation of the steric demand of 47 seems appropriate 

in context of the more refined methods. Furthermore, many FLP systems focus on 

boranes and phosphanes, due to their inherent natures as Lewis acids and bases, 

respectively. Silsesquioxane substituted phosphites might be suitable candidates as 

basic components, as the large Tolman cone angle can hint at an ideal structural 

prerequisite for steric shielding of the Lewis base. The synthesis and properties of 

phosphite 49 are to be investigated with regards to general Lewis acid-base reactivity, 

as well as FLP chemistry. The phenyl substituent is chosen as less sterically 

demanding functional group compared to the reported cyclohexyl congener to 

elucidate the reactivity and steric constraints.  

 

Scheme 18. Reaction of silsesquioxane substituted phosphite 49 with various sterically demanding 
Lewis acids R3A can potentially lead to frustrated Lewis pairs with interesting properties (R = organic 
substituent, A = Lewis acidic center). 
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4 Conclusion and Outlook 

The envisioned model system 46 proved to be accessible through corner capping 

incompletely condensed silsesquioxane 16a with a suitable electrophilic linking unit, 

producing silsesquioxane 50, which is able to connect to the anionic unsaturated 

siliconoid 40. Model system 46 was isolated and fully characterized in the solid state 

and in solution.  

 

 

Scheme 19. a) Combining the linker substituted silsesquioxane 50 with anionic siliconoid 40 yields the 
proof-of-concept model system 46. b) Due to steric compatibility, even shorter linking units such as used 
in silsesquioxane 51 are accepted to form the smaller linked congener 52. 

 

The crystal structure provides information about the steric demand of both parts, which 

indeed permits shorter linking groups, as demonstrated with the second target 
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molecule 52. The next step would constitute the linkage of the silsesquioxane and 

siliconoid in a -conjugated manner. As the 29Si NMR and UV/VIS spectra of 46 and 

52 demonstrate, the linking of the silsesquioxane to the siliconoid in a non-conjugated 

manner does not exert significant mutual influence. The unsaturated siliconoid moiety 

of model system 46 displays spectral data completely in line with other ligato-

substituted anionic unsaturated siliconoids. Therefore, investigation of electron 

delocalization effects in a conjugated molecule would shed light on similarities to 

proper SiO samples. To get a more realistic model with regards to the correct 

stoichiometry, a siloxane linker could be conceived, mimicking parts of the postulated 

interface.[131] Reducing the carbon content in the linking unit and on the silsesquioxane 

substituents should lessen the formation of silicon oxycarbides from silsesquioxanes 

during pyrolysis.[143] Even though very sophisticated theoretical model systems have 

been established for SiO,[132,133] the direct experimental evidence of the long-range 

order remains elusive. The presented molecule constitutes the starting point for 

systematic investigations regarding the interfacial Si(SixO4−x) region, when differently 

sized silsesquioxanes and siliconoids are considered. Successful functionalization of 

the also herein presented T14 framework with the siliconoid instead of T8, the resulting 

SiO1.05 ratio would be even closer to the actual stoichiometry of silicon monoxide, 

compared to the SiO0.86 of model systems 46 and 52.  

While several silsesquioxanes larger than T12 are accessible,[33,35,66] the resource 

intense procedures, low yields and a limited choice of substituents render them almost 

exclusively interesting to academic investigations. The herein presented formation of 

a T14 framework from two trisilanol silsesquioxanes represents a significant increase 

in efficiency and yield compared to earlier reports.  
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Scheme 20. a) Treatment of incompletely condensed silsesquioxane 16a with an excess of TfOH 
substitutes the silanol moieties, however only small amounts of triflate 53 could be obtained in the form 
of low-quality crystals. An overall partial substitution in the reaction mixture towards T7Ph7(OH)3-x(OTf)x 
is tentatively suggested. b) Adding 10 mol% of TfOH to silsesquioxane 16a produces the T14Ph14 
silsesquioxane 54. 

 

The straightforward synthesis of a T14R14 silsesquioxane framework opens up new 

strategies toward larger systems, by combining smaller fragments of suitable geometry 

into bigger frameworks. While such reactions are expected to occur in a typical 

silsesquioxane reaction mixture, judging from a few possible isomers consisting 

seemingly of several fused smaller ones,[68] such an intentional, catalyzed 

condensation from smaller silsesquioxanes into frameworks larger than T8R8 is the first 

of its kind. Preliminary fragmentation studies by Freeman and coworkers[68] can 

provide guidance in selecting appropriate structures, and as was demonstrated herein, 

even postulated isomers of low stability can be isolated in this manner.  
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In general, the established chemistry of smaller silsesquioxanes with regards to 

substituent manipulations with organic chemistry should be transferable to the here 

presented T14Ph14, therefore a larger silsesquioxane with more anchor points could be 

beneficial as three-dimensional building block in copolymers. More reports urge for the 

development of synthetic protocols to prepare larger silsesquioxanes in an economic 

manner in order to explore their so far only postulated properties.[144] Larger 

incompletely condensed frameworks − provided methods of their isolation and 

functionalization are found − could also give more insight into extended silica 

supported systems.  

The observation that T7Ph7(OH)3-x(OTf)x species may be present when the 

silsesquioxane is treated with an excess of triflic acid strengthens the argument that 

the siloxane framework itself is prone to more sophisticated manipulations than the 

simple corner capping methods employed so far. The more general synthetic use 

would enhance the (already widespread) ability of incompletely condensed frameworks 

of being closed with heteroatomic vertices unseen so far, or substitution of the pending 

silanols with completely different functional groups such as, for instance, amines.[45] 

Phosphite 49 was successfully synthesized in an adapted literature procedure, 

although in comparatively mediocre yield.[61a,b] While unfortunately no XRD suitable 

single crystals could be obtained, the spectroscopic data is in line with other 

silsesquioxane-caged phosphites. It was shown that 49 can indeed coordinate to Lewis 

acids and transition metals of sizeable steric demand, such as 

tris(pentafluorophenyl)borane and the Fe(CO)4 fragment.  
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Scheme 21. Corner capping of phenyl substituted incompletely condensed silsesquioxane 16a with 
PCl3 yields phosphite 49. Treatment of 49 with several Lewis acids affords the Lewis acid-base adducts 
55a-d (E = main group or transition metal element, R = organic substituent 55a: ERn = BPh3, 55b: ERn 
= B(C6F5)3, 55c: ERn = BCl3, 55d: ERn = Fe(CO)4).  

 

The previously reported Tolman cone angle[61a;139] of the T7Cy7P phosphite 47 is 

slightly larger than the (approximated) cone angle of the phenyl derivative, when 

reevaluated with the Mingos method.[141] This difference is not overly significant, and 

as such the T7Cy7P 47 could also be viable for a broader Lewis acid-base chemistry. 

In contrast to the successful adduct formation, FLP reactivity was not found for Lewis 

complex 55b, which can tentatively be rationalized through a strong donor-acceptor 

bond. The short P-B bond length and large coupling constants in the 11B and 31P NMR 

would be in favor of this hypothesis, while the phosphite itself might not be basic 

enough to instill FLP reactivity, due to the electron withdrawing effect of the 

silsesquioxane framework.[40,145] As the crystal structure of Lewis adduct 55b suggests, 

threefold -stacking may be stabilizing the adduct, thus preventing FLP type reactivity. 

A different combination of silsesquioxane substituents and Lewis acids might be 

amenable for small molecule activation, as was shown for other Lewis adducts 

before.[146] The spectroscopic investigation of a combination of phenyl substituted 

phosphite 49 with tris(4-bromo-2,3,5,6-tetramethyl)borane provided no hints at adduct 

formation, nor FLP reactivity. This might be attributed to a severe increase in steric 

shielding at the Lewis acidic center. In general, the synthetic value of silsesquioxane-

caged phosphites could be much greater than anticipated. Likewise, these results 

demonstrate that incorporation of elements of the periodic table into silsesquioxane 

frameworks has not reached its conclusion yet, and more unique properties could be 

uncovered with more exotic species. 
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