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Introduction 

 General approaches to the 
characteristics and design of 
common energetic materials. In 
addition, an abridgment of recent 
application and research of 
silicon and silanes in the topic of  

energetic materials is given. The 
thermo-dynamic and theoretic 
computation background of 
detonation and impulse values 
are illustrated in an overview. 
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Introduction 
 

 

The topic of energetic materials comprises materials with high energy content which can be 

released by an exothermic decomposition reaction. In a thermodynamic point of view the 

energy can be accumulated by chemical moieties with positive heat of formation in an 

optimized case.[1,2] Furthermore in chemical point of view, mixing an energy releasing 

component (fuel) in combination with an oxidizing substance (oxidizers) are the general 

building strategy for most of the energetic materials.[1–4] In addition, which is the main 

decision to call a compound high energetic is the way and kind of releasing the molecular 

stored energy and especially the time scale of the process (usually in a range of 10−2 to 

10−6 sec).[1,2] In general, the topic can be divided into several subsections of rapid 

decomposing materials: the section of explosives[1,5], propellants[5] and pyrotechnics[5] is 

focused on the following.[1,2,4,6,7]  

Explosive materials involve mainly primary and secondary explosives. An easy 

ignitability by heat, flame, radiation and/or mechanical manipulation (high sensitivity[5] is 

typical for primary explosives, for example lead azide Pb(N3)2).[5,7] The most important 

property of primary explosives is the occurrence of a deflagration (sub-sonic burning)[5] to  

detonation (super-sonic burning)[4,5] transition during the first microseconds after 

ignition. This process is called deflagration-to-detonation transition (DDT).[4,7,8] However 

the energy release and the performance are relatively low. The release of high amounts of 

energy and the capability of establishing a propagating shock front. This shock front should 

lead to the possibility to introduce the detonative decomposition into other materials, 

which are able to sustain the propagating shock front and increase the detonation 

performance.[4–7] These types of compounds are called secondary explosives.[5,7,8,9] 

They are not as easy to ignite as primary explosives by external stimuli (low sensitivity) and 

even more save in handling. In general, they release much more energy as primary 

explosives.[7] The energy release is primarily due to pressure-volume work, which leads to 
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shattering effects to the surrounding area. The processes during detonation are complex 

and chemical and physical descriptions are found from many different authors.[1,2,4,7,8] 

The decomposition of propellants and pyrotechnics is in the range of sub-sonic burning, 

deflagration[1,5,7] respectively. In the case of pyrotechnics, the requirements are focused 

onto specifically designed effects, like heat, special light emission spectra, smokes (for 

example coloured smokes) or sounds.[7] They are mostly mixtures by different kinds of 

components, whereupon each component has individual tasks to design the properties of 

the pyrotechnical mixture. For example the colorant and sparkling for fireworks, the heat 

and radiation imitation of the exhausted of turbines or other engines for decoy flare or the 

smoke generating properties are individually designed by special additives.[7] The most 

famous example is black powder.[5] Usually the oxidizer and the fuel are not combined in 

one molecule, in contrast to many primary and secondary explosives. The same for 

pyrotechnics is true for propellants. But in contrast to the former, a fast and high amount of 

gaseous exhaust (preferable light gaseous molecules) and a high combustion temperature 

are the main topics to increased the impulse of an propellant.[3]  

From a chemical point of view the requirements for energetic materials are a positive 

heat of formation, an energy delivering backbone and an oxygen source. The main challenge 

is the simultaneous fulfilment of high performance, low producing costs, high safety and 

stability of the compound to ensure safe synthesis and handling. Recently, the interest in 

environmentally friendly compounds and also for its decomposition products is increased. 

Just focusing onto compound design, alkane backbones combine several advantages. First of 

all a good energy release by oxidation to CO/CO2 (ΔfH°(g): −111/−394 kJ/mol)) and H2O 

(ΔfH°(g/l): −242/−286 kJ/mol),[4] the chemical flexibility, structural manifoldness and the 

stability of structures also in cooperation with other elements and structures turn carbon-

hydrogen moieties into an almost ideal building block/fuel for energetic materials 

(compare given structures in Figure 1.1). In addition, the obtained volume of gas by CO/CO2 

and water has a positive influence into the desired energetic values (see below). Oxidation 

with environmental oxygen is first of all slow and the amount of oxygen is to low for 

releasing the energy of the oxidized molecule efficiently. To oxidize the carbon-hydrogen 

backbone, oxygen carriers like nitro and nitrato moieties are introduced at the backbone 
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structure (like in NG, TNT or RDX). Due to the increased oxygen content in comparison to 

the content in air and the independence 

Figure 1.1. Molecular structure of several high energetic compounds (NG: glycerine trinitrate[5], TNT: 2,4,6-

trinitrotoluene[5], PA: picric acid[5], RDX: 1,3,5-trinitro-1,3,5-triazine[5], PETN: pentaerythrityl 

tetranitrate[5], NTO: 3-nitro-1,2,4-triazol-5-on[5], TATB: 2,4,6-triamino-1,3,5-trinitrobenzene[5], ANTA: 5-

amino-3-nitro-1,2,4-triazole[2], TNAZ: 1,3,3-trinitroazetine[5], ONC: octanitrocubane[7], CL-20: 2,4,6,8,10,12-

hexanitro-2,4,6,8,10,12-hexaazaisowurtzetane[7] and FOX-7: 1,1-diamino-2,2-dinitroethene[7]). 

of the environmental nature (underwater, in solid materials etc.), increase the reaction rate, 

efficiency and also the energy output.[2–4] In addition to the already mentioned advantages 

of the nitro and nitrato moieties, the reduction of nitrogen into molecular N2 strongly boost 

the energy release[2,3] and increases the gas volume. Ideally this happens without the need 

of oxygen (sometimes creating small amounts of NO), which consequently stays available 

for reacting with carbon and hydrogen. Moreover, nitrogen rich moieties like azides or the 

thermodynamically stable nitrogen heterocycles like tetrazoles, triazoles and tetrazines lift 

the performance (like in NTO and ANTA).[2,3] Modern energetic materials increase the 

energy output by using ring or cage strained backbone structures (like TNAZ, ONC and CL-
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20). In addition, poly-chained and caged structures have typically higher densities as acyclic 

structures , due to a higher amount of tertiary and quaternary atoms like C and N.[2,3] The 

often laborious syntheses of these compounds raise the costs, which results in an 

unprofitable commercial use (for example in the case of ONC). In addition to the energetic 

moieties, conjugational functional structures can stabilize the molecule by mesomery, 

inductive effects or by intra- or intermolecular coordination. Therefore hydroxy, keto, 

amino and aromatic moieties for example are often found structural features in energetic 

materials (like in NTO, ANTA, TATB and FOX-7).[2,3,7,9]  

Zooming out from the chemical structure to the micro- and macroscopic shaping and 

formulation (different phases in solid state, co-packing, shaping of particles etc.), one 

component can also be manipulated in this way that it changes its characteristics. One 

example is PETN, which is used as secondary explosives but also can have characteristics 

towards external stimuli like primary explosives just by changing the particle size and 

shape. In general, an energetic compound can be almost as flexible in their employment as 

its structural variation, additionally the possibilities of mixing different components 

(additives, binders ect.) and formulations to design the desired properties.[2,4,7]  

The characterisation of explosives materials is performed by several testing procedures. 

Standard procedures like shock (drop hammer), friction (friction apparatus) thermal (fast 

heating and slow heating tests, like different scanning calometry DSC) and electrostatic 

stimuli (electrostatic discharge ESD) are required for impression of safe manipulating and 

handling explosive materials.[4,6] In the case of explosives, RDX is often used as bench 

mark and therefore the properties of new explosives should exceed those of RDX (Table 

1.1). The requirements for other kinds of energetic materials (propulsions, pyrotechnics, 

oxidizers etc.) are manifold, but often similar and should be discuss at the respective topic. 

Testing the performance of an energetic material often needs relatively large amount of a 

substance. Synthesizing the required amount of a substance, especially new and scientific 

explosive materials, is often expensive and necessitate laborious synthetic work.[2] 

Consequently, the computing of detonation parameters becomes more and more important 

over the last decades, supported by the increased calculating power of computers and 

corresponding computing codes. 
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Table 1.1. Required values for developing new explosive materials based upon RDX. 

 Required values 

Performance[a] Vdet/D 

pC-J 

−Uex/−Q[c] 

>9000 m/s 

>380 kbar 

>6200 kJ/kg 

Safety[b] Tdec 

IS 

FS 

ESD 

≥180 °C 

>7 J 

>120 N 

>0.2 J 

Chemical long-term stabile 

chemically stabile towards air and moisture 

stabile in formulations (towards binder and other additives) 

smoke-free combustion 

cheap and easy synthesis 

Environmental low water solubility 

low toxicity (also of the decomposition products) 

[a] Performance parameters: detonation velocity Vdet also D, detonation pressure pC-J at the Chapman-Jouguet 

point, heat of explosion Q also Uex (more detailed explanations for the values are given below); [b] safety 

parameters: decomposition temperature Tdec, impact sensitivity Is, friction sensitivity Fs, electrostatic 

discharge ESD; [c] −Uex ≈ −Q results out off V = constant in the case of secondary explosives according to the 

explanations in the section Theoretical Background below.  

Role of Silicon in the Field of Energetic Materials 

Mixing secondary explosives and metals is an popular method to increase the 

performance data of an explosive formulation.[9] Mainly aluminium are used as additive, 

but also silicon or silicon alloys.[9] But silicon is mostly used under the topic of irradiation 

agents and decoy flairs. The advantage for these applications is in the first row the high 

energy release as heat and radiation (forming SiO2) and even at oxygen deficient reaction 

conditions silicon reacts highly exothermic with N2 in air (forming Si3N4) and also with 

water (SiO2), if once ignited. The very high aza- and even more the oxophilicity of silicon 

and silicon containing compounds by decomposition is best seen in the pyrophoric 

behaviour of silanes the type SinHn+2, the silicon analogues of alkanes.[10] The smallest 

silanes mono- (SiH4) and disilane (Si2H6) for example are used to stabilize and prevent the 
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out-blowing of the combustion flame in scramjet propulsion engines and work as ignition 

aids in hydrocarbon fuels.[11] Recently, silicon based polymers (siloxanes, silicone) are 

under investigation for binder systems, which not loses its high flexibility in low 

temperature ranges (low glass transition temperature, low rubber-glass transition). This 

characteristic is necessary to prevent fractures by temperature fluctuations in explosive 

charges (for example by air-carried ammunitions), which can lead to incomplete detonation 

of the explosive. Several more advantages are found for silicon-based materials, like 

biocompatibility, good thermal and chemical stability.[12] However, silicon containing 

compounds are rarely found in applications concerning energetic materials till now. 

In the late 1960s and early ‘70s several silicon based compounds with energetic moieties 

(nitro and nitrato moieties) were published without analytic data, their explosives 

behaviour were mention, but not further studied concerning their explosive characteristics 

were done.[13] The first investigations of silicon containing explosives were published in 

2007, as Si-PETN (tetrakis(nitratomethyl)silane), a silicon analogue of the commonly used 

explosive PETN (pentaerythretyl tetranitrate), and its azido analogue 

(tetrakis(azidomethyl)silane, Si-PETA) were synthesized and the strongly increased 

sensitivities of the sila compounds in comparison to its carbon analogues were discussed in 

different manners (see Figure 1.2).[14] 

Figure 1.2. Molecular structures of the silicon analogue of PETN (Si-PETN) and its corresponding azide (Si-

PETA). 

Theoretical Background 

For calculation and estimation of energetic values of energetic compounds the 

comprehension of thermodynamics behind detonation and combustion is crucial. 

Secondary explosives are characterized through five key criteria: heat of detonation (∆exU°), 
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detonation temperature (Tdet), detonation pressure (pC-J), detonation velocity (Vdet) and 

released gaseous volume (V0).[5,6] Additionally the oxygen balance, the relative amount of 

oxygen which is spare or lacks for creating a balanced ratio between oxidizers and 

combustible components, allows a conclusion for evaluating the potential application. Along 

with the oxygen balance the knowledge of how much oxygen is necessary to efficiently 

oxidise an energetic material (negative oxygen balance) or how much is remaining to 

oxidise other components (positive oxygen balance). An easy calculation of the oxygen 

balance Ω is given below for the case of CaHbNcOd containing compounds to complete 

oxidation to CO2:[4,5] 

ΩCO2 = [d − 2a − b/2]/M · 1600 

Because of the high temperatures occurring during decomposition carbon is not fully 

oxidised to CO2, but rather to CO (Boudouard reaction).[3] Therefore, especially in the case 

of oxidizers often only Ω concerning CO is given (ΩCO).  

ΩCO = [d − a − b/2]/M · 1600 

To involve the Boudouard and the water-gas shift reaction, the modified Springall-

Roberts-Rules help estimate the amount of oxygen used for CHNO-containing explosives.[6] 

These have to be applied 1 through 6 and are as follows:[4,6] 

1. carbon atoms are converted to CO 

2. remaining oxygen atoms oxidize hydrogen to H2O 

3. if oxygen atoms still remain, they oxidize existing CO to CO2 

4. all nitrogen is used to form N2 

5. one third of the generated CO is converted to C and CO2 (Boudouard reaction) 

6. one sixth of the originally generated CO is converted to CO2 and H2O (water-gas shift 

reaction) 

Following a detonation the reaction components have to be in a state of equilibrium at 

the end of the reaction. This is described as the Chapman-Jouguet condition.[4,8,15] The 

according state corresponds to the point on the shock adiabatic curve for the reaction 

products. Following this postulate the Chapman-Jouguet-point (C-J-point) is described as 
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the tangent of the Rayleigh-line to the shock adiabatic curve at the point, which correlates 

with the end of the reaction. [4,5,8] 

According to the first law of thermodynamics, in a closed system, the increase in internal 

energy equals the sum of the heat supplied to the system and the work done by the 

system:[16] 

ΔU = Q + W 

With W defined as  

W = −pΔV 

the following modifications are permitted: 

For secondary explosives V = const., in close approximation, hence ΔU = Qv and for 

propellants p = const. applies with 

ΔU = Qp − pΔV 

in close approximation.[6] The enthalpy is defined as the internal energy and the pressure-

volume work of a system.  

H = U + pV 

ΔH = ΔU + pΔV +ΔpV 

For p = const. the formula ΔH = Qp can be used.[16]  

The detonation temperature (Tdet) can be calculated from the correlation Ti (initiation 

temperature, commonly ambient conditions Ti = 298 K) and Q as follows with ΣCv being the 

sum of the molar heat capacity of all reaction products:[6] 

Tdet = Q/ ΣCv + Ti   (1) 

An empirical correlation between the detonation velocity (Vdet) and the detonation 

pressure (pC–J) was established by Kamlet and Jacobs. Both depend on the charge density 

(ρ0):[1,3,4] 

pC-J = Κ · ρ02 · Φ 

Vdet = A · Φ2 · (1 + B · ρ0) 
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with constants K = 15.88 , A = 1.01 and B = 1.30.[4,17] Φ is defined using the following 

formula:[3] 

Φ = N · √(M · Q) 

The parameters N (released mole of gas per gram explosive), M (mass of gas in gram per 

mole gas) and Q (heat of explosion) depend on the used explosive itself.[17] 

Following these empirical formulas the influence to the most important values of 

explosives pC-J and Vdet (D respectively) are affected by four parameters: 

The density ρ0 can be obtained experimentally by pycnometer experiments, determine 

the crystal structure at ambient temperature or by approximation using semi-empirical 

formulas.[2,4,18,19] It correlates linear proportional to Vdet values and squeric to pC-J. The 

parameters M and Q influence the detonation velocity also in a linear proportional manner, 

whereas the detonation pressure is only enhanced by the square root of M and Q. M can be 

approximated by the sum formula of an explosive and the Springall-Roberts-Rules.[1] Q can 

be experimentally determined by bomb calometric measurements, by estimation from a 

decomposition assumption (Springall-Roberts-Rules)[1] and by theoretical computations 

(see following section). The high impact towards the detonation parameters is done by the 

mols of gasous products per gram of explosive of an explosive, which can be approximately 

obtained by its reaction formula following the Springall-Roberts-Rules.[1] In the case of the 

detonation pressure the influence is linear, but the detonation velocity with the square of 

N.[4,6] 

Performance of a rocket propellant is characterized by the specific impulse Isp with 

Isp = Isp* = I/g, because the specific impulse can be based on gravity acceleration and for the 

following discussion Isp will be used as specified above, and thrust F which are connected as 

follows by the mass deficiency Δm per time scale Δt:[5,6,20] 

F = Isp · Δm/Δt 

The specific impulse exactly described as 

Isp = 1/g√(2γRTC/(γ − 1)M) 

The constant γ as the ratio of the heat capacity of the gas mixture (γ = Cp/Cv).[20]  
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The specific impulse is also proportional to chamber temperature TC and the mean molar 

mass of the combustion products M:[3,6,20] 

Isp ~ √(TC/M)    (2) 

An important rule of thumb is that an increase of the specific impulse of 20 s leads to 

duplication of the carrying capacity.[6] 

Goals 

The goal of this thesis is first of all to acquire the main differences between energetic 

molecules containing silicon and their carbon analogues. In concrete the reaction behaviour, 

physical properties and energetic characteristics have to be investigated in experimental 

and also theoretical manner. Furthermore, the influence of different energetic motifs and 

their compatibility towards silicon substituents have to be studied. Also a possible 

applications of silanes in the field of energetic materials need to be discussed. 
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Summary 

 The results of the 
experimental and theoretical 
work with structurally simple 
silanes containing energetic or 
potentially energetic moieties 

are presented. Each chapter is 
individually summarized by 
means of its most interesting 
results.  
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Summary 
 

Studies on different substituted tetramethylsilane and closely related compounds are 

presented in summary. 

 

Sila-Substitution of Alkyl Nitrates (Chapter III ): The influence of reducing the 

nitratomethyl content of Si-PETN, modifying the silicon backbone was studied and 

these compounds were compared to their carbon analogues. Therefore several carbon 

and silicon model structures (see Scheme 3.1) have been synthesized and 

characterized. The hitherto unknown compounds 2b–5b were described for the first 

time. 

Scheme 3.1. Carbon/silicon analogues 1a/1b–5a/5b with various numbers of nitratomethyl groups 

bound to the central carbon or silicon atom. 

The structural data of GED and X-ray diffraction experiments of the compounds 

1a/b, 2a/b, 4a and 5b confirm the theoretically suggested decomposition pathway 

from Liu et al.[2] (see Scheme 5.2 top). The highly increased sensitivities of Si-PETN 

towards PETN concerning mechanical stimuli could also observed by all other 

nitratomethyl silanes investigated in this chapter. 
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Azidomethyl Silanes (Chapter IV): As already mentioned by Klapötke et al.[1] the 

azido derivative Si-PETA shows lower sensitivities towards impact, friction and 

thermal stimuli in comparison to Si-PETN. The investigations on the azido derivatives 

(see Scheme 4.1) of the already mentioned model structures of the nitrato derivatives 

confirmed this result. 

Scheme 4.1. Silicon compounds 1b–5b with various numbers of azidomethyl groups and different alkyl 

substituents bound to the central silicon atom. 

Azidomethyl silanes show increased sensitivities towards mechanical stimuli in 

comparison to their carbon derivatives, but are still much more insensitive than their 

nitrato derivatives. Because of the frequent use of azidomethyl silanes as precursor for 

further functionalized silanes and its mentioned explosive behaviour during 

purification, a less laborious and safer synthesis is established. 

 

Hexa-Substituted Disiloxanes (Chapter V): The reproduction of the synthesis of 

hexakis(nitratomethyl)disiloxane 4e published by Barcza in the late 1960th[3] was 

attempted with the goal to study its chemical and physical characteristics, in addition 

to structural information. It was shown that 4e was certainly not the desired product, 

but more likely a mixture of several siloxane decomposition products.  

Hexakis(chloromethyl)disiloxane 4a and its bromo and iodo analogues (4b and 4c) 

can be considered as the key compounds for several rarely studied hexa-functional 

El N3 ElN3 N3 ElN3

N3

N3

El

N3

N3
El

N3

N3

1b: El = Si 2b: El = Si 3b: El = Si
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compounds. The solid state structures of the three halogeno derivatives were obtained. 

Furthermore the laborious synthesis to obtain these halogen derivatives using 

diazomethane (explosive and hazard material) was substituted by two new advanced 

synthetic pathways (see Scheme 5.1). The now simplified approach to hexa-

functionalized disiloxanes opens the seminal class of compounds for a brought field of 

applications. Furthermore the formally unknown, extremely sensitive and highly 

explosive hexakis(azidomethyl)disiloxane 4d was synthesized and fully characterized. 

Scheme 5.1. Improved synthetic routes to hexakis(chloromethyl)disiloxane (4a) and further 

substitution reactions to the bromo (4b), iodo (4c), azido (4d) and nitrato derivatives (4e). 
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Scheme 5.2. The postulated decomposition mechanisms of Si-PETN calculated by Liu et al.[2] on 

M06/6-311G** level of theory (top) was supported by experimental and further theoretical 

computations (electron potential and NBO calculations on B3LYP level of theory). Additionally the 

hitherto not considered decomposition pathway based on theoretical results on MP2/6-31G* and 

B3LYP/cc-pVDZ level of theory (bottom) is presented.  

Scheme 5.3. Labeling of the calculated nitrato- and azidomethyl silanes ((nitratomethyl)- and 

(azidomethyl)trimethylsilane 5a/b, 1,1-bis(nitratomethyl)- and 1,1-bis (azidomethyl)dimethylsilane 

6a/b, 1,1,1-tris(nitratomethyl)- and 1,1,1-tris(azidomethyl)methylsilane 7a/b, 1,1-bis(nitratomethyl)- 

and 1,1-bis(azidomethyl)-1-sila-cyclopentane 8a/b, 1,1-bis(nitratomethyl)- and 1,1-bis(azidomethyl)-1-

sila-cyclohexane 9a/b), Si-PETA and Si-PETN 10a/b. 

Presented computing results indicate a hitherto not considered decomposition 

pathway for nitratomethyl silanes in addition to the, by Liu et al.[2] already calculated, 

reactions already calculated reactions (see Scheme 5.2).  
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The computed energetic properties of 4d/e and several other silanes 5a/b-10a/b (see 

Scheme 5.3) show comparablely good performance data like the common explosive PETN. 

The extreme sensitivities and the resulting consequences for a safe handling affect the 

justification for a common application. 

 

Reaction Force Analysis and the Role of σ-Hole (Chapter VI): Based on the recent 

computing results of Liu et al.[2] concerning the reaction forces of Si-PETN versus 

PETN, Murray and Pulitzer investigated the reaction forces of the simpler 

(nitratomethyl)trimethylsilane 6 and its carbon analogue 5 in addition to 

experimental results of these compounds. The primary object in this investigation is to 

understand why the rearrangement in Scheme 3.2 is that facile and exothermic for the 

silicon derivative in contrast to its carbon analogue PETN. The energy release by 

building a Si–O bond is by far enough to initiate further rearrangements of this kind. 

 (H3C)3C• + •OCH2ONO → 7 

ΔH (298 K) = −79.5 kcal/mol      (5) 

(H3C)3Si• + •OCH2ONO → 8 

ΔH (298 K) = −112.7 kcal/mol     (6) 

Additionally, the σ-hole on the surface potential at the far side of the electron-

withdrawing substituents observed for the silane 6 (in contrast to the situation in the carbon 

derivative 5) increases the positive surface potential and therefore the possibility of creating 

a Si---O interaction. This pre-formation of the transition state is the initial step of the 

proposed decomposition mechanism in Scheme 5.2 (top). 

 

Phenylsilanes and Siloxanes (Chapter VII): Beside the intermediates 2b, 4b and 5a, 

several new energetic azidomethyl compounds 1c, 2c, 4a, 5b and 6c were synthesized 

ONO2 Si ONO2
O

Si
O ONOONO

5 6 7 8



II. Summary     

 21 

and fully characterized (see Scheme 7.1). The corresponding nitratomethyl derivatives 

were however only obtained as rapid decomposing compounds in the case of 2d and 

3d, whereas 2d was only verified by means of NMR analysis and not further 

characterized as intermediate. In addition, an easy synthesis to bis-functionalized 

poly-siloxanes like 5b was established. 

Scheme 7.1. The labellings of diphenyl and phenyl silanes with X = Cl (1/2a), I (1/2b), N3 (1/2c) and 

ONO2 (1/2d) methylene-bridged moieties, the dimeric disiloxanes O(SiMe2CH2X)2 (X = Cl (3a), I (3b), N3 

(3c), ONO2 (3d)), the two chain-like polymeric structures of [O2/2SiMeCH2X]n and [O2/2Si(CH2X)2]n (X = 

Cl (4/5a), I (4b), N3 (4c/5b), ONO2 (4d)) and the methoxylated (MeO)3SiCH2X (X = Cl (6a), N3 (6b)) and 

polymeric [O3/2SiCH2N3] (6c) are shown. 
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Figure 7.1. Specific impulses of several azido- and nitratomethyl silanes and their carbon analogues 

were computed by EXPLO5 version 6.01 with an oxygen balance of Ω = ~0–1 % and a mixture of 

aluminium and AP (Ω = 1.2 %) is given as bench mark (red line). The amount of fuel is given in yellow 

and AP in blue, in %w/w (area between 30 to 100 s is skipped for clarity). TMCA 

((azidomethyl)trimethylmethane), TMSA ((azidomethyl)trimethylsilane), TMCN ((nitratomethyl)-

trimethylmethane), TMSN ((nitratomethyl)trimethyl-silane), DMCA (1,1-bis(azidomethyl)dimethyl-

methane), DMSA (1,1-bis(azidomethyl)dimethylsilane), DMCN (1,1-bis(nitratomethyl) -

dimethylmethane), DMSN (1,1-bis(nitratomethyl)dimethylsilane), MMCA (1,1,1-tris(azidomethyl)-

methylmethane), MMSA (1,1,1-tris(azidomethyl)methylsilane), MMCN (1,1,1-tris(nitrato-

methyl)methylmethane), MMSN (1,1,1-tris(nitratomethyl)methylsilane), PCA (1,1-bis(azidomethyl)-

cyclopentane), PSA (1,1-bis(azidomethyl)-1-sila-cyclopentane), PCN (1,1-bis(nitratomethyl)-

cyclopentane), PSN (1,1-bis(nitratomethyl)-1-sila-cyclopentane), HCA (1,1-bis(azidomethyl)-

cyclohexane), HSA (1,1-bis(azido-methyl)-1-sila-cyclohexane), HCN (1,1-bis(nitratomethyl)-

cyclohexane), HSN (1,1-bis(nitratomethyl)-1-sila-cyclohexane). The nomenclature was used for 

comparability. 

Studies on modifying the silicon backbone show, that neither electron-withdrawing 

(oxo, siloxo or phenyl substitutes) nor moieties, which probablely react as leaving 

groups (like phenyl moieties) are not compatible with the nitratomethyl moiety. This 
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result is in good agreement with the decomposition behaviour described in Chapter V 

and VI. In contrast azidomethyl moieties are compatible energetic groups for all tested 

functionalities.  

The mechanical and chemical properties of 4c, 5b and 6c (or as co-polymers) show 

first promising results for applications as plasticizers or reactive coatings for main 

explosive charges.  

The compounds 1c/d–3c/d and the cyclic trimers 4c/d show all moderate explosive 

parameters by computation. Even as neat compounds they have specific impulse values, 

which are at least on a par with the common aluminium/ammonium perchlorate formulation 

(Al/AP: 20/80 %w/w) with 250 s or even higher. The same is true for the carbon and silicon 

nitratomethyl derivatives shown in Scheme 3.1 and their azidomethyl analogues in Figure 

7.1. 

 

Azole and Nitro Silanes(Chapter VIII): After focusing mainly on the characteristics of 

nitrato- and azidomethyl silanes, several nitro, tetrazole and triazoles containing 

energetic motifs were studied (see Scheme 8.1).  

The N-substituted azole derivatives 1a/b and 2a–c are synthesised in good yields, 

whereas the synthetic access to C-substituted tetrazolylmethyltrimethylsialnes 

derivatives (H-tetrazol-5-ylmethyl)trimethylsilane (4, 1H-isomer: 41H and 2H-isomer: 

42H) is still unfulfilled. 

The synthesis of nitromethyl derivatives is still a challenge, as it is in the case of 

trinitroethanyl ortho-silicates, due to the high oxophilicity. In addition, the 

susceptibility to nucleophilic substitution by cleaving Si–C bonds affects the synthesis 

of higher functionalized nitromethyl and azole derivatives. Nevertheless compound 3 

was obtained in good yields using two synthetic routs.  

The observed spontaneous ignitions of unsaturated alkene silanes like vinyl and 

allyl silanes while adding N2O4 show characteristics for a possible use in hypergolic 

propulsion mixtures. Additionally, the computed specific impulse values of the 

compounds 1a/b, 2a–c, 3/3C (3C: carbon analogue of 3), 41H/42H and 8/8C (8: 
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(nitromethyl)trimethylsilane and its carbon analogue 8C) show impulse values similar 

the bench mark of Al/AP (17/83 %w/w) and even higher ones, if using other oxidizer 

like N2O4 or ammonium dinitramide (ADN, see Figure 8.1).  

Scheme 8.1. Labelling of the synthesized silanes (1a: (1N-tetrazolylmethyl)trimethylsilane; 1b: 2N-

(tetrazolylmethyl)trimethylsilane; 2a: 1N-(1,2,3-triazolylmethyl)trimethylsilane; 2b: 2N-(1,2,3-triazolyl-

methyl)trimethylsilane; 2c: 1N-(1,2,4-triazolylmethyl)trimethylsilane; 3: E-(2-Nitroethenyl)trimethylsilane. 

Figure 8.1. Calculated specific impulse Isp of the compounds 1a/b, 2a–c, 3/3C, 41H/2H and 8/8C by using 

the EXPLO5 computing code (Model 1, advanced run). The Isp of AP/Al (83/17 %w/w) is given as bench 

mark (red dashed line). Additionally the Isp with the oxidizers NTO and ADN were calculated for 3 and 

3C. The green bars with numbers representing the percentage amount of fuel for the optimal mixture. 

Si

N N
N

N

N

N

NO22b 2c

3

N
N N

N

N

N
N

N

1a

1b

N
N

N

2a

1a 1b 2a 2b 2c 3 3C 41H 42H 8 8C 3 3C 3 3C

AP ADNNTO

AP / Al
83 / 17
%w/w

fuel %

Oxidizer

16 15151514161313131515 28 26 12 11

15

: Oxidizer

25
3 

s
25

2 
s

25
0 

s
25

1 
s

25
0 

s
25

3 
s

25
0 

s
25

2 
s

25
2 

s
25

1 
s

25
1 

s

26
7 

s

27
1 

s

26
3 

s
26

2 
s

250 s



II. Summary     

 25 

Chapter IX:  Theoretical Approach of Energetic Silanes 

The problems occuring during the synthesis of several azoles and nitromethyl 

trimethylsilyl derivatives have been studied by theoretical calculations of B3LYP and 

MP2 level of theory. As already known from nitratomethyl silanes, intramolecular 

interactions between the substituent and the central silicon atom, suggested by 

theoretical methods, lead to the observed chemical inconsistencies described in 

Chapter VIII.  

Scheme 9.1. Moleculare structures and labels of the discussed silanes and some of their carbon 

analogues ((nitratomethyl)trimethylsilane 1,[7] neopentenyl nitrate 1C,[7] (azidomethyl)-

trimethylsilane 2, [8] 1-azido-2,2-dimethylpropane 2C, (nitromethyl)trimethylsilane 3, 2,2-dimethyl-1-

nitropropane 3C, (E)-(2-nitrovinyl)trimethylsilane 4, (E)-3,3-dimethyl-1-nitrobut-2-ene 4C, 1-

((trimethylsilyl)methyl)-1H-1,2,4-triazole 5a, 1-((trimethylsilyl)methyl)-2H-1,2,3-triazole 5b, 1-

((trimethylsilyl)methyl)-1H-1,2,3-triazole 5c, 1-((trimethylsilyl)methyl)-1H-tetrazole 6a, 2-

((trimethylsilyl)methyl)-2H-tetrazole 6b, 5-((trimethylsilyl)methyl)-1H-tetrazole 6c, 5-((trimethyl-

silyl)methyl)-2H-tetrazole 6d, trimethyl(vinyl)silane 7, allyltrimethylsilane 8, tetravinylsilane 9). 

To the deal with the problem of the observed spontaneous ignition of alkene silanes 

(see Chapter VIII) further investigations were done on several model structures 4/4C 

and 7–9 shown in Scheme 9.1. All compounds were computed with higher specific 
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impulse values as the common bench mark of Al/AP (20/80 %w/w) with 250 s. The 

Isp values are significant increased by calculation using N2O4, ADN or red fuming nitric 

acid (RFNA, see Figure9.1). In general it was demonstrated, that the increase of the 

averaged molare mass of the combustion products of compounds containing the 

heavier silicon atom (instead of carbon) influences the computed Isp insignificantly. In 

contrast the boosted combustion temperature observed for silicon compounds often 

increases the Isp values in comparison to their carbon analogues. 

Figure 9.1. Histogram of the calculated specific impulses of the compounds 4, 4C and 7–9 as fuel (% 

amount blue bar) and the oxidizers (% amount yellow bar) dinitrogen tetraoxide (NTO), ammonium 

dinitamide (ADN) and red fluming nitric acid (RFNA). Aluminium/AP mixture (20/80 %w/w) is given 

as benchmark (250 s). 

The established Springall-Roberts rules for CHNO compounds could be extended to 

CHNOSi compounds as described in the following: 

1. all silicon atoms are converted to SiO2 or, if no more oxygen is present, to Si3N4  

2. if oxygen atoms remain, carbon atoms are converted to CO 

3. remaining oxygen atoms oxidize hydrogen ones to H2O 

4. if still oxygen atoms remain, they oxidize existing CO to CO2 

5. still remaining nitrogen is used to form N2 

6. one third of the generated CO is converted to C and CO2 

87 94a 4b

18 17 17171919 1112

28 26

7 8 8

82 83 83 8381 81

88 89

93 92 92

7472

Al / AP

4b4a 7 78 89 9

N2O4 ADN RFNA :Oxidi zer



II. Summary     

 27 

7. one sixth of the originally generated CO is converted to CO2 and H2O 

The knowledge about computing organo-silicon compounds in terms of energetic 

properties is low, therefore a general investigation of the influences of silicon onto the 

obtained data were done, using different computing codes and modifying the 

calculation strategies. EXPLO5 version 6.1 and ICT Code are both suitable computing 

codes to calculate CHNOSi compounds, whereas EXPLO5 version 6.1 allows additional 

modifications on the calculation modus and more detailed results. 

[1] T. M. Klapötke, B. Krumm, R. Ilg, D. Troegel, R. Tacke, J. Am. Chem. Soc. 2007, 

129, 6908-6915. 

[2] W.-G. Liu, S. V. Zybin, S. Dasgupta, T. M. Klapötke, W. A. Goddard III, J. Am. Soc. 

Chem. 2009, 131, 7490–7493. 

[3] Barcza, S., U.S. Patent 3,592,831, 1968. 
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Sensitivity Studies of Highly 
Explosive (Nitratomethyl)-, 
Bis(nitratomethyl)-, and 
Tris(nitratomethyl)silanes and 
Their Corresponding Carbon 
Analogues 

 A comprehensive study of silicon 
nitrate esters and their carbon 
analogues with different amounts 
of nitrate and with differences in 
the backbone structures are given. 
The syntheses, chemical and 
physical properties are discussed  

in detail. In addition several 
crystal and gaseous phase 
structures were measured by X-
ray and gas electron diffraction 
and extensively reconnoitred for 
both the carbon and the silicon 
analogues. 
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Sila-Substitution of Alkyl Nitrates: Synthesis, Structural Characterization, 

and Sensitivity Studies of Highly Explosive (Nitratomethyl)-, 

Bis(nitratomethyl)-,and Tris(nitratomethyl)silanes and Their 

Corresponding Carbon Analogues 

Camilla Evangelisti,[a] Thomas M. Klapötke,*[a] Burkhard Krumm,[a] Anian Nieder,[a] 

Raphael J. F. Berger,[b] Stuart A. Hayes,[b] Norbert W. Mitzel,*[b] Dennis Troegel,[c] and 

Reinhold Tacke*[c] 

Published in Inorganic Chemistry 2010, 49 (11), 4865–4880. 

Abstract: A series of analogous 
nitratomethyl compounds of 
carbon and silicon of the formula 
types Me3ElCH2ONO2 (1a/1b), 
Me2El(CH2ONO2)2 (2a/2b), MeEl-
(CH2ONO2)3 (3a/3b), (CH2)4El-
(CH2ONO2)2 (4a/4b), and 
(CH2)5El-(CH2ONO2)2 (5a/5b) 
were synthesized [El = C (a), Si 
(b); (CH2)4El = (sila)cyclo-

pentane-1,1-diyl; (CH2)5El = 
(sila)cyclohexane-1,1-diyl]. All 
compounds were characterized 
by using NMR, IR, and Raman 
spectroscopy and mass 
spectrometry. In addition, the 
crystal structures of 
Me2C(CH2ONO2)2 (2a), (CH2)4C-
(CH2ONO2)2 (4a), Me2Si-
(CH2ONO2)2 (2b), and (CH2)5Si-

(CH2ONO2)2 (5b) were 
determined by single-
crystal X-ray diffraction. 
The gas-phase structures of 
the C/Si analogues 1a and 
1b were determined by 
electron diffraction and 
compared with the results 
of quantum chemical 
calculations at different 

levels of theory. The thermal 
stabilities of the C/Si pairs 
1a/1b−5a/5b were investigated 
by using DSC. In addition, their 
friction and impact sensitivities 
were measured with standard 
BAM methods. The extreme 
compounds 1b−5b compared to 
those of the corresponding 
carbon analogues 1a−5a were 
sensitivities of the silicon 
discussed in terms of the 
structures of the C/Si analogues 
and possible geminal Si∙∙∙O 
interactions. 
 
Keywords: energetic materials • 
crystal structure • silanes • 
explosives • GED 

Introduction 

Alkyl nitrates are well-known compounds, and they 

are used in many different applications such as drugs, 

propellants, or explosives.[1,2] Since Alfred Nobel 

tamed nitroglycerin with kieselguhr, highly sensitive 
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alkyl nitrates have become manageable for industrial, military, and civil purposes.[2] One of 

the routinely used alkyl nitrates is pentaerythrityl tetranitrate (PETN), C(CH2ONO2)4, as a 

primary explosive. A derivative also bearing a neopentane backbone is 1,1,1-tris-

(nitratomethyl)ethane (also known as metriol trinitrate, 3a; Scheme 3.1), which is used as 

an alternative to nitroglycerin in propellant and explosive formulations.[2] The 

characteristic of an explosive reaction is a fast propagating decomposition via a shock-wave 

mechanism. In the case of alkyl nitrate based explosives, the homolytic bond cleavage of the 

O–NO2 group is mostly the first chemical step of decomposition, followed by ignition, 

growth of deflagration, and transition from deflagration to detonation. This initial chemical 

step can be initiated by different external stimuli, like shock, friction, heat, or electrostatic 

discharge. In some circumstances, the ignition can lead directly to detonation.[2,3] 

The first sila-analogues of alkyl nitrates (C/Si exchange) were reported in 1964,[4] along 

with the syntheses of related compounds of the formula type R3ElCHClCH2ONO2 (El= Si, Sn) 

[4] and organo siloxane-based nitrates obtained from the corresponding silanols of the 

formula type (HO)nSi(CHCl)(CH2ONO2)4–n (n=2, 3).[5] The first synthesis of a silicon 

analogue of an alkyl nitrate with a neopentane backbone was described in a patent,6 where 

the use of Me3SiCH2ONO2 (1b, Scheme 3.1) was claimed as an alternative to nitroglycerin 

for medical applications, and the explosive behaviour of this compound was recognized, 

with possible applications as an energetic material. Recently, the extremely impact- and 

friction-sensitive silicon analogue of PETN [C(CH2ONO2)4), sila-PETN (Si(CH2ONO2)4], was 

synthesized.[7] 

The first studies of its outstanding sensitivity compared to its carbon analogue PETN were 

performed and different decomposition pathways of the C/Si analogues C(CH2ONO2)4 and 

Si(CH2ONO2)4 were investigated by using quantum chemical methods.[7,8] To study the 

characteristics and the reasons for the high instability of (nitratomethyl)silanes, several 

silicon compounds of this type with various numbers of nitratomethyl groups and their 

corresponding carbon analogues, the C/Si pairs 1a/1b–5a/5b (Scheme 3.1), were 

synthesized and characterized, including their friction and impact sensitivities. The 

synthetic access to the precursors of the aforementioned (nitratomethyl)silanes, the 

corresponding (hydroxymethyl)- and (iodomethyl)silanes, and related compounds with 

SiCH2X groups (X = Cl, Br, N3, SH) has been discussed extensively.[9–16] The studies on the 
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sila-explosives reported here represent a logical extension of related investigations dealing 

with sila-drugs[17] and sila-odorants.[18] 

Scheme 3.1. Carbon/silicon analogues 1a/1b–5a/5b with various numbers of nitratomethyl groups bound to 

the central carbon or silicon atom. 

Results and Discussion 

Syntheses: The acyclic carbon-based nitratomethyl compounds Me3CCH2ONO2 [3] (1a), 

Me2C(CH2ONO2)2 [3] (2a), and MeC(CH2ONO2)3 [3] (3a) were synthesized according to 

Scheme 3.2 by treatment of the corresponding commercially available hydroxymethyl 

compounds with fumic nitric acid. The related cyclic nitratomethyl compounds, 

(CH2)4C(CH2ONO2)2 (4a) and (CH2)5C(CH2ONO2)2 (5a), were obtained analogously (Scheme 

3.2; for the synthesis of the corresponding hydroxymethyl compounds, (CH2)4C(CH2OH)2 

and (CH2)5C(CH2OH)2, see ref. [35]). The nitrates 1a–5a were synthesized by treatment of 

the corresponding alcohols with an excess of fumic nitric acid and acetic anhydride at 0 °C, 

and the reaction mixtures were then stirred at ambient temperature, followed by an 

aqueous workup. In the case of 3a, the precursor MeC(CH2OH)3 was treated with an excess 

of fumic nitric acid at 0 °C using dichloromethane as the solvent, followed by stirring of the 

reaction mixture at ambient temperature and subsequent aqueous workup. Compounds 
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1a–5a were isolated in 82–88 % yield without any by-product. Several other syntheses of 

these compounds are known,[36] but in anticipation of the syntheses of their 

corresponding sila-analogues, this gentle and non-oxidizing synthetic route was used. For 

the synthesis of the (nitratomethyl)silanes 1b–5b, the corresponding 

(hydroxymethyl)silanes were synthesized as precursors by using the method described in 

refs. [12] and [15]. The syntheses of the bis(hydroxymethyl)silanes 6–8 by using this 

particular synthetic pathway were not reported before and therefore shall be briefly 

described. Compounds 6–8 were synthesized according to Scheme 3.3, starting from the 

respective bis(chloromethyl) silanes.[16] Thus, treatment of Me2Si(CH2Cl)2, 

(CH2)4Si(CH2Cl)2, and (CH2)5Si(CH2Cl)2 with sodium acetate in N,N-dimethylformamide 

furnished the corresponding bis(acetoxymethyl)silanes 9–11 (76–87 % yield), which upon 

methanolysis, in the presence of acetyl chloride as a source for the formation of catalytic 

amounts of hydrogen chloride, yielded the corresponding bis(hydroxymethyl)silanes 6–8 

(60–73 %yield).  

For an alternative synthesis of the (nitratomethyl)silanes 1b–3b, the corresponding 

(iodomethyl)silanes were used as precursors. Me3SiCH2I was commercially available, and 

Me2Si(CH2I)2 was prepared from the commercially available bis(chloromethyl)silane 

Me2Si(CH2Cl)2.[37,38] MeSi(CH2I)3 was synthesized as reported in the literature.[15] The 

silicon-based nitratomethyl compounds 1b–5b were synthesized analogously to their 

corresponding carbon analogues 1a–5a by treatment of the corresponding hydroxymethyl 

derivatives with an excess of fuming nitric acid and acetic anhydride (Scheme 3.4).[7] 

Compounds 1b–3b were additionally prepared by treatment of the corresponding 

iodomethyl derivatives with an excess of silver nitrate at 0 °C using acetonitrile as the 

solvent, followed by stirring of the reaction mixture at ambient temperature and 

subsequent extraction with pentane (Scheme 3.5). In the case of 2b–5b, the first approach 

(nitration of the corresponding alcohols) was found to be the best synthetic method. In 

contrast, for the synthesis of 1b the second method turned out to be more advantageous. 

Compounds 1b–5b were isolated in 80–96 % yield.  

NMR Analyses: The carbon-based nitratomethyl compounds 1a–5a and their 

corresponding sila-analogues 1b–5b show quite similar trends in the chemical shifts of 

their 1H NMR resonances.  
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Scheme 3.2. Synthesis of carbon-based nitratomethyl compounds 1a–5a, starting from the corresponding 

hydroxymethyl derivatives. 

Scheme 3.3. Synthesis of the bis(hydroxymethyl)silanes 6–8, starting from the corresponding 

bis(chloromethyl)silanes. 

Compared to the acyclic carbon compounds 1a–3a, their sila-analogues 1b–3b are high-

field shifted in the 1H NMR spectra. Especially the resonances of the methyl protons are 

strongly influenced by the respective R-atoms, the central carbon or silicon atom. The β-CH2 

proton resonances are strongly high-field shifted for the silicon compounds 1b–3b 

compared to those of their corresponding carbon analogues 1a–3a. The resonances of the 
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hydrogen atoms of the ring systems of the cyclic carbon compounds 4a and 5a differ from 

those of the sila-analogues 4b and 5b, respectively. For 5a only one broad 1H resonance 

signal was observed, because of overlapping of the different CH2 resonances of the ring 

system, whereas in the case of 5b three clearly defined multiplet structures were observed. 

In detail, the δ-CH2 1H resonances of 5b are only slightly influenced compared to those of 5a, 

whereas the β-CH2 resonances are strongly high-field shifted and the γ-CH2 resonances low-

field shifted compared to those of 5a. In the case of the C/Si analogues 4a and 4b, the β-CH2 
1H resonances are not affected by the R-atom (C or Si). However, as in the case of 5a and 5b, 

the β-CH2 protons of 4b show strongly high- field shifted resonances compared to those of 

the carbon analogue 4a. The 1H resonances of the exocyclic CH2 groups are quite similar for 

the cyclic C/Si pairs 4a/4b and 5a/5b, that is, they are only slightly influenced by the R-

atom (C or Si). With increasing the number of the nitratomethyl groups, the proton 

resonances are low-field shifted in both series of compounds. The influence of the alkyl 

substituents (methyl, butane-1,4-diyl, and pentane-1,5-diyl) on the proton resonances of 

Table 3.1. Nitration procedures, molar equivalents of nitration agent HNO3, and reaction times for the 

syntheses of the carbon-based nitratomethyl compounds 1a–5a as well as yields and melting, boiling, and 

decomposition points of 1a–5a. 

compound 1a 2a 3a 4a 5a 
nitration agents HNO3/Ac2O HNO3/Ac2O HNO3/Ac2O HNO3/Ac2O HNO3/Ac2O 
molar equivalents 
of nitric acid[a] 

2.1 4.2 6.3 4.2 4.2 

reaction time [h] 1.5 1.5 2.0 1.5 1.5 
% yield 88 82 86 83 86 
mp. / bp. [°C] - / 174 18– 23 / 178[b] −15 / 182[b] 23– 25 / 190[b] - / 190[b] 

[a] Calculated for 1.0 mol equiv of the starting material; [b] decomposition. 

Table 3.2. Nitration procedures (methods A and B), molar equivalents of nitration agent, and reaction times 

for the syntheses of the silicon-based nitratomethyl compounds 1b–5b as well as yields and melting, boiling, 

and decomposition points of 1b–5b. 

compound 1b 2b 3b 4b 5b 
nitration 
procedure 

B A A A A 

molar equivalents 
of nitric acid[a] 

2.0 4.2 6.3 4.2 4.2 

reaction time [h] 1.5 1.0 1.5 1.5 1.5 
% yield 86 87 80 94 96 
mp. / bp. [°C] - / 85[b] −10/ 107[b] ~ −18 / 107[b] ~ −18 / 97[b] ~ 4 / 96[b] 

[a] Calculated for 1.0 mol equiv of the starting material; [b] decomposition. 
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Scheme 3.4. Synthesis of the silicon-based nitratomethyl compounds 1b–5b, starting from the corresponding 

hydroxymethyl derivatives. 

Scheme 3.5. Synthesis of the silicon-based nitratomethyl compounds 1b–3b, starting from the corresponding 

iodomethyl derivatives. 

the ElCH2O groups of the bis(nitratomethyl) derivatives 2a, 2b, 4a, 4b, 5a, and 5b is small. 

In both cases (El = C or Si), the ElCH2O 1H resonances are low-field shifted for the cyclic 

derivatives (4a, 4b, 5a, and 5b) compared to the acyclic dimethyl compounds 2a and 2b. 

The 13C NMR resonances of the C/Si pairs 1a/1b–5a/5b are more influenced by the 

number of the nitratomethyl groups than the 1H resonances. With increasing number of the 

nitratomethyl moieties, the CH2 and CH3 resonances exhibit a high-field shift of 3–4 ppm. In 

contrast, the central R-carbon atom shows a low-field shift when increasing the number of 

nitratomethyl groups. The ring size of the cyclic carbon compounds 4a and 5a exerts only a 

small influence on the 13C NMR resonances of the CH2O groups. The ring CH2 groups of 4a 

and 5a are easier to distinguish in the 13C than in the 1H NMR spectra. The 13C resonances of 

the central carbon atom (R-atom) are strongly affected by the alkyl substituents (methyl, 

butane-1,4-diyl, and pentane-1,5-diyl). The exchange of the central carbon by a silicon atom 

shifts the 13C NMR resonances to higher field, with the same shifting tendencies as observed 
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in the series of the carbon compounds 1a–5a. Because of hyperconjugation and β-silyl 

effect,[39] the 13C NMR resonances of the SiCH3 groups are high-field shifted by 0 to 

−10 ppm. The 14N NMR resonances of the nitrato groups of the carbon compounds 1a–5a 

are observed in a region between −41 and −45 ppm. The 14N resonances of the 

corresponding sila-analogues 1b–5b are shifted to lower field in a region between −34 and 

−41 ppm. In both series of compounds, high-field shifting is observed with increasing 

number of the nitratomethyl groups. The ring size of the C/Si pairs 4a/4b and 5a/5b has 

only a weak influence on the 14N chemical shift, but a high-field shift of 3–4 ppm is observed 

for each additional nitratomethyl moiety. The acyclic silicon compounds 1b–3b show 29Si 

NMR resonances in a region between 0.1 and −5.4 ppm, and high-field shifting is observed 

with increasing the number of the nitratomethyl groups. The 29Si resonances of the silicon 

compounds 2b, 4b, and 5b are strongly dependent on the nature of the alkyl substituent 

(2b, −1.2 ppm; 4b, 13.7 ppm; 5b, −6.5 ppm). 

Table 3.3. Friction and impact sensitivities measured for 1a–5a and 1b–5b (BAM testing). 

compound 1a 2a 3a 4a 5a 1b 2b 3b 4b 5b 
friction [N][a] >360 >96 >108 >108 >120 >64 <5 <5 <5 >36 
impact [J][b] >100 >100 >15 >100 >100 >1 <0.5 <0.5 <0.5 <0.5 
[a] Measuring range, 5 N < x < 360 N; [b] measuring range, 0.5 J < x < 100 J.  

Physical Properties: The boiling, melting, and decomposition points of the C/Si pairs 

1a/1b–5a/5b were measured by differential scanning calorimetry (DSC) (Table 3.1). The 

acyclic carbon compounds 1a–3a have boiling points in the temperature range 174–183 °C, 

but 2a and 3a already start to decompose at 160 °C. For the cyclic carbon compounds 4a 

and 5a, no boiling points could be determined because they start to decompose at 190 °C. 

For 2a and 4a, unexpectedly high melting points were observed (2a, ~20 °C; 4a, 23 °C). 

Compound 3a has a melting point of ~−15 °C,[2] and 5a becomes highly viscous upon 

cooling, but does not solidify at −18 °C. The silicon compounds 1b–5b decompose violently 

in the temperature range 85–107 °C, which is 80–95 °C lower in temperature compared to 

the corresponding carbon analogues 1a–5a (Tables 3.1 and 3.2). Interestingly, the 

decomposition temperatures of the cyclic silicon compounds 4b and 5b are slightly lower 

than those for the acyclic derivatives 1b–3b. This is in contrast to the corresponding carbon 

analogues 1a–5a, which show slightly higher decomposition points for the cyclic 

compounds 4a and 5a compared to their acyclic derivatives 1a–3a. The highest  
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Figure 3.1. Decomposition of 1b (*) at various temperatures (25 °C, 4 °C, and −18 °C) and as a function of time 

in dry CDCl3 as monitored by 29Si{1H} NMR spectroscopy. 

decomposition points of the silicon-based nitratomethyl compounds 1b–5b were observed 

for 2b and 3b (ca. 107 °C). The boiling points of 1b–5b could not be determined because of 

prior explosive decomposition. The silicon compounds 1b–5b have lower melting points 

(2b, ~−10 °C; 3b, −18 °C; 4b, −18 °C; 5b, ~4 °C) than the corresponding carbon analogues, 

except for 5b with a melting point of about 4 °C. Only 5b crystallized at 4 °C in a refrigerator, 

whereas all the other compounds solidified at −18 °C in the freezer, except for compound 

compounds can be stored at −18 °C (1b–5b) and 4 °C (4b, 5b), respectively, without 

decomposition but decompose slowly at ambient temperature. The decomposition of 1b in 
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dry trichloromethane at 25 °C, 4 °C, and −18 °C was studied by 29Si{1H} NMR spectroscopy 

as a function of time (Figure 3.1). The aliquots of 1b were stored at 4 °C and −18 °C as pure 

substance (in air), and NMR samples were freshly prepared in dry trichloromethane after a 

period of time. The NMR spectra at ambient temperature were collected from one NMR 

sample prepared in dry trichloromethane, which was repeatedly measured after a period of 

time. After 10 days of storing 1b at ambient temperature and air, about 20 % (and after 

60 days about 50 %) was decomposed. The main decomposition product was 

unambiguously identified as hexamethyldisiloxane,[39] the formation of which is not 

understood at this time. At 4 °C after 24 days, about 20 % of 1b was decomposed to give 

hexamethyldisiloxane, but no significant decomposition was observed upon storing at 

−18 °C over a period of 24 days. The NMR samples were taken from pure substances for the 

series at 4 °C and −18 °C. 

Friction and Impact Sensitivities: The experiments concerning the friction and impact 

sensitivities of the C/Si pairs 1a/1b–5a/5b were performed according to BAM 

(Bundesanstalt für Materialforschung and -prüfung) standards.[19] The parent carbon 

compounds 1a–5a were found to be much less sensitive toward impact and friction of 

compounds (1b) is much higher than the highest sensitivity the silicon compounds are in 

the range of the critical value of compared the lowest sensitivity (impact and friction) 

observed for the silicon measurability of the BAM setup (<0.5 J). The number of the 

nitratomethyl groups is the most important factor influencing the friction sensitivity of the 

compounds studied. The cyclic silicon compounds 4b and 5b are less sensitive toward 

friction than the corresponding acyclic derivatives 1b–3b, with 4b (five-membered ring) 

showing a higher sensitivity toward friction than 5b (six-membered ring). This might be 

due to the larger ring strain in the case of 4b. Compounds 2a and 4a were measured as 

liquids, but spontaneous crystallization during the friction tests was observed, which would 

explain the higher sensitivity of the bis(nitratomethyl) compound 2a compared to the 

tris(nitratomethyl) derivative 3a. 
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Figure 3.2. Molecular structure of 2a in the crystal showing the atom labelling scheme. Thermal ellipsoids are 

shown at the 50 % probability level. 

Figure 3.3. Molecular structure of 2b in the crystal showing the atom labelling scheme. Thermal ellipsoids are 

shown at the 50 % probability level. 
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Table 3.4. Crystal data and details of the structure determinations of 2a, 2b, 4a and 5b. 

 2a 2b 4a 5b 
formula C5H10N2O6 C4H10N2O6Si C7H12N2O6 C7H14N2O6Si 
Mr /g/mol−1 194.15 210.23 220.19 250.29 
T / K 100(2) 140(2) 100(2) 200(2) 
λ / Ǻ 0.71073 0.71073 0.71073 0.71073 
crystal system monoclinic monoclinic monoclinic monoclinic 
space group P21/c P21/c P21/n P21/c 
crystal size / mm 0.15×0.18×0.03 0.1×0.1×0.02 0.21×0.17×0.06 0.2×0.2×0.02 
a / Ǻ 7.5819(5) 7.6671(3) 7.0159(6) 10.4017(9) 
b / Ǻ 10.5551(6) 11.0136(4) 9.6605(9) 6.7723(6) 
c / Ǻ 11.5215(7) 12.0510(5) 14.7399(9) 16.6297(14) 
β / deg 106.530(7) 105.407(5) 91.061(6) 94.726(8) 
V / Ǻ−3 883.93(9) 981.04(7) 998.86(14) 1167.47(17) 
Z 4 4 4 4 
ρcalc. / g/cm−3 1.459 1.423 1.464 1.424 
μ / mm−1 0.135 0.243 0.129 0.217 
F(000) 408 440 464 528 
2θ range / deg 7.90–52.00 7.68–52.00 7.66–52.98 7.50–52.00 
index ranges −9 ≤ h ≤ 9 −9 ≤ h ≤ 9 −8 ≤ h ≤ 8 −12 ≤ h ≤ 12 
 −13 ≤ k ≤ 12 −13 ≤ k ≤ 16 −11 ≤ k ≤ 11 −8 ≤ k ≤ 8 
 −12 ≤ l ≤ 14 −14 ≤ l ≤ 14 −18 ≤ l ≤ 18 −14 ≤ l ≤ 20 
reflections 
collected 

4902 9722 6995 5355 

reflections unique 1726 [Rint = 
0.0414] 

1936 [Rint = 
0.0200] 

1952 [Rint = 
0.0379] 

2254 [Rint = 
0.0955] 

parameters 118 128 184 145 
GoF 0.959 1.180 0.859 0.990 
R1 / wR2 [I > 2σ(I)] 0.0411 / 0.0756 0.0301 / 0.0825 0.0329 / 0.0678 0.0588 / 0.0814 
R1 / wR2 (all data) 0.0786 / 0.0853 0.0406 / 0.0887 0.0711 / 0.0751 0.1686 / 0.1141 
max / min 
residual electron 
density / e∙A−3 

+0.201 / −0.172 +0.326 / −0.172 +0.151 / −0.169 +0.315 / −0.291 

Crystal Structure Analyses: The nitratomethyl compounds Me2C(CH2ONO2) (2a), 

Me2Si(CH2ONO2)2 (2b), (CH2)4C(CH2ONO2) (4a), and (CH2)5Si(CH2ONO2) (5b) and the 

silicon-containing precursors (CH2)4Si(CH2OH)2 (7) and (CH2)5Si(CH2OH)2 (8) were 

structurally characterized by single-crystal X-ray diffraction. The crystallographic data for 

2a, 2b, 4a, and 5b are given in Table 3.4. The molecular structures of these compounds in 

the crystal are depicted in Figures 3.2–3.5; selected bond lengths and angles are listed in 

Tables 3.5 and 3.6. For the crystal structure analyses of the precursors 7 and 8, see the 

Supporting Information. The carbon-based nitratomethyl compound 2a crystallizes in the 

monoclinic space group P21/c, with four molecules in the unit cell, a agreement with the 

data obtained for PETN.[40] Only the CH2–O calculated density of 1.459 g/cm3, and a cell 

volume of 883.93(9) Ǻ3. As also observed for the cyclic derivative 4a (monoclinic, space 
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group P21/n, four molecules in the unit cell, density 1.464 g/cm3), the bond lengths and 

angles of the C–CH2–ONO2 unit are in good bonds are slightly longer than a “normal” C–O 

single bond (1.43 Ǻ),[41] with bond lengths of approximately 1.46 Ǻ (2a) and 1.45 Ǻ (4a), 

respectively, but almost identical with the CH2–O bond lengths observed for PETN.[40] The 

structure of the NO2 group is similar to that observed for PETN and gaseous nitrogen  

Figure 3.4. Molecular structure of 4a in the crystal showing the atom labelling scheme. Thermal ellipsoids are 

shown at the 50 % probability level. 

Table 3.5. Bond lengths (Å) of 2a, 2b, 4a and 5b in the crystal. 

 2a (El = C) 2b (El = Si) 4a (El = C) 5b (El = Si) 
N1–O1 1.3908(19) 1.4021(13) 1.3977(16) 1.406(4) 
N2–O2 1.3954(18) 1.3927(14) 1.3900(16) 1.407(4) 
N1–O3/4 1.2033(19)/ 

1.2096(19) 
1.1878(15)/ 
1.2035(14) 

1.1948(18)/ 
1.2001(18) 

1.201(4)/ 
1.205(4) 

N2–O5/6 1.211(2) 
1.2106(19) 

1.2154(17)/ 
1.2005(17) 

1.1938(18)/ 
1.2022(18) 

1.192(4)/ 
1.210(4) 

C1–O1 1.460(2) 1.4512(13) 1.4541(18) 1.447(4) 
C2–O2 1.457(2) 1.4495(15) 1.4535(18) 1.446(4) 
El–C1/2 1.528(2)/ 

1.523(2) 
1.8860(12)/ 
1.8892(12) 

1.517(2)/ 
1.514(2) 

1.875(4)/ 
1.883(4) 

El–C3 1.535(2) 1.8489(14) 1.549(2) 1.852(4) 
El–C4 1.537(3) 1.8500(13)   
El–C6   1.550(2)  
El–C7    1.850(4) 
C3–C4   1.524(2) 1.532(5) 
C4–C5   1.514(3) 1.523(5) 
C5–C6   1.514(2) 1.513(5) 
C6–C7    1.538(5) 
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Table 3.6. Bond angles (°) of 2a, 2b, 4a and 5b in the crystal. 

 2a (El = C) 2b (El = Si) 4a (El = C) 5b (El = Si) 
O3–N1–O4 129.01(17) 128.75(12) 129.24(15 129.2(4) 
O5–N2–O6 129.29(16) 129.32(13) 128.66(15) 128.7(4) 
O1–N1–O3/4 118.29(16)/ 

112.70 (16) 
118.37(11)/ 
112.88(11) 

118.25(14)/ 
112.51(15) 

118.1(4)/ 
112.6(4) 

O2–N2–O5/6 118.04(17)/ 
112.67(16) 

112.38(12)/ 
118.30(12) 

118.42(15)/ 
112.93(15) 

118.6(4)/ 
112.7(3) 

N1–O1–C1 114.16(13) 114.40(9) 113.55(12) 114.5(3) 
N2–O2–C2 113.92(13) 114.27(10) 113.63(13) 114.1(3) 
El–C1–O1 106.55(14) 106.69(8) 106.68(13) 108.6(2) 
El–C2–O2 106.61(14) 105.55(8) 107.09(13) 106.6(2) 
C1–El–C2 112.02(14) 108.68(5) 112.37(12) 103.77(17) 
C1–El–C3 106.75(15) 109.50(6) 107.89(14) 108.09(18) 
C1–El–C4 110.16(15) 106.60(6)   
C1–El–C6   112.50(13)  
C1–El–C7    111.34(18) 
C2–El–C3 110.73(15) 107.37(6) 112.09(13) 113.92(18) 
C2–El–C4 106.73(15) 109.83(6)   
C2–El–C6   107.30(14)  
C2–El–C7    112.62(18) 
C3–El–C4 110.49(15) 114.74(7)   
C3–El–C6   104.47(13)  
C3–El–C7    107.07(17) 
El–C3–C4   105.84(15) 111.2(3) 
C3–C4–C5   103.47(16) 113.6(3) 
C4–C5–C6   102.34(15) 115.0(3) 
C5–-C6–C7    114.4(3) 
El–C6–C5   104.94(14)  
El–C7–C6    110.6(3) 

dioxide. The bond lengths of these compounds are similar to those of their carbon 

analogues. The lengths of the CH2–O bonds of the silicon compound 2b (1.4512(13) and 

1.4495(15) Ǻ) are marginally shorter than the corresponding bond lengths of the carbon 

analogue 2a (1.457(2) and 1.460(2) Ǻ). Also, the O–NO2 bonds of the silicon compounds are 

slightly longer than those of the carbon analogues. In comparable moieties like the 

nitratomethyl groups of the C/Si analogues 2a and 2b the bond strength is inversely related 

to the bond length. Therefore, the O–NO2 bonds of the silicon compound are probably 

slightly weaker than those of the carbon analogue, but like the situation in methyl 

nitrate.[42] To identify whether there are attractive interactions between the silicon atoms 

and the bridging oxygen atoms of 2b and 5b, one could be tempted to compare the distance 

between them with the sum of their van der Waals radii.[43] However, in the case of 
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geminal arrangements this is not a valid comparison. Alternatives are the use of two-bond 

radii of Bartell[44] or, to be preferred, the one-angle radii of Glidewell.[45] 

The distances to be considered for 2b (2.672(1)/2.690(1) Ǻ) and 5b 

(2.679(3)/2.723(3) Ǻ) are surprisingly close to the sum of Glidewell’s values for silicon 

(1.55 Ǻ) and oxygen atoms (1.13 Ǻ) at 2.68 Ǻ. This indicates an absence of pronounced 

attractive Si---O interactions. Such attractive interactions between geminal silicon 

(acceptor) and donor atoms (O, N) are known to have significant or even dominating effects  

Figure 3.5. Molecular structure of 5b in the crystal showing the atom labelling scheme. Thermal ellipsoids are 

shown at the 50 % probability level. 

Figure 3.6. NBO charges of 2a, calculated at the B3LYP/cc-pVDZ level of theory. All given values are in e (e = 

electron). The atom labels shown in parentheses (see also Figure 3.2). 



III. Sila-Substitution of Alkyl Nitrates    

 44 

on molecular structures. Examples arethe structures of SiON (e.g., F3SiONMe2)[46] and 

SiNN compounds (e.g., F3SiN–-(Me)NMe2)[47]; this effect has been coined the R-effect in 

silicon chemistry. However, in simple systems containing SiCO units (e.g., F3SiCH2OMe),[48] 

which are more closely related to compounds 2b and 5b, such pronounced interactions 

have not been found for the structures of the molecular ground states. The very similar Si–

C–O angles of 2b and 5b (105.55(8)–108.6(2) °) and the analogous C–O–C angles of 2a and 

4a (106.55(14)–107.09(13) °) do also not support the interpretation of our data in terms of 

such kind of interactions. 

NBO analyses were performed at the B3LYP/cc-pVDZ level of theory (Figures 3.6 and 3.7). 

The resulting data of the C/Si analogues 2a and 2b show no significant evidence for 

intramolecular C---O and Specifically, the NBO charge of the quaternary central carbon atom 

of 2a shows a negative value of −0.100 e (e = electron; −0.058 e for C(CH3)4). In contrast, the 

central silicon atom of 2b shows a positive value of 1.754 e (1.782 e for Si(CH3)4). The 

values for the CH3 carbon atoms of compound 2a are clearly negative (−0.646 e), but the 

CH2 carbon atoms show only a slightly negative charge (−0.090 e). The corresponding 

values of the silicon analogue 2b show strongly negative charges at both the CH3 (−1.175 e) 

and the CH2 carbon atoms (−0.561 e). The NBO charges of the oxygen and nitrogen atoms of 

the nitrato moieties of 2a and 2b show almost no influence of the carbon/silicon exchange. 

The same holds true for the NBO charges of the hydrogen atoms of the C/Si analogues 2a 

and 2b.  

The enthalpies of formation (ΔfH°) of the single molecules 1a–5a and 1b–5b were 

calculated at the CBS-4 M level of theory (Table 3.7). The enthalpy changes of the isodesmic 

reactions (ΔrH°) shown in Scheme 3.6 were obtained by the sum of ΔfH° of the products 

(1a–5a, Si(CH3)4) minus the sum of ΔfH° of the reactants (1b–5b, C(CH3)4). As can be seen 

from Table 3.7, all isodesmic reactions are exothermic (ΔrH°<0). In detail, with increasing 

number of nitratomethyl groups, the value of xΔrH° increases. When comparing 1a with 2a 

and 1a with 3a, a doubling and a tripling, respectively, of the ΔrH° values are observed. 

Comparison of the acyclic molecule 2a with the related cyclic molecule 5a (six-membered 

ring) reveals similar ΔrH° values (−9.054 and −9.753 kcal/mol). In contrast, for the cyclic 

derivative 4a (five-membered ring) a significantly higher ΔrH° value (−15.209 kcal/mol) is  
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observed. A possible explanation for this phenomenon is the increased ring strain in the 

case of 4a.The intramolecular Si---O distances between the silicon atoms and the bridging 

oxygen atoms observed for 2b and 5b are 2.672(1) and 2.723(3) Ǻ, respectively, and this is 

the expected range for geminal silicon and oxygen atoms. 

Figure 3.7. NBO charges of 2b, calculated at the B3LYP/cc-pVDZ level of theory. All given values are in e (e = 

electron). The atom labels shown in parentheses (see also Figure 3.3). 

Table 3.7. Enthalpies of formation (ΔfH°, kcal/mol) for 1a–5a, 1b–5b, C(CH3)4, and Si(CH3)4 and enthalpies 

charges of the isodesmic reaction (ΔrH°, kcal/mol) of 1b–5b to 1a–5a (Scheme 3.6). 

reaction ΔfH° (1b–5b) ΔfH° (C(CH3)4) ΔfH°(1a–5a) ΔfH° (Si(CH3)4) ΔrH° 
1b → 1a −456720.0 −123857.1 −299182.9 −281398.6 −4.4 
2b → 2a −632040.4 −123857.1 −474507.9 −281398.6 −9.0 
3b → 3a −807358.9 −123857.1 −649830.6 −281398.6 −13.1 
4b → 4a −680527.0 −123857.1 −523000.7 −281398.6 −15.2 
5b → 5a −705155.8 −123857.1 −547624.0 −281398.6 −9.8 

The proximity of these atoms makes it plausible that the first step in the decomposition 

reaction is the highly exothermic formation of a Si–O bond and could promote the initial 

step for a chain reaction. Calculations for the decomposition pathway of Si(CH2ONO2)4 

confirm this view that the initial step of this process is the formation of an Si–O bond 

between the bridging oxygen atom and the central silicon atom.[8] This is in contrast to the 

decomposition pathway known for common nitrate ester explosives, where the homolytic 

O–NO2 bond cleavage is the initial step.[3] However, it is in line with the finding of very 

shallow Si–C–N bending potentials observed for (aminomethyl)silanes, which can also be 

seen as contribution to the increased reactivity of such compounds at silicon.[49] 
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Scheme 3.6. Isodesmic reactions of 1b–5b with C(CH3)4 to 1a–5a and Si(CH3)4. 

A closer look at the crystal structures of 2a and 2b provides a potential explanation for the 

relatively high melting points of these compounds. Six intermolecular interactions were 

found for both compounds, namely, those between the O1–N1–O3/4 and the O1’–N1’–

O3’/4’ moieties. The resulting dimers and interactions are shown in Figure 3.8. The nitrato 

moieties of the molecular pairs are facing each other. In the case of 2a, the shortest distance 

is the O1---O4’ contact (2.984(2) Ǻ). This distance is slightly shorter than the sum of the van 

der Waals radii (3.04 Ǻ).43 The O1---O4’ distance of 2b is slightly longer than that of 2a 

(3.066(1) Ǻ) and is also slightly longer than the sum of the van der Waals radii. For both 

compounds, a second intermolecular contact is found between the oxygen atoms O2 and 

O4’, with O2---O4 distances of 2.862(2) Ǻ (2a) and 2.921(1) Ǻ (2b), respectively, which are 

somewhat shorter than the sum of the van der Waals radii (3.04 Ǻ).[43] In addition, a third 

weak interaction between the nitrogen atom N2 and the oxygen atom O4’ was found. In the 

case of 2a, this distance is 2.921(1) Ǻ which is slightly shorter than the sum of the van der 

Waals radii (3.07 Ǻ).[43] In the case of 2b, the N2---O4’ distance amounts to 3.123(2) Ǻ. 

Gas Electron Diffraction Studies: The molecular structures of the C/Si analogues 1a and 

1b were determined in the gas phase by gas electron diffraction (GED), aided by ab initio 

calculations using various theoretical models. The gas-phase structures of 1a and 1b are 

shown in Figures 3.9 and 3.10. 

GED Molecular Models: On the basis of the ab initio calculations, the molecular models for 

1a and 1b were constructed using overall Cs symmetry. In addition to this assumption of 

molecular symmetry, local C3v symmetry was assumed for both the ElMe3 group (El = C, Si) 



III. Sila-Substitution of Alkyl Nitrates    

 47 

and each individual methyl group. Finally, on the basis of the relatively small scattering 

intensity for hydrogen, the hydrogen atoms in the CH2 bridge were positioned with equal 

El–C–H (El = C, Si) and O–C–H angles, while the C–H distance in the CH2 bridge was assumed 

to be equal to that of the methyl groups. Using this combination of assumptions, the total 

number of internal coordinates for each compound was reduced from 54 to 14, as shown in 

Tables 3.8 and 3.9. The atom numbering schemes used for the molecular models, 

corresponding to the descriptions in Tables 3.8 and 3.9, are shown in Figures 3.9 and 3.10. 

The only difference between the models for the two compounds, other than in the 

descriptions due to the exchange of carbon for silicon, was that the C–O and N–O bond 

lengths were described by an average and difference for 1a, but were included as 

independent parameters for 1b. 

GED Refinements: The experimental molecular-intensity and radial-distribution curves for 

1a and 1b are shown in Figures 3.11–3.14, with the refined difference curves shown at the 

bottom of each figure. The refinements were performed along the lines of the SARACEN 

method,[50] which places flexible restraints on parameters that are not well resolved from 

the GED experiment, with the value of the restraint being taken from theory and the 

uncertainty estimated by the convergence of the calculations (a strict interpretation of the 

SARACEN method would require the full number of independent parameters to be included 

in the model, but in this case we have made use of the assumptions mentioned above). All 

14 independent parameters for both 1a and 1b were therefore refined as shown in Tables 

3.8 and 3.9. Seven of these 14 parameters were refined unrestrained for 1a and eight in the 

case of 1b, the difference being that the C–O and N–O distances for 1b were refined 

independently, whereas for 1a they were included as an average and a difference, the latter 

of which was restrained. Amplitudes of vibration were also refined for both molecules, but 

those corresponding to distances under a single peak in the respective radial-distribution 

curve (RDC, see Figures 3.11 and 3.13) were grouped together with fixed relative 

amplitudes. Restraints were also applied to all refined amplitudes, and for 1b restraint 

uncertainties of 10 % of the calculated values were applied, while those for 1a were set to 

10 % for distances less than 4.5 Ǻ and 20 % for distances greater than 4.5 Ǻ. The full lists of 

interatomic distances, amplitudes of vibration, and distance corrections for the rh1 

refinements, including details of which amplitudes were tied together, are provided as  
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Figure 3.8. Aggregation motifs of pairs of molecules in the crystals of 2a (left) and 2b (right). The contacts 

O1---O4’, O2---O4’, and N2---O4’ are shown in dashed lines. 

Supporting Information. The refinement of 1a yielded a good fit of the experimental to 

theoretical intensities for both the rg and rh1 structure types, as can be seen from the low R 

factors (RG) of 4.7 % and 5.2 %, respectively. In the case of 1b, the relatively low vapor 

pressure at room temperature required longer exposure times and a higher beam current 

than have been found to be optimum, and the data are correspondingly noisier than for 1a 

and in previous GED structure investigations using this combination of apparatus and 

refinement techniques.[26,51] The resulting R factors of 16.4 % and 14.9 % for the 

respective rg and rh1 structure types are higher than might be expected; however, the 

quality of the fit can also be judged by the appearance of the molecular-intensity and radial-

distribution curves (Figures 3.13 and 3.14). In particular, the residuals of the molecular 

intensity curves can be seen to be randomly distributed, indicating that the higher R factor 

is due to a lower signal-to-noise ratio rather than a refinement problem. Curiously, the 

standard deviations for the refined parameter values of 1a and 1b (Tables 3.8 and 3.9) are 

similar to one another, but from the preceding should be larger than those for 1a. However, 

comparison of the RDCs (Figures 3.12 and 3.14) reveals that the structure of 1b may be 

marginally better resolved by GED: While there are nine distinct peaks in the RDC for both 

compounds, the RDC for 1a exhibits only one additional weak shoulder at about 3 Ǻ, but the 

RDC for 1b also contains two large shoulders at about 1.4 and 2.7 Ǻ, as well as a small 

shoulder at 3.4 Ǻ. Thus, the lower signal-to-noise ratio observed for 1b is expected to be 
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counter-balanced by an increase in the structural information inherent in its electron 

diffraction pattern, compared to 1a. 

Discussion of the Gas-Phase Geometries: A selection of important geometric parameters 

for 1a and 1b are listed in Table 3.10, showing the convergence of the calculated structures, 

alongside the experimental GED structures, the latter being determined using both the rg 

and the rh1 models for vibrational motion.[52] Comparison of the calculated and 

experimental values indicates that the Me3ElCH2 groups (El = C, Si) are reasonably well 

described by HF theory, with only small changes in the values of these parameters when 

improving the theoretical treatment by applying MP2 theory. In contrast, HF theory appears 

to have severe limitations with regard to the treatment of the nitrato group. The terminal 

N–O bonds are significantly elongated by applying MP2 theory, by more than 3 pm when 

the geometries calculated with identical basis sets are compared. The largest discrepancy 

between the HF and MP2 geometries of 1a and 1b is in the length of the N–O3 bond, which 

is lengthened by 0.081 Ǻ (1a) and 0.095 Ǻ (1b), respectively. Such a large difference 

between the HF and MP2 method would normally cast doubt on the accuracy of the MP2 

geometry; however, the N–O bond lengths determined by GED agree very well with those 

determined by the MP2 method (although the differences between the N–O5 and N–O8 

distances were restrained to the MP2 values). 

Figure 3.9. Molecular structure of 1a in the gas phase showing the atom labelling used for the GED model. 
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Table 3.8. Details of the independent parameters used in the GED refinement of 1a, refined parameter values, 

calculated values obtained at the RI-MP2/TZVPP level of theory, and applied restraints.[a] 

 parameter description GED rg GED rh1 MP2 re restraint 
uncertainty 

p1 r C–C average 1.539(1) 1.538(1) 1.525  
p2 r C–O, N–O3 average 1.430(2) 1.429(2) 1.422  
p3 r –O, N–O3 difference 0.040(4) 0.035(4) 0.033 0.010 
p4 r N–O ×2 mean[b] 1.211(1) 1.210(1) 1.208  
p5 r C–H 1.117(2) 1.114(2) 1.090 0.010 
p6 ∢ C(Me)–C–C(Me) 109.2(2) 108.7(2) 109.9  
p7 ∢ C–C–O 106.3(3) 106.9(3) 106.9  
p8 ∢ C–O–N 113.6(3) 113.2(3) 113.2  
p9 ∢ O5–N–O8 132.0(6) 128.7(6) 130.0  
p10 ∢ H–C–H 111.0(3) 110.8(1) 108.3 1.0 
p11 r C–C difference[c] 0.002(4) 0.003(4) 0.005 0.005 
p12 CMe3 tilt[d] 4.4(2) 3.7(2) 2.5 1.0 
p13 ∢ O3–N–O difference[e] 4.7(5) 3.4(5) 4.4 1.0 
p14 r N–O ×2 difference[f] 0.008(4) 0.004(4) 0.006 0.005 
 R factor (RG) 4.7 % 5.2 %   
[a] All distances are in Ǻ and angles are in °. The two sets of parameter values for the GED refinement, rg and 

rh1, correspond to different approaches to accounting for vibrational motion. The rg structure is a vibrational 

average, while the rh1 structure is an approximation to an equilibrium structure, re; [b] average of N–O5 and 

N–O8; [c] C–C(Me) minus C–C18; [d] defined as a decrease in the C1–C2–C18 angle with respect to the 

required for C3v symmetry; [e] O3–N–O5 minus O3–N–O8; [f] N–O5 minus N–O8. 

Figure 3.10. Molecular structure of 1b in the gas phase showing the atom labelling used for the GED model. 
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Table 3.9. Details of the independent parameters used in the GED refinement of 1b, refined parameter values, 

calculated values obtained at the RI-MP2/TZVPP level of theory, and applied restraints.[a] 

 parameter 
description 

GED rg GED rh1 MP2 re restraint 
uncertainty 

p1 r Si–C average 1.883(1) 1.882(1) 1.879  
p2 r C–O 1.447(5) 1.437(4) 1.433  
p3 r  N–O3 1.426(4) 1.435(3) 1.425  
p4 r N–O ×2 

mean[b] 
1.208(1) 1.206(1) 1.206  

p5 r C–H 1.104(3) 1.103(3) 1.090 0.010 
p6 ∢ C(Me)–Si–

C(Me) 
110.9(4) 110.7(4) 111.2  

p7 ∢ Si–C–O 107.1(3) 108.3(3) 105.4  
p8 ∢ C–O–N 113.0(4) 113.6(4) 113.4  
p9 ∢ O5–N–O8 131.6(7) 131.3(7) 130.6  
p10 ∢ H–C–H 109.9(4) 109.5(3) 108.0 1.0 
p11 r Si–C 

difference[c] 
0.033(3) 0.033(3) 0.034 0.005 

p12 SiMe3 tilt[d] 2.8(6) 1.6(5) 1.3 1.0 
p13 ∢ O3–N–O 

difference[e] 
5.9(5) 5.2(5) 4.6 1.0 

p14 r N–O ×2 
difference[f] 

0.006(3) 0.005(3) 0.003 0.005 

 R factor (RG) 16.4 % 14.9 %   
[a] All distances are in Ǻ and angles are in °. The two sets of parameter values for the GED refinement, rg and 

rh1, correspond to different approaches to accounting for vibrational motion. The rg structure is a vibrational 

average, while the rh1 structure is an approximation to an equilibrium structure, re; [b] average of N–O5 and 

N–O8; [c] Si–C18 minus Si–C(Me); [d] defined as a decrease in the C1–Si–C18 angle with respect to the 

required for C3v symmetry; [e] O3–N–O5 minus O3–N–O8; [f] N–O5 minus N–O8. 

The reliability of the GED results can be assessed by the agreement between the two models 

(rg and rh1) used to describe the vibrational motion, as well as the standard deviations from 

the least-squares fit. The agreement between the two models is reasonably good for all 

bond distances, the largest discrepancies for rC-O being 0.009 Ǻ (1a) and 0.010 Ǻ (1b), 

respectively. There is also a good agreement for most of the angles, with discrepancies 

mostly less than 1 °, the exceptions being the O5–N–O8 angle for 1a and the Si–C–O angle 

for 1b, which therefore should be treated with some caution. With regard to the increased 

friction and impact sensitivity of the silicon compound 1b compared to its carbon analogue 

1a, the interesting parameters are the relative lengths of the N–O3 bonds and the Si–C–O 

and C–C–O angles. Both the experimental and calculated structures indicate a slight for rN-O3. 
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Figure 3.11. Experimental (○), theoretical, and difference (experimental minus theoretical) molecular-

intensity curves for 1a. 

Figure 3.12. Experimental and difference (experimental minus theoretical) radial-distribution curves for 1a. 

Prior to the Fourier transformation, the molecular-intensity data were multiplied by s∙exp[−0.00002s2 / ZN − 

fN) − (Z○ − f○)] and the s-range was extended to 0 and to 36 Ǻ−1 by model data. 

weakening of the N–O3 bond for the silicon compound 1b, with an increase of about 0.02 Ǻ. 

The calculated structures of 1a and 1b also indicate a small (ca. 1 °) contraction of the Si–C–

O angle (1b) compared to the C–C–O angle (1a), but the experimentally established 

structures indicate a difference in the opposite direction. This parameter was not 

particularly well resolved in the GED structure of 1b, as it was strongly dependent on the 

vibrational model. The observed discrepancy may be due to different dynamic behaviour 

for 1a and 1b rather than a deficiency in the theoretical model for describing the static 
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equilibrium geometries. In any case, the energy difference corresponding to such a small 

angle contraction would be minimal and the elongation of the O–NO2 bond in 1b is the only 

significant structural difference that might account for its greater instability. 

Figure 3.13. Experimental (○), theoretical, and difference (experimental minus theoretical) molecular-

intensity curves for 1b. 

Figure 3.14. Experimental and difference (experimental minus theoretical) radial-distribution curves for 1b. 

Prior to the Fourier transformation, the molecular-intensity data were multiplied by s∙exp[−0.00003s2 / ZN − 

fN) − (Z○ − f○)] and the s-range was extended to 0 and to 36 Ǻ−1 by model data. 
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Table 3.10. Selected structural parameters for 1a and 1b as determined experimentally by GED and 

calculated by theory. 

method 
HF/6-
31G*[b] 

HF [c] MP2 [c] GED 

re re re rg rh1 
Compound 1a 

r C–H 1.085 1.083 1.090 1.117(2) 1.111(3) 
r C–C(Me) 1.536 1.533 1.526 1.540(1) 1.539(1) 
r C–C18 1.530 1.528 1.521 1.538(3) 1.535(3) 
r C–O 1.439 1.435 1.438 1.450(3) 1.441(3) 
r N–O3 1.327 1.324 1.405 1.410(2) 1.408(2) 
r N–O5 1.187 1.179 1.211 1.215(2) 1.213(2) 
r N–O8 1.179 1.170 1.205 1.207(2) 1.208(2) 
∢ C–C–O 107.4 107.9 106.9 106.3(3) 106.9(3) 

∢ C–O–N 116.5 116.7 113.2 113.6(3) 114.0(3) 

∢ O5–N–O8 127.9 127.8 130.0 132.0(6) 129.7(7) 
Compound 1b 

r C–H 1.086 1.084 1.090 1.104(3) 1.103(3) 
r Si–C(Me) 1.886 1.877 1.870 1.875(1) 1.874(1) 
r Si–C18 1.919 1.913 1.905 1.908(3) 1.907(3) 
r C–O 1.439 1.435 1.433 1.447(5) 1.437(4) 
r N–O3 1.333 1.330 1.425 1.426(4) 1.435(3) 
r N–O5 1.185 1.177 1.207 1.211(2) 1.208(2) 
r N–O8 1.179 1.171 1.204 1.205(2) 1.204(2) 
∢ Si–C–O 106.6 107.4 105.4 107.1(3) 108.3(3) 

∢ C–O–N 116.9 117.1 113.4 113.0(4) 113.6(4) 

∢ O5–N–O8 128.0 128.0 130.6 131.6(7) 131.3(7) 
[a] All distances r are in Ǻ and angles ∢ are in °, and the numbers in parentheses are one standard deviation in 

the last digit. For an explanation of the structure types, re, rg, and rh1, see ref [52]; [b] 6-31G** was used for 1a; 

[c] def2-TZVPP. 

Conclusion 

The silicon-based nitratomethyl compounds Me2Si(CH2ONO2)2 (2b), MeSi(CH2ONO2)3 (3b), 

(CH2)4Si(CH2ONO2)2 (4b), and (CH2)5Si-(CH2ONO2)2) (5b) were synthesized for the first 

time. In addition, the known derivative Me3SiCH2ONO2 (1b) was resynthesized. The silicon 

compounds 1b–5b were found to be much more sensitive toward friction and impact than 

their mostly known carbon analogues Me3CCH2ONO2 (1a), Me2C(CH2ONO2)2 (2a), 

MeC(CH2ONO2)3 (3a), (CH2)4C(CH2ONO2)2 (4a, new), and (CH2)5C(CH2ONO2)2 (5a). The 

thermal stabilities of the silicon compounds 1b–5b are approximately 80–95 °C lower than 

those of the corresponding carbon analogues 1a–5a. Weak O–NO2 bonds, strong C–O bonds, 
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and the weaker Si–CH2O bond of the silicon compounds are claimed to be responsible for 

the higher sensitivities compared to their corresponding carbon analogues. GED studies and 

calculations at different levels of theory established the gas phase structures of 1a and 1b in 

good agreement with the structural parameters obtained in single-crystal X-ray diffraction 

studies of 2a, 2b, 4a, and 5b. The carbon/silicon switch strategy has already been 

demonstrated to be a powerful tool for the development of novel drugs[17] and 

odorants[18] with unique properties. The studies presented here also clearly demonstrate 

the high potential of the sila-substitution concept (C/Si exchange) for the development of 

new silicon-based explosives (in this context see also refs. [7] and [8]), with properties that 

differ significantly from those of their corresponding carbon analogues. 

Experimental Section 

Caution! Many alkyl nitrates are sensitive and represent energetic materials; therefore, they 

must be handled with care! Since sila-analogues of alkyl nitrates are even more sensitive 

toward shock and friction, they must be manipulated very cautiously! During the work with 

alkyl nitrates, and especially with their sila-analogues, wearing leather jacket, face shield, 

steelreinforced Kevlar gloves, ear protection, and electrically grounded shoes is mandatory. 

Only electrically grounded and metal-free equipment was used during the syntheses. 

Nitric acid (100%, fuming), Me3SiCH2OH, Me3SiCH2I, Me2Si(CH2Cl)2, acetonitrile (Aldrich), 

MeC(CH2OH)3, acetic anhydride (Acros Organics), Me3CCH2OH (Aldrich and Acros Organics), 

and silver nitrate (VWR) were used as received. The 1H, 13C{1H}, 14N, and 29Si{1H}NMR 

spectra were recorded using a Jeol 400 eclipse FT-NMR spectrometer (compounds 1a/b–

5a/b) operating at 400.2 MHz (1H), 100.6 MHz (13C), 28.9 MHz (14N), and 79.5 MHz (29Si) or 

a Bruker DRX-300 NMR spectrometer (compounds 6–11) operating at 300.1 MHz (1H), 

75.5 MHz (13C), and 59.6 MHz (29Si). Chemical shifts (ppm) are given with respect to TMS 

(1H, 13C, 29Si; δ 0) and MeNO2 (14N; δ 0) as external standards (compounds 1a/b–5a/b) or 

relative to internal [D5]DMSO (1H, δ 2.49; [D6]DMSO), internal [D6]DMSO (13C, δ 39.5; 

[D6]DMSO), internal CHCl3 (1H, δ 7.24; CDCl3), internal CDCl3 (13C, δ 77.0; CDCl3), or 

external TMS (29Si, δ 0; [D6]DMSO, CDCl3) (compounds 6–11). Analysis and assignment of 

the 1H NMR data of 6–11 were supported by 1H,1H COSY, 13C,1H HMQC, and 13C,1H HMBC 
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experiments, and assignment of the 13C NMR data was supported by DEPT135, 13C,1H HMQC, 

and 13C,1H HMBC experiments. Infrared (IR) spectra were recorded on a Perkin-Elmer 

Spectrum BXII FT-IR instrument equipped with a Diamant-ATR Dura Sampler at 25 °C. 

Raman spectra were recorded on a Perkin-Elmer Spectrum 2000R NIR FT-Raman 

instrument equipped with a Nd:YAG laser (1064 nm) with 300 mW at 25 °C, except for 

compound 3b; the Raman data of 3b were collected using a Isa Jobin-Yvon T64000 Raman 

instrument with CCD detector (EEV CCD115-11) equipped with a Spectra Physics Arþ laser 

(514.5 nm) with 30 mW at 25 °C. Melting, boiling, and decomposition points were 

determined by differential scanning calorimetry (DSC; Perkin-Elmer Pyris 6 DSC, calibrated 

by standard pure indium and zinc). Measurements were performed at a heating rate of β = 

5 °C in closed aluminium containers with a hole (1°μm) on the top for gas release with a 

nitrogen flow of 5 mL/min. The reference sample was a closed aluminium container with 

air. Friction and impact sensitivities were determined by standard BAM methods.[19] A 

Büchi GKR-51 apparatus was used for the bulb-to-bulb distillations of 9–11. The melting 

points of 7 and 8 were determined with a Büchi Melting Point B-540 apparatus using 

samples in sealed glass capillaries. The crystal structures were determined by using an 

Oxford Xcalibur CCD diffractometer (compounds 2a, 2b, 4a, and 5b) or a Stoe IPDS 

diffractometer (compounds 7 and 8) and graphite-monochromated Mo-Kα radiation 

(λ=0.71073A °). The structures were solved with SHELXS-97 and were refined with 

SHELXL-97,[21] implemented in the program package WinGX22 and finally checked using 

Platon.[23] Elemental analyses of the nitratomethyl compounds were not performed 

because of their highly sensitive and explosive properties. Mass spectrometric data were 

obtained from a Jeol Mstation JMS 700 spectrometer, except for 2b and 3b, which were too 

hazardous.  

Electron scattering intensities were recorded at room temperature on a combination of 

reusable Fuji and Kodak imaging plates using a Balzers KD-G2 Gas-Eldigraph[24] (formerly 

operated in Tübingen by H. Oberhammer[25]). This has been equipped with an electron 

source built by STAIB Instruments, which was operated at 60 kV (1a) or 70 kV (1b). The 

accelerating voltage was monitored using a 0 to 10 V signal generated by the high-voltage 

supply, proportional to the variable 0 to 100 kV output, which was stable to within 0.1 to 

0.2 mV during the course of the experiment. The image plates were scanned using a Fuji 
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BAS 1800 scanner, yielding digital 16-bit gray scale image data. Further details about the 

Bielefeld GED apparatus and the experimental method are published elsewhere.[26] In 

preparation for data reduction, the long and short nozzle-to-plate distances were 

remeasured after recording the short distance data and before recording the long-distance 

data for 1a. The relative scaling of the two scanning directions was also recalibrated by 

using an exposed image plate with two pairs of pin holes, which was scanned in two 

orientations, approximately perpendicular to one another. The data were reduced to total 

intensities using Strand et al.’s program PIMAG27 (version 040827) in connection with a 

sector curve, which was based on experimental xenon scattering data and tabulated 

scattering factors of xenon. Further data reduction yielding molecular-intensity curves was 

performed by using version 2.4 of the ed@ed program,[28] using the scattering factors of 

Ross et al.[29] For both compounds the ratio of the electron wavelength to the nozzle-to-

plate distances was checked using benzene data and the widely accepted rα value of 1.397 Ǻ 

for the C-C distance in benzene. In the determination of 1a, the calculated electron 

wavelength was assumed to be correct, and the nozzle-to-plate distances were checked for 

consistency with the measured values leading to a small scaling being applied to the long 

distance. For 1b, the data reduction was performed using the previously measured nozzle-

to-plate distances, and a small scaling was applied to the electron wavelength for the data 

set recorded at the short distance. The electron wavelengths and nozzle-to-plate distances 

are provided as Supporting Information, along with other data analysis parameters 

including the s-limits, weighting points, R factors (RD and RG), scale factors, data 

correlation values, and the correlation matrix. The amplitudes of vibration, u, used in the rg 

and rh1 refinements, and the distance corrections for curvilinear perpendicular motion, 

kh1,were calculated by using the program SHRINK.[30,31] This made use of frequency 

calculations for 1a and 1b, respectively, at the RI-MP2/TZVPP and HF/6-31G* level of 

theory (for details of calculations, see below). The SHRINK input file for 1b was generated 

using EasyInp written by K. B. Borisenko, while that for 1a was generated using a 

combination of EasyInp and Q2SHRINK,[32] written by A. Zakharov.  

All Hartree-Fock (HF) calculations were of the restricted type, and the second-order Møller-

Plesset (MP2) calculations made use of the resolution-of-the-identity (RI) method and the 

default frozen-core partitioning as implemented in Turbomole.[33] The HF calculations 
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using the Pople-style 6-31G* basis sets were performed by using the default criteria in 

Gaussian 03,[34a] while those using the def2-TZVPP (herein shortened to TZVPP) basis set 

were performed by using Turbomole.  

The theoretical calculations for structure optimization of 2a and 2b were performed at the 

B3LYP level of theory (cc-pVDZ basis sets) using Gaussian 03,[34b] and the NBO analyses 

were performed using the Gaussian 03 nbo5-tool. Instead, the calculations of the enthalpies 

of formation were performed at the CBS-4M level of theory. 

General Procedure for the Nitration of the (Hydroxymethyl)alkanes and 

(Hydroxymethyl)cycloalkanes: For the synthesis of 1a, 2a, 4a, and 5a, the respective 

hydroxymethyl or bis(hydroxymethyl) compound [Me3CCH2OH, Me2C(CH2OH)2, 

(CH2)4C(CH2OH)2, (CH2)5C(CH2OH)2; 1.0 mmol (1.0 mol equiv)] was added in small portions 

at 20 °C to a stirred mixture of nitric acid (100 %; 2.1 and 4.2 mol equiv, respectively) and 

acetic anhydride (6.0 mol equiv). [For the synthesis of 3a, the tris- (hydroxymethyl) 

compound. MeC(CH2OH)3 was added in small portions at 0 °C to a stirred mixture of nitric 

acid (100 %; 3.3 mol equiv) and dichloromethane (5 mL).] The reaction mixture was then 

stirred at ambient temperature for 1.5 (1a, 2a, 4a, 5a) or 2 h (3a), followed by the addition 

of ice-water (5 mL) and pentane (15 mL). The aqueous phase was separated and extracted 

with pentane (2 × 20 mL), and the combined organic extracts were washed with water (2 × 

20 mL), neutralized by washing with a concentrated aqueous solution of sodium hydrogen 

carbonate, and then dried over anhydrous sodium sulphate. The solvent was removed 

under reduced pressure, and the residue was purified by distillation (1a) or by removal of 

the remaining solvent traces in vacuo (0.01 mbar, 20 °C, 3–6 h) (2a–5a). For further details 

of the syntheses, see Table 3.1. 

2,2-Dimethyl-1-nitratopropane, Me3CCH2ONO2 (1a): The crude product was distilled in 

vacuo (60 °C / 50 °mbar) to give 1a 88 % yield as a colourless liquid.  

1H NMR (CDCl3): δ = 0.97 (s, 9H, CCH3), 4.12 (s, 2H, CCH2O); 13C{1H} NMR (CDCl3): δ = 26.4 

(CCH3), 31.4 (Cq), 82.1 (CCH2O); 14N{1H} NMR (CDCl3): δ = −41.2. Raman (300 mW): 2968 

(vs), 2910 (vs), 2796 (w), 1629 (w), 1460 (m), 1365 (w), 1280 (s), 1261 (m), 1261 (w), 

1045 (vw), 975 (vw), 921 (m), 868 (m), 769 (s), 696 (w), 611 (m), 478 (m), 405 (vw) cm−1. 

IR: 2963 (w), 2875 (vw), 1621 (vs), 1479 (vw), 1467 (vw), 1279 (vs), 1219 (vw), 1043 (vw), 
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976 (w), 943 (vw), 924 (vw), 865 (m), 847 (m), 759 (vw), 694 (vw), 638 (vw) cm−1. MS 

(DEI−) [m/e]: 133.1 [M−]. Bp.: 174 °C. Sensitivities: impact, >100 J; friction, >360 N.  

2,2-Dimethyl-1,3-dinitratopropane, Me2C(CH2ONO2)2 (2a): The crude product was 

dried in vacuo (0.01 mbar, 25 °C, 3 h) to give 2a in 82 % yield as a colourless liquid.  

1H NMR (CDCl3): δ = 1.08 (s, 6H, CCH3), 4.26 (s, 4H, CCH2O); 13C{1H} NMR (CDCl3): δ = 22.1 

(CCH3), 34.7 (Cq), 76.5 (CCH2O); 14N{1H} NMR (CDCl3): δ = −44.5. Raman (300 mW): 2969 

(vs), 2910 (s), 2808 (vw), 2732 (vw), 1635 (w), 1467 (m), 1403 (vw), 1372 (w), 1285 (s), 

1032 (w), 982 (vw), 921 (w), 870 (s), 795 (w), 693 (w), 608 (m), 475 (m), 408 (vw) cm−1. 

IR: 2977 (w), 2900 (vw), 1826 (w), 1755 (vw), 1623 (vs), 1477 (w), 1369 (m), 1268 (vs), 

1230 (w), 1122 (m), 1032 (w), 977 (s), 943 (w), 923 (w), 843 (vs), 756 (s), 718 (w), 703 (w), 

637 (w) cm−1. MS (DEI-) [m/e]: 193.1 [M−H]−. Mp.: 18-23 °C. Bp.: 178 °C (dec.). Sensitivities: 

impact >100 J; friction >96 N. 

2-Methyl-2-nitratomethyl-1,3-dinitratopropane, MeC(CH2ONO2)3 (3a): The crude 

product was dried in vacuo (0.01 mbar, 25 °C, 6 h) to give 3a in 86 % yield as a colourless 

viscous liquid.  

1H NMR (CDCl3): δ = 1.08 (s, 3H, CCH3), 4.26 (s, 6H, CCH2O); 13C NMR (CDCl3): δ = 22.1 

(CCH3), 34.7 (Cq), 76.5 (CCH2O); 14N NMR (CDCl3): δ = −44.5. Raman (300 mW): 2972 (vs), 

2910 (m), 2802 (vw), 2738 (vw), 1641 (m), 1467 (m), 1407 (vw), 1374 (w), 1286 (vs), 

1036 (w), 994 (vw), 918 (vw), 869 (s), 639 (m), 601 (m), 465 (w), 414 (w) cm−1. IR: 2962 

(vw), 2907 (vw), 1825 (vw), 1753 (vw), 1626 (vs), 1473 (w), 1374 (w), 1271 (vs), 1124 (m), 

1031 (w), 990 (s), 923 (w), 835 (vs), 752 (s), 724 (m), 704 (m) cm−1. MS (DCI+) [m/e]: 

256.1 [M + H]+. Mp.: −15 °C (ref 2: −15 °C). Bp.: 182 °C (dec.) (ref 2: 182 °C). Sensitivities: 

impact >15 J; friction >108 N.  

1,1-Bis(nitratomethyl)cyclopentane, (CH2)4C(CH2ONO2)2 (4a): The crude product was 

dried in vacuo (0.01 mbar, 25 °C, 3 h) to give 4a in 83 % yield as a colourless liquid.  

1H NMR (CDCl3): δ = 1.57–1.62 (m, 4H, β-CH2), 1.67–1.72 (m, 4H, γ-CH2), 4.33 (s, 4H,CCH2O); 
13C NMR (CDCl3): δ = 24.9 (γ-CH2), 32.8 (β-CH2), 44.8 (Cq), 75.0 (CCH2O); 14N NMR (CDCl3): δ 

= −43.9. Raman (300 mW): 2967 (vs), 2877 (s), 1635 (w), 1454 (m), 1384 (vw), 1284 (s), 

1239 (w), 1029 (w), 991 (vw), 906 (m), 869 (s), 703 (w), 607 (m), 471 (w) cm−1. IR: 2958 

(w), 2874 (vw), 1728 (m), 1622 (vs), 1453 (w), 1370 (vw), 1338 (vw), 1272 (vs), 1166 (w), 
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1130 (vw), 1024 (vw), 990 (m), 956 (w), 851 (vs), 755 (s), 700 (w), 668 (vw), 637 (vw) 

cm−1. MS (DEI+) [m/e]: 222.3 [M + 2H]+.Mp.: 23–25 °C. Bp.: 190 °C (dec.). Sensitivities: 

impact >100 J; friction >108 N. 

1,1-Bis(nitratomethyl)cyclohexane, (CH2)5C(CH2ONO2)2 (5a): The crude product was 

dried in vacuo (0.01 mbar, 25 °C, 3 h) to give 5a in 86 % yield as a colourless liquid.  

1H NMR (CDCl3): δ = 1.45–1.55 (m, 10H, CCH2C), 4.37 (s, 4H, CCH2O); 13C NMR (CDCl3): δ = 

20.9 (γ-CH2), 25.5 (δ-CH2), 29.9 (β-CH2), 37.2 (Cq), 74.5 (CCH2O); 14N NMR (CDCl3): δ = −43.5. 

Raman (300 mW): 2946 (vs), 2864 (s), 1635 (w), 1473 (w), 1447 (m), 1388 (vw), 1365 (w), 

1283 (s), 1251 (w), 1030 (w), 988 (w), 867 (s), 852 (s), 833 (m), 684 (vw), 606 (m), 475 

(m) cm−1. IR: 2936 (w), 2862 (vw), 1622 (vs), 1455 (w), 1371 (vw), 1316 (vw), 1280 (vs), 

1267 (vs), 1078 (vw), 1018 (vw), 988 (m), 930 (m), 930 (w), 843 (vs), 755 (s), 702 (m), 684 

(vw), 636 (w) cm−1. MS (DEI+) [m/e]: 235.2 [M + H]+. Bp.: 190 °C (dec.). Sensitivities: impact 

>100 J; friction, >120 N. 

General Procedure of the Nitration of the (Hydroxymethyl)silanes and 

(Hydroxymethyl)silacycloalkanes: Method A: For the synthesis of 2b–5b, the respective 

bis(hydroxymethyl) or tris(hydroxymethyl) compound [Me2Si(CH2OH)2, MeSi(CH2OH)3, 

(CH2)4Si(CH2OH)2, (CH2)5Si(CH2OH)2; 1.0 mmol (1.0 mol equiv)] was added in small 

portions to a stirred mixture of nitric acid (100 %; 4.2 and 6.3 mol equiv, respectively) and 

acetic anhydride (6.0 mol equiv). The reaction mixture was stirred at ambient temperature 

for 1 h (2b) or 1.5 h (3b–5b), followed by the addition of ice-water (5 mL) and pentane 

(15 mL). The aqueous phase was separated and extracted with pentane (2 × 20 mL), and 

the combined organic extracts were washed with water (2 × 20 mL), neutralized by 

washing with a concentrated aqueous solution of sodium hydrogen carbonate, and then 

dried over anhydrous sodium sulphate. The solvent was removed under reduced pressure, 

and the residue was purified by removal of the remaining solvent traces in vacuo 

(0.01 mbar, 25 °C, 2 h). For further details of the syntheses, see Table 3.2.  

Method B: For the synthesis of 1b, the respective iodomethyl compound Me3SiCH2I 

[1.0 mmol (1.0 mol equiv)] was added at 0 °C to a stirred solution of silver nitrate (2.0 mol 

equiv) in acetonitrile (3 mL). The reaction mixture was then stirred at ambient temperature 

for 1.5 h under exclusion of light, followed by the addition of pentane (10 mL) under 

vigorous stirring. The pentane phase was separated, and the extraction procedure with 
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pentane was repeated twice. The pentane extracts were combined, and the solvent was 

removed by micro-distillation (40 °C, 200 mbar). For further details of the synthesis, see 

Table 3.2.  

Trimethyl(nitratomethyl)silane, Me3SiCH2ONO2 (1b): Compound 1b was synthesized 

according to Method B and was isolated in 86 % yield as a colourless liquid.  

1H NMR (CDCl3): δ = 0.10 (s, 9H, 2J(1H,29Si) = 3.4 Hz, SiCH3), 4.04 (s, 2H, 3J(1H,1H) = 4.4 Hz, 

SiCH2O); 13C NMR (CDCl3): δ = −2.8 (1J(13C,29Si) = 53.0 Hz, SiCH3), 66.8 (1J(13C,29Si) = 48.4 Hz, 

SiCH2O); 14N NMR (CDCl3): δ = −34.3; 29Si NMR (CDCl3): δ = 0.1. Raman (300 mW): 2961 (m), 

2904 (vs), 1635 (w), 1413 (w), 1305 (m), 1248 (vw), 1213 (vw), 874 (w), 826 (m), 725 

(vw), 706 (w), 649 (m), 608 (m), 554 (m) cm−1. IR: 2961 (vw), 1630 (vs), 1436 (vw), 1302 

(vs), 1252 (s), 1213 (vw), 977 (vw), 822 (vs), 774 (s), 754 (s), 706 (m) cm−1. MS (DCI+) 

[m/e]: 149.2 [M+]. Decomp. point: 85 C. Sensitivities: impact >1 J; friction >64 N. 

Dimethylbis(nitratomethyl)silane, Me2Si(CH2ONO2)2 (2b): Compound 2b was 

synthesized according to Method A and was isolated in 87 % yield as a colourless oil.  

1H NMR (CDCl3): δ = 0.29 (s, 6H, 2J(1H,29Si) = 3.5 Hz, SiCH3), 4.18 (s, 4H, 3J(1H,1H) = 4.6 Hz, 

SiCH2O); 13C NMR (CDCl3): δ = −6.0 (1J(13C,29Si)= 55.4 Hz, SiCH3), 63.6 (1J(13C,29Si) = 53.0 Hz, 

SiCH2O); 14N NMR (CDCl3): δ = −37.6; 29Si NMR (CDCl3): δ = −1.2. Raman (300 mW): 2971 

(m), 2910 (vs), 2853 (w), 1638 (vw), 1435 (vw), 1305 (m), 1254 (vw), 1213 (vw), 979 (vw), 

833 (m), 731 (vw), 671 (m), 646 (vw), 614 (vw), 551 (m) cm−1. IR: 2961 (vw), 2919 (vw), 

1724 (vw), 1625 (vs), 1437 (vw), 1405 (vw), 1297 (vs), 1250 (s), 1212 (w), 1163 (vw), 

1072 (w), 980 (w), 817 (vs), 752 (m), 670 (m), 641 (m) cm−1. Mp.: −10 °C. Decomp. point: 

107 °C. Sensitivities: impact <0.5 J; friction <5 N. 

Methyltris(nitratomethyl)silane,MeSi(CH2ONO2)3 (3b): Compound 3b was synthesized 

according to Method A and was isolated in 80 %yield as a colourless oil.  

1H NMR (CDCl3): δ = 0.45 (s, 3H, 2J(1H,29Si) = 3.6 Hz, SiCH3), 4.32 (s, 6H, 3J(1H,1H) = 4.6 Hz, 

SiCH2O); 13C NMR (CDCl3): δ = −8.7 (1J(13C,29Si) = 57.68 Hz, SiCH3), 60.7 (1J(13C,29Si) = 

56.2 Hz, SiCH2O); 14N NMR (CDCl3): δ = −40.3; 29Si NMR (CDCl3): δ = −5.4. Raman (300 mW): 

2972 (s), 2921 (vs), 1639 (w), 1434 (w), 1306 (vs), 1257 (w), 1213 (vw), 989 (w), 839 (vs), 

744 (w), 670 (w), 647 (w), 619 (w), 528 (m) cm−1. IR: 2926 (vw),1628 (vs), 1433 (w), 1404 
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(vw), 1298 (vs), 1253 (s), 1214 (m), 1098 (w), 986 (m), 811 (vs), 746 (s) cm−1. Mp.: ~ 

−18 °C. Decomp. point: 107 °C. Sensitivities: impact <0.5 J; friction <5 N. 

1,1-Bis(nitratomethyl)-1-silacyclopentane, (CH2)4Si(CH2ONO2)2 (4b): Compound 4b 

was synthesized according to Method A and was isolated in 94 %yield as a colourless oil.  

1H NMR (CDCl3): δ = 0.80–0.86 (m, 4H, β-CH2), 1.63–1.69 (m, 4H, γ-CH2), 4.28 (s, 4H, 
3J(1H,1H) = 4.4 Hz, SiCH2O); 13C NMR (CDCl3): δ = 8.2 (1J(13C,29Si) = 54.6 Hz, β-CH2), 26.8 (γ-

CH2), 62.4 (1J(13C,29Si)=51.6 Hz, SiCH2O); 14N NMR (CDCl3): δ = −37.8; 29Si NMR (CDCl3): δ = 

13.7. Raman (300 mW): 2942 (vs), 2923 (vs), 2861 (m), 1638 (vw), 1453 (w), 1435 (w), 

1407 (w), 1303 (m), 1251 (w), 1210 (vw), 1194 (vw), 1153 (vw), 1080 (vw), 1017 (vw), 

979 (vw), 944 (vw), 848 (vs), 705 (w), 655 (w), 611 (vw), 554 (m), 420 (vw) cm−1. IR: 2935 

(w), 2863 (vw), 1625 (vs), 1452 (vw), 1431 (vw), 1403 (vw), 1297 (vs), 1250 (s), 1212 (w), 

1152 (vw), 1077 (m), 1031 (w), 1018 (w), 977 (w), 814 (vs), 744 (m), 674 (m), 639 (s) cm−1. 

MS (FAB+) [m/e]: 235.1 [M − H]+. Mp.: ~−18 °C. Decomp. point: 97 °C. Sensitivities: impact 

<0.5 J; friction <5 N. 

1,1-Bis(nitratomethyl)-1-silacyclohexane, (CH2)5Si(CH2ONO2)2 (5b): Compound 5b 

was synthesized according to Method A and was isolated in 96 %yield as a colourless oil.  

1H NMR (CDCl3): δ = 0.82–0.88 (m, 4H, β-CH2), 1.40–1.48 (m, 2H, δ-CH2), 1.67–1.77 (m, 4H, 

γ-CH2), 4.24 (s, 4H, 3J(1H,1H) = 4.4 Hz, SiCH2O); 13C NMR (CDCl3): δ = 8.0 (1J(13C,29Si) = 

53.6 Hz, β-CH2), 23.8 (δ-CH2), 29.0 (γ-CH2), 62.2 (1J(13C,29Si) = 51.8 Hz, SiCH2O); 14N NMR 

(CDCl3): δ = −37.2; 29Si NMR (CDCl3): δ = −6.5. Raman (300 mW): 2923 (vs), 2858 (s), 1641 

(vw), 1450 (w), 1403 (vw), 1304 (m), 1213 (vw), 1105 (vw), 1077 (vw), 1008 (vw), 982 

(vw), 909 (vw), 838 (m), 796 (w), 666 (m), 608 (vw), 553 (m) cm−1. IR: 2925 (w), 2853 (w), 

1718 (vw), 1628 (vs), 1460 (vw), 1447 (vw), 1434 (vw), 1403 (vw), 1297 (vs), 1251 (m), 

1210 (vw), 1181 (w), 1101 (vw), 1075 (vw), 993 (w), 977 (w), 910 (m), 832 (s), 801 (s), 

752 (s), 641 (s) cm−1. MS (FAB+) [m/e]: 249.2 [M − H]+.Mp.:~ 4 °C.Decomp. point: 96 °C. 

Sensitivities: impact <0.5 J; friction >36 N. 

General Procedure for the Synthesis of the Bis(hydroxymethyl)silanes 6–8: Catalytic 

amounts of acetyl chloride were added dropwise at ambient temperature within 1 min to a 

stirred solution of the respective bis(acetoxymethyl)silane (compounds 9–11) in methanol, 

and the resulting mixture was heated under reflux for 20 h. The solvent was removed under 
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reduced pressure, and the residue was purified as described in the respective protocols 

given below. 

Bis(hydroxymethyl)dimethylsilane, Me2Si(CH2OH)2 (6): This compound was 

synthesized from 9 (9.15 g, 44.8 mmol), methanol (400 mL), and acetyl chloride (563 mg, 

7.17 mmol). The crude product was purified by fractional distillation using a Vigreux 

column to give 6 in 73 % yield as a colourless liquid (3.96 g, 32.9 mmol). Bp.: 65–66 °C / 

0.2 mbar.  

1H NMR ([D6]DMSO): δ = −0.03 (s, 6H, SiCH3), 3.17 (d, 3J(1H,1H) = 4.3 Hz, 4H, SiCH2O), 3.91 

(t, 3J(1H,1H) = 4.3 Hz, 2H, OH); 13C NMR (CDCl3): δ = −6.2 (SiCH3), 51.4 (SiCH2O); 29Si NMR 

(CDCl3): δ = −2.7. Anal.Calcd for C4H12O2Si: C, 39.96; H, 10.06. Found: C, 39.9; H, 9.9. 

1,1-Bis(hydroxymethyl)-1-silacyclopentane, (CH2)4Si(CH2OH)2 (7): This compound was 

synthesized from 10 (3.15 g, 13.7 mmol), methanol (150 mL), and acetyl chloride (142 mg, 

1.81 mmol). The crude product was purified by bulb-to-bulb distillation (85 °C / 0.03 mbar), 

and the resulting colourless liquid was crystallized from acetonitrile (4 mL; slow cooling to 

−20 °C and crystallization over a period of 24 h). The product was isolated by removal of 

the mother liquor via a syringe and then dried in vacuo (0.2 mbar, 20 °C, 2 h) to give 7 in 

60 %yield as a colourless crystalline solid (1.20 g, 8.24 mmol). Mp.: 37−38 °C.  

1H NMR ([D6]DMSO): δ = 0.53–0.59 (m, 4H, β-CH2), 1.49–1.54 (m, 4H, γ-CH2), 3.27 (d, 
3J(1H,1H)=4.4 Hz, 4H, SiCH2O), 3.99 (t, 3J(1H,1H) = 4.4 Hz, 2H, OH); 13C NMR ([D6]DMSO): δ = 

7.6 (β-CH2), 26.8 (γ-CH2), 49.9 (SiCH2O); 29Si NMR ([D6]DMSO): δ = 14.2. Anal. Calcd for 

C6H14O2Si: C, 49.27; H, 9.65. Found: C, 49.3; H, 9.6. 

1,1-Bis(hydroxymethyl)-1-silacyclohexane, (CH2)5Si(CH2OH)2 (8): This compound was 

synthesized from 11 (6.04 g, 24.7 mmol), methanol (370 mL), and acetyl chloride (558 mg, 

7.11 mmol). The crude product was crystallized from acetonitrile (15 mL; slow cooling to 

−20 °C and crystallization over a period of 24 h). The product was isolated by removal of 

the mother liquor via a syringe and then dried in vacuo (0.1 mbar, 20 °C, 3 h) to give 8 in 

70 % yield as a colourless crystalline solid (2.76 g, 17.2 mmol). Mp.: 39–40 °C.  

1H NMR ([D6]DMSO): δ = 0.60–0.64 (m, 4H, β-CH2), 1.30–1.38 (m, 2H, δ-CH2), 1.58–1.67 (m, 

4H, γ-CH2), 3.25 (d, 3J(1H,1H) = 4.4 Hz, 4H, SiCH2O), 3.99 (t, 3J(1H,1H) = 4.4 Hz, 2H, OH); 13C 
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NMR ([D6]DMSO): δ = 7.9 (β-CH2), 24.1 (δ-CH2), 29.5 (γ-CH2), 49.6 (SiCH2O); 29Si NMR 

([D6]DMSO): δ = −7.7. Anal. Calcd for C7H16O2Si: C, 52.45; H, 10.06. Found: C, 52.1; H, 9.8.  

General Procedure for the Synthesis of the Bis(acetoxymethyl) silanes 9–11: The 

respective bis(chloromethyl)silane [16] was added in a single portion at ambient 

temperature to a stirred suspension of sodium acetate (3 mol equiv) in N,N-

dimethylformamide, and the resulting mixture was then stirred under reflux for 18 h. The 

solvent was removed by distillation (45 °C / 10 mbar), diethyl ether (200 mL) and water 

(200 mL) were added to the residue, the organic layer was separated, and the aqueous 

phase was extracted with diethyl ether (2 × 200 mL) and then discarded. The combined 

organic extracts were dried over anhydrous sodium sulphate, the solvent was removed 

under reduced pressure, and the residue was purified by bulb-to-bulb distillation. 

Bis(acetoxymethyl)dimethylsilane, Me2Si(CH2OAc)2 (9): This compound was 

synthesized from bis(chloromethyl)dimethylsilane [16] (9.00 g, 57.3 mmol), sodium acetate 

(14.1 g, 172 mmol), and N,N-dimethylformamide (95 mL) to give 9 in 79 % yield as a 

yellowish liquid (9.29 g, 45.5 mmol).  

1H NMR (CDCl3): δ = 0.09 (s, 6H, SiCH3), 1.99 (s, 6H, C(O)CH3), 3.78 (s, 4H, SiCH2O); 13C NMR 

(CDCl3): δ = −6.1 (SiCH3), 20.6 (C(O)CH3), 55.3 (SiCH2O), 171.6 (C(O)CH3); 29Si NMR (CDCl3): 

δ = −7.7. Anal. Calcd for C8H16O4Si: C, 47.03; H, 7.89. Found: C, 46.8; H, 7.9. Bp.: 55 °C / 

0.2 mbar. 

1,1-Bis(acetoxymethyl)-1-silacyclopentane, (CH2)4Si(CH2OAc)2 (10): This compound 

was synthesized from 1,1-bis(chloromethyl)-1-silacyclopentane [16] (9.13 g, 49.8 mmol), 

sodium acetate (12.5 g, 152 mmol), and N,N-dimethylformamide (80 mL) to give 10 in 76 % 

yield as a yellowish liquid (8.77 g, 38.1 mmol).  

1H NMR (CDCl3): δ = 0.59–0.64 (m, 4H, β-CH2), 1.51–1.56 (m, 4H, γ-CH2), 1.98 (s, 6H, 

C(O)CH3), 3.85 (s, 4H, SiCH2O); 13C NMR (CDCl3): δ = 8.9 (β-CH2), 20.5 (C(O)CH3), 26.8 (γ-

CH2), 54.9 (SiCH2O), 171.7 (C(O)CH3); 29Si NMR (CDCl3): δ = 14.9. Anal. Calcd for C10H18O4Si: 

C, 52.15; H, 7.88. Found: C, 52.0; H, 7.9. Bp.: 85 °C / 0.4 mbar.. 

1,1-Bis(acetoxymethyl)-1-silacyclohexane, (CH2)5Si(CH2OAc)2 (11): This compound 

was synthesized from 1,1-bis(chloromethyl)-1-silacyclohexane [16] (10.0 g, 50.7 mmol), 



III. Sila-Substitution of Alkyl Nitrates    

 65 

sodium acetate (12.5 g, 152 mmol), and N,N-dimethylformamide (80 mL) to give 11 in 87 % 

yield as a yellowish liquid (10.8 g, 44.2 mmol).  

1H NMR (CDCl3): δ = 0.67–0.72 (m, 4H, β-CH2), 1.34–1.41 (m, 2H, δ-CH2), 1.61–1.69 (m, 4H, 

γ-CH2), 1.99 (s, 6H, C(O)CH3), 3.87 (s, 4H, SiCH2O); 13C NMR (CDCl3): δ = 8.5 (β-CH2), 20.7 

(C(O)CH3), 24.0 (δ-CH2), 29.3 (γ-CH2), 54.0 (SiCH2O), 171.6 (C(O)CH3); 29Si NMR (CDCl3): δ = 

−7.7. Anal. Calcd for C11H20O4Si: C, 54.07; H, 8.25. Found: C, 53.7; H, 8.1. Bp.: 90 °C / 

0.2 mbar. 
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Silicon-Containing Explosives: Syntheses and Sensitivity Studies of 
(Azidomethyl)-, Bis(azidomethyl)-, and Tris(azidomethyl)silanes 
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Abstract: A series of 
(azidomethyl)silanes [Me3Si-
CH2N3 (1b), Me2Si(CH2N3)2 (2b), 
MeSi(CH2N3)3 (3b), (CH2)4Si-
(CH2N3)2 (4b), and (CH2)5Si-
(CH2N3)2 (5b)] was synthesized, 
starting from the corresponding 
(chloromethyl)-silanes 1a–3a or 
(iodomethyl)-silanes 4a and 5a. 

Compounds 1b–5b were 
characterized by NMR, IR, and 
Raman spectroscopy. The thermal 
stabilities of the 
(azidomethyl)silanes 1b–5b were 
investigated by DSC, and their 
impact and friction sensitivities 
were measured with standard BAM 
methods. According to these 

studies, the tris(azidomethyl)silane 
3b has to be classified as an 
extremely sensitive compound. 

Keywords: azides • energetic 
materials • sensitivity • silanes • 
silicon 

 

Introduction 

Azides are important precursors for the generation of a broad range of functional groups in 

synthetic organic chemistry, such as amines, triazoles, and tetrazoles.[1] (Azidoalkyl)silanes 

of the formula type R3Si(CH2)nN3 (n = 1–3) are known for decades.[2] Due to serious 

explosions by distillation during the purification process, the explosive behaviour of 

(azidomethyl)silanes was discovered early.[3,4] They can serve as precursors in the 

synthesis of (aminomethyl)silanes, which have been used as ligands for the development of 

platinum-based anticancer drugs.[3–5] 

Azides are commonly used as high energetic 

compounds in civil and military applications. 

Examples are the ionic lead azide and the high 

energetic polymeric binder GAP (glycidyl azide 

polymers), which contains covalently bound azido 

groups.[6] In general, ionic azides are often less 

sensitive towards friction, impact, and thermal stimuli 

than covalent azides. Thus, due to the covalent 
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 Supporting information for this article (images of the NMR 
spectra of the compounds 1b-5b) is available on the WWW 
under http://dx.doi.org/10.1002/zaac.201100549 or from 
the authors. 
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character of (azidomethyl)silanes, high sensitivities towards friction, impact, and thermal 

stimuli are to be expected for this class of compounds. And indeed, 

(azidomethyl)trimethylsilane (1b), bis(azidomethyl)dimethylsilane (2b), and 

tetrakis(azido-methyl)silane [Si(CH2N3)4] have been reported to be hazardous 

explosives.[3,4,7] 

In continuation of our recently published study on a series of related 

(nitratomethyl)silanes,[8] we have synthesized the (azidomethyl)silanes 1b–5b and have 

characterized these compounds systematically in terms of thermal stability as well as 

friction and impact sensitivity (see Scheme 4.1). The syntheses of 1b,[4,9] 2b,[3,4] 4b,[4] 

and 5b[5] have already been described elsewhere; however, in this study we have modified 

the synthetic methods. 

Scheme 4.1. (Azidomethyl)silanes 1b–5b synthesized and characterized in this study. 

Results and Discussion 

Syntheses: The (azidomethyl)silanes 1b–5b were synthesized according to Scheme 4.2 and 

Table 4.1, starting from the corresponding (chloromethyl)silanes 1a–3a or 

(iodomethyl)silanes 4a and 5a. The (chloromethyl)silanes 1a and 2a were commercially 

available, whereas 3a was prepared according to ref. [10]. The (iodomethyl)silanes 4a and 

5a were also synthesized according to the literature, starting from the corresponding 

(chloromethyl)silanes.[10–14] 

For the synthesis of (azidomethyl)silanes by reaction of the corresponding 

(chloromethyl)silanes with sodium azide, various aprotic solvents have been used, such as 
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acetone, DMF, sulfolane, HMPA, and DMPU.[3,4,7,9,15–18] In this study, the acyclic 

(azidomethyl)silanes 1b–3b were synthesized by treatment of the corresponding 

(chloromethyl)silanes 1a–3a with an excess of sodium azide using DMF (1b) or acetonitrile 

(2b, 3b) as the solvent (Scheme 4.2, Table 4.1). The cyclic (azidomethyl)silanes 4b and 5b 

were prepared by treatment of the corresponding (iodomethyl)silanes 4a and 5a with an 

excess of silver azide using acetonitrile as the solvent (Scheme 4.2, Table 4.1). In order to 

prevent the risk of handling the explosive compounds by extraction in a separation funnel, 

it is recommended to extract by stirring the reaction mixture in the reaction vessel with n-

pentane and removing the pentane phase. The compounds 1b–5b should not be distilled; 

only the solvents are removed by distillation! Compounds 1b–5b were isolated as pure 

liquid products in high yields. Their identities were established by multinuclear NMR 

spectroscopy as well as IR and Raman spectroscopy. 

Scheme 4.2. Syntheses of the (azidomethyl)silanes 1b–5b. 

Table 4.1. Syntheses of compounds 1b–5b: Reaction conditions and yields.[a] 

Starting Material Azide Source Solvent Temperature Product Yield 

1a NaN3 DMF 70 °C 1b 79% 
2a NaN3 CH3CN 82 °C[b] 2b 92% 
3a NaN3 CH3CN 82 °C[b] 3b 94% 
4a AgN3 CH3CN 25 °C[c] 4b 96% 
5a AgN3 CH3CN 25 °C[c] 5b 91% 

[a] Reaction time 24 h; [b] reflux.; c] light exclusion. 
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Si
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Table 4.2. 14N, 15N, and 29Si chemical shifts of compounds 1b–5b in CDCl3.[a] 

 δNα
 δNβ δNγ δ29Si 

1b −320.2 −131.4 −173.3 3.2 
2b −321.0 −131.0 −172.6 3.3 
3b −321.8 −131.3 −170.6 1.5 
4b −321 

[400] 
−131 [30] −172 [100] 18.9 

5b −320 
[200] 

−131 [30] −172 [100] −1.8 

[a] δ values are given in ppm; the half-linewidth of the 14N resonance signals [Hz] is given in brackets. For 

further details, see Experimental Section. 

NMR Analyses: Compounds 1b–5b were characterized by 1H, 13C, 14N, 15N (1b–3b only), 

and 29Si NMR spectroscopy (see Experimental Section and Table 4.2). 

The chemical shifts of the Nβ atoms of the azido groups of 1b–5b are virtually 

independent from the substitution pattern at the silicon atom (δ = –131 ppm). The same 

holds true for the chemical shifts of the Nα nitrogen atoms (δ = –320 to –322 ppm). The 

chemical shifts of the Nγ nitrogen atoms are in the range δ = –171 to –173 ppm, with a small 

high-field shift with increasing number of azido groups. 

The 29Si chemical shifts of 1b (δ = 3.2 ppm) and 2b (δ = 3.3 ppm) are very similar, 

whereas a high-field shift was observed for the tris(azidomethyl)silane 3b (δ = 1.5 ppm). 

This trend fits nicely with the 29Si chemical shift observed for tetrakis(azidomethyl)silane 

[Si(CH2N3)4] (δ = –2.1 ppm).[7] The large differences in the 29Si chemical shifts of the acyclic 

bis(azidomethyl)silane 2b (δ = 3.3 ppm) and the cyclic bis(azidomethyl)silanes 4b (δ = 

18.9 ppm) and 5b (δ = –1.8 ppm) are probably due to the cyclic nature of compounds 4b 

and 5b and the different geometry of their five- and six-membered ring systems. 

Vibrational spectroscopy: As shown for a series of organic azides, the substituents of 

which cover the range of electropositive to electronegative, the strong absorption of the 

asymmetric azide stretching vibration in the IR spectra is found in the region of 2114 to 

2083 cm–1, whereas the symmetric azide stretching vibration is observed at 1297–1256 cm–

1.[19] For the (azidomethyl)silanes 1b–5b, the respective IR vibrations were found in the 

ranges 2089–2083 cm–1 (νas, strongest absorption) and 1290–1285 cm–1 (νs). In the Raman 

spectra, a weak broad emission band at 2092 cm–1 (νas) was observed, whereas the νs 



VI. Azidomethyl Silanes    

 75 

vibration could be hardly seen as a very weak band within a group of other identified 

emission bands. 

The thermal stabilities of the (azidomethyl)silanes 1b–5b were studied by differential 

scanning calorimetry (DSC). In addition, their impact and friction sensitivities were 

measured with standard BAM methods.  

As shown by the DSC studies, compound 1b boils at 129 °C without decomposition, 

whereas 2b–5b did not show a discrete boiling point, but decomposed in the temperature 

range 130–137 °C (onset point in the DSC experiments, heating rate 5 °C min–1). As the 

decomposition areas were relatively broad, exact decomposition points cannot be given 

(appreciable decomposition was already observed at ca. 120 °C). Generally, the thermal 

stabilities of the compounds studied appear to be very similar and independent from the 

number of azidomethyl groups, suggesting that the decomposition is initiated at the 

azidomethyl moieties (for example N2 elimination) 

Table 4.3. Impact and friction sensitivities of compounds 1b–5b. 

Compound Impact Sensitivity 

[J][a] 

Friction Sensitivity 

[N][b] 

1b >40 192 
2b 9 60 
3b <1 <5 
4b 40 48 
5b >40 60 

[a] The impact sensitivity tests were carried out according to STANAG 4489[20] modified instruction[21] 

using a BAM drophammer[22]; [b] the friction sensitivity tests were carried out according to STANAG 

4487[23] modified instruction[24] using a BAM friction tester. 

Physical Properties: Impact and friction sensitivity experiments are established 

methods to study the explosive behaviour and safety provisions of compounds. The impact 

and friction sensitivities of 1b–5b are given in Table 4.3. 

As can be seen from Table 4.3, the impact sensitivities of the acyclic compounds 1b–3b 

strongly correlate with the number of the azidomethyl groups, the tris(azidomethyl)silane 

3b showing the highest sensitivity. Comparison of the three bis(azidomethyl)-silanes 2b, 4b, 

and 5b reveals that the two organyl substituents also affect the impact sensitivity. The more 
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strained five-membered ring compound 4b shows a higher sensitivity than the six-

membered analogue 5b. 

Some of the trends observed for the impact sensitivities of compounds 1b–5b were also 

found for their friction sensitivities (Table 4.3): The tris(azidomethyl)silane 3b in much 

more sensitive toward friction than all the other compounds studied, and 1b with its one 

azidomethyl group is much less sensitive than the bis- or tris(azidomethyl)silanes 2b–5b. 

However, in contrast to the different impact sensitivities of the three 

bis(azidomethyl)silanes 2b, 4b, and 5b, the friction sensitivities of these compounds are in 

the same range. In this context it is important to note that all compounds were quickly 

soaked by the porcelain plate that was used as the sample holder (the soaking velocity is 

strongly dependent on the viscosity of the test compounds). This behaviour has a significant 

influence on the friction sensitivity leading to a decrease in sensitivity. The unexpected low 

friction sensitivity of 2b might be explained by its fast diffusion into the porcelain plate. 

In summary, concerning the classification of UN Recommendation on the Transport of 

Dangerous Goods,[25] the (azidomethyl)silane 1b is a less sensitive compound with respect 

to impact and friction. The cyclic bis(azidomethyl)silanes 4b and 5b are both sensitive 

toward impact and friction, whereas the acyclic bis(azidomethyl)silane 2b is very sensitive. 

The tris(azidomethyl)-silane 3b is clearly classified as an extremely sensitive compound. 

Conclusion 

The (azidomethyl)silanes 1b–5b were synthesized from the corresponding (chloromethyl)- 

or (iodomethyl)silanes 1a–5a by treatment with sodium azide and silver azide, respectively. 

The tris(azidomethyl)silane 3b was synthesized for the first time and was characterized as 

a highly sensitive energetic material. All compounds synthesized were characterized by 

multinuclear NMR spectroscopy as well as IR and Raman spectroscopy. The thermal 

decomposition pathway of 1b–5b is supposed to be ignited at the azidomethyl groups. As 

all compounds studied are more or less sensitive against impact and friction (1b: less 

sensitive; 2b: very sensitive; 4b and 5b: sensitive; 3b: extremely sensitive), they should be 

handled with care, especially if the pure compounds are heated or are in contact with 

metals (catalytic decomposition can not be excluded). 
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Experimental Section 

Caution! Azides are sensitive and represent energetic materials; therefore, they must be 

handled with care! During the work with (azidomethyl)silanes, wearing leather jacket, face 

shield, steel-reinforced Kevlar gloves, ear protection, and electrically grounded shoes is 

mandatory. Only electrically grounded and metal-free equipment was used during the 

syntheses.  

Acetonitrile, DMF, n-pentane (Aldrich), sodium azide (ACROS ORGANICS), 

(chloromethyl)trimethylsilane, and bis(chloromethyl)dimethylsilane (ABCR) were used as 

received. Fresh silver azide was synthesized according to known procedures and was 

stored under light exclusion.  

The 1H, 13C{1H}, 14N, 15N, and 29Si{1H} NMR spectra were recorded in CDCl3 at 25 °C using a 

Jeol 400 Eclipse FT-NMR spectrometer operating at 400.2 (1H), 100.6 (13C), 28.9 (14N), 40.6 

(15N), or 79.5 MHz (29Si). Chemical shifts (ppm) are given with respect to TMS (1H, 13C, 29Si) 

or MeNO2 (14N, 15N). Infrared (IR) spectra were recorded at 25 °C on a Perkin-Elmer 

Spectrum BXII FT-IR instrument equipped with a Diamant-ATR Dura Sampler. Raman 

spectra were recorded at 25 °C on a Bruker RAMII Raman instrument (λ = 1064 nm, 

200 mW, 25 °C) equipped with a D418-T Detector at 200 mW. Melting, boiling, and 

decomposition points (Tonset) were determined by differential scanning calorimetry (DSC; 

Perkin-Elmer Pyris 6 DSC, calibrated by standard pure indium and zinc, 5 °C min−1). 

Measurements were performed at a heating rate of β = 5 °C min–1 in closed aluminium 

containers with a hole (1 μm) on the top for gas release with a nitrogen flow of 5 mL min−1. 

The reference sample was a closed aluminium container with air. Impact and friction 

sensitivity experiments were performed with a drophammer setup and a friction device 

according to BAM standards (Bundesanstalt für Materialforschung und -prüfung).[22] 

Elemental analyses of the (azidomethyl)silanes synthesized were not performed because of 

their explosive properties.  

(Azidomethyl)trimethylsilane (1b): A mixture of (chloromethyl)trimethylsilane (0.25 g, 

2.04 mmol), sodium azide (0.66 g, 10.2 mmol), and DMF (10 mL) was stirred at 70 °C for 

24 h. After cooling the mixture to ambient temperature, water (20 mL) and n-pentane 

(10 mL) were added, and the resulting two-phase system was vigorously stirred. The n-
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pentane phase was isolated by decantation, and the aqueous phase was extracted with n-

pentane (4 x 10 mL; isolation of the n-pentane phases by decantation). The combined n-

pentane phases were dried over anhydrous sodium sulphate, and the solvent was removed 

by distillation (50 °C, atmospheric pressure) to afford 1b in 79 % yield (0.21 g) as a 

colourless liquid. 

1H NMR (CDCl3): δ = 2.72 (s, 2H, CH2), 0.08 (s, 9H, 2JH,Si = 6.6 Hz, CH3) ppm; 13C{1H} NMR 

(CDCl3): δ = 42.1 (s, 1JC,Si = 51.8 Hz, CH2), −2.6 (s, 1JC,Si = 51.8 Hz, CH3) ppm; 14N NMR (CDCl3): 

δ = −131 (Nβ, ν1/2 = 24 Hz), −174 (Nγ, ν1/2 = 64 Hz), −321 (Nα, ν1/2 = 351 Hz) ppm; 15N NMR 

(CDCl3): δ = −131.4 (Nβ), −173.3 (Nγ), −320.2 (Nα) ppm; 29Si{1H} NMR (CDCl3): δ = 3.2 ppm; 

IR (neat): ν~  = 2959 (vw), 2899 (w), 2187 (w), 2089 (vs), 1410 (w), 1290 (w), 1250 (m), 839 

(vs), 762 (w), 701 (w), 662 (vw), 629 (vw) cm−1; Raman: ν~  = 2962 (50), 2902 (100), 2091 

(6), 1417 (5), 1289 (4), 1264 (4), 1182 (4), 701 (2), 590 (10) cm−1; DSC: 128.6 °C (bp.). 

Bis(azidomethyl)dimethylsilane (2b): A mixture of  bis(chloromethyl)dimethylsilane 

(0.25 g, 1.59 mmol), sodium azide (1.04 g, 16.0 mmol), and acetonitrile (10 mL) was heated 

under reflux for 24 h. After cooling the mixture to ambient temperature, it was extracted 

with n-pentane (5 x 10 mL; isolation of the n-pentane phases by decantation). The n-

pentane phases were combined, and the solvent was removed in vacuo to afford 2b in 92 % 

yield (0.25 g) as a colourless liquid.  

1H NMR (CDCl3): δ = 2.88 (s, 4H, 0.18 (s, 6H, 2JH,Si = 6.2 Hz, CH3) ppm; 13C{1H} NMR (CDCl3): δ 

= 39.8 (s, 1JC,Si = 55.0 Hz, CH2), −5.1 (s, 1JC,Si = 52.9 Hz, CH3) ppm; 14N NMR (CDCl3): δ = −131 

(Nβ, ν1/2 = 28 Hz), −172 (Nγ, ν1/2 = 103 Hz), −323 (Nα, ν1/2 = 198 Hz) ppm; 15N NMR (CDCl3): δ 

= −131.0 (Nβ), −172.6 (Nγ), −321.0 (Nα) ppm; 29Si{1H} NMR (CDCl3): δ = 3.3 ppm; IR (neat): 

ν~  = 2961 (w), 2897 (vw), 2186 (vw), 2088 (vs), 1411 (w), 1289 (w), 1257 (m), 1229 (w), 

836 (m) cm−1; Raman: ν~  = 2964 (45), 2904 (100), 2092 (10), 1289 (5), 1258 (4), 1225 (4), 

1183 (25), 901 (4), 565 (3), 503 (7) ppm; DSC: 137.3 °C (dec.). 

Tris(azidomethyl)methylsilane (3b): A mixture of tris(chloromethyl)methylsilane 

(0.25 g, 1.31 mmol), sodium azide (1.70 g, 26.1 mmol), and acetonitrile (10 mL) was heated 

under reflux for 24 h. After cooling the mixture to ambient temperature, it was extracted 

with n-pentane (5 x 10 mL; isolation of the n-pentane phases by decantation). The n-
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pentane phases were combined, and the solvent was removed in vacuo to afford 3b in 94 % 

yield (0.26 g) as a colourless liquid.  

1H NMR (CDCl3): δ = 3.04 (s, 6H, 2JH,Si = 5.5 Hz, CH2), 0.29 (s, 3H, 2J(1H,29Si) = 6.3 Hz, CH3) 

ppm; 13C{1H} NMR (CDCl3): δ = 34.7 (s, 1JC,Si = 57.1 Hz, CH2), −7.8 (s, 1JC,Si = 54.4 Hz, CH3) 

ppm; 14N NMR (CDCl3): δ = −132 (Nβ, ν1/2 = 33 Hz), −171 (Nγ, ν1/2 = 137 Hz), −320 (Nα, ν1/2 = 

209 Hz) ppm; 15N NMR (CDCl3): δ = −131.3 (Nβ), −170.6 (Nγ), −321.8 (Nα) ppm; 29Si{1H} 

NMR (CDCl3): δ = 1.5 ppm; IR (neat): ν~  = 2962 (vw), 2890 (w), 2083 (vs), 1633 (w), 1408 

(m), 1285 (m), 1260 (m), 1233 (m), 1070 (m), 911 (w), 825 (m), 802 (m) ppm; Raman: ν~  = 

2964 (35), 2903 (100), 2092 (15), 1413 (10), 1286 (8), 1231 (8), 1180 (10), 900 (7), 561 

(8) cm−1; DSC: 136.7 °C (dec.). 

1,1-Bis(azidomethyl)-1-silacyclopentane (4b): A mixture of bis(iodomethyl)-1-

silacyclopentane (0.37 g, 1.01 mmol), silver azide (0.76 g, 5.07 mmol), and acetonitrile 

(5 mL) was stirred at ambient temperature for 24 h under light exclusion. The suspension 

was extracted with n-pentane (5 x 10 mL; isolation of the n-pentane phases by decantation), 

the n-pentane phases were combined, and the solvent was removed in vacuo to afford 4b in 

96 % yield (0.19 g) as a colourless liquid.  

1H NMR (CDCl3): δ = 2.99 (s, 4H, CH2N3), 1.68−1.62 (m, 4H, β-CH2), 0.79−0.73 (m, 4H, α-CH2) 

ppm; 13C{1H} NMR (CDCl3): δ = 38.0 (s, 1JC,Si = 51.9 Hz, CH2N3), 26.9 (s, β-CH2), 9.0 (s, 1JC,Si = 

52.9 Hz, α-CH2) ppm; 14N NMR (CDCl3): δ = −131 (Nβ, ν1/2 = 27 Hz), −172 (Nγ, ν1/2 = 108 Hz), 

−321 (Nα, ν1/2 = 384 Hz) ppm; 29Si{1H} NMR (CDCl3): δ = 18.9 ppm; IR (neat): ν~  = 2934 (m), 

2857 (w), 2084 (vs), 1452 (vw), 1406 (m), 1286 (m), 1229 (w), 1076 (m), 1030 (w), 1018 

(w), 909 (vw), 858 (w), 821 (m), 787 (w) cm−1; Raman: ν~  = 2939 (100), 2897 (80), 2092 

(11), 1452 (8), 1409 (9), 1251 (6), 1019 (5), 945 (4), 850 (10), 580 (6), 516 (11) cm−1; DSC: 

130.1 °C (dec.). 

1,1-Bis(azidomethyl)-1-silacyclohexane (5b): A mixture of bis(iodomethyl)-1-

silacyclohexane (0.36 g, 0.95 mmol), silver azide (0.76 g, 5.07 mmol), and acetonitrile 

(5 mL) was stirred at ambient temperature for 24 h under light exclusion. The suspension 

was extracted with n-pentane (5 x 10 mL; isolation of the n-pentane phases by decantation), 

the n-pentane phases were combined, and the solvent was removed in vacuo to afford 5b in 

91 % yield (0.18 g) as a colourless liquid.  
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1H NMR (CDCl3): δ = 2.96 (s, 4H, CH2N3), 1.76−1.67 (m, 4H, β-CH2), 1.48−1.40 (m, 2H, λ-CH2), 

0.82−0.77 (m, 4H, α-CH2) ppm; 13C{1H} NMR (CDCl3): δ = 37.9 (s, 1JC,Si = 52.9 Hz, CH2N3), 

29.4 (s, γ-CH2), 24.1 (s, β-CH2), 9.1 (s, 1JC,Si = 50.9 Hz, α-CH2) ppm; 14N NMR (CDCl3): δ = 

−131 (Nβ, ν1/2 = 31 Hz), −172 (Nγ, ν1/2 = 103 Hz), −320 (Nα, ν1/2 = 187 Hz) ppm; 29Si{1H} NMR 

(CDCl3): δ = −1.8 ppm; IR (neat): ν~  = 2918 (m), 2855 (w), 2084 (vs), 1446 (w), 1406 (w), 

1288 (m), 1230 (w), 1182 (m), 991 (w), 910 (m), 781 (m) cm−1; Raman: ν~  = 2934 (98), 

2886 (100), 2886 (85), 2092 (12), 1449 (8), 1408 (8), 1292 (8), 1181 (8), 1008 (7), 908 (8), 

797 (10), 565 (10) cm−1; DSC: 133.9 °C (dec.). 
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Hexakis(azidomethyl)- and 
Hexakis(nitratomethyl)-
disiloxanes 

 Hexakis(halogenomethyl)disilo
xanes (X=Cl, Br, I) are 
precursors of energetic 
hexakis(azidomethyl)- and 
hexakis(nitratomethyl) disil- 

oxanes (see figure). Their 
remarkable sensitivity is 
discussed and a decomposition 
pathway is proposed. 
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Abstract: Investigations on 
substituted hexamethyl 
disiloxanes [(XCH2)3Si)2O with X 
= F, Cl, Br, I, N3, ONO2) are 
reported in this study. New 
synthetic routes for the 
precursor hexakis(chloro-
methyl)disiloxane are presented. 
The products with X = Cl, Br, I, 
N3 were characterized by NMR, 
IR and Raman spectroscopy. In 
addition, the single crystal 
structures of X = Cl, Br, I are 
discussed in detail.

The compounds containing X = F, 
ONO2 were not obtained pure; 
instead investigations of the 
decomposition products reveal a 
conversion to intermediates. 
Theoretical calculations on 
B3LYP/cc-pVDZ, B3LYP/3-21G, 
MP2/6-31G* and MP2/3-21G level 
of theory of the gas phase 
structures are used to explain the 
chemical and physical behaviour of 
the compounds X = Cl, Br, I, N3, 
ONO2. A new decomposition 
pathway of hexakis(nitratomethyl)-

disiloxane is pointed out and used to 
explain the remarkable instability. 
Energetic properties and values of 
the nitrate and azide derivatives 
were calculated on the CBS-4M level 
of theory and by the improved 
EXPLO5 computer code version 6.01. 

Keywords: silanes • azides • 
halides • explosives • NMR spectro

Introduction 

Azides and nitrate esters are commonly used energetic materials in civil and military 

applications.[1] The most famous examples are lead azide and nitroglycerin (glycerin 

trinitrate). In the late 1960th the first by nitratomethyl esters functionalized silanes were 

published as drug substituting glycerine trinitrate (nitroglycerin) in the field of heart 

disease medication and were proposed as potential 

application for explosives.[2,3] The highly 

explosive character of this kind of compounds has 

been already mentioned, but not studied in detail. 

Since tetrakis(azidomethyl)- and tetrakis-

(nitratomethyl)silane were synthesized and 

described as extremely sensitive compounds in 

2007, first practical thoughts and studies have been 
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under investigation.[4] Especially the nitrate ester was mentioned as an extremely difficult 

to handle explosive material. A comparison with the corresponding carbon analogues 

shows a highly increased sensitivity for the silicon analogues towards impact, friction and 

thermal stimuli.[4] As a consequence, investigations on the characteristics of similar 

compounds with decreased numbers of energetic moieties were performed.[5] 

The first azidomethyl silanes were discussed as starting materials for synthesizing 

aminomethyl silanes as complex ligands for Cisplatin derivatives.[6] Azidomethyl silanes 

have lately become an important building block for surface functionalisation, cycloadditions, 

amination agents of Grignard reagents and biochemical applications.[7,8,9,10] The first 

azidomethyl silane which was studied in terms of energetic properties was the previous 

mentioned tetrakis(azidomethyl)silane.[4] Similar compounds with decreased azide 

contents were studied elsewhere. In comparison, they show lower friction and impact 

sensitivities than corresponding nitratomethyl silanes.[11] 

Hexakis(nitratomethyl)disiloxane was one of the first reported nitratomethyl silanes. 

The compound was mentioned as highly sensitive and explosive material, but no analytical 

data are available. To the best of our knowledge, there is no evidence for an existance of this 

compound. Even for the starting materials hexakis(chloromethyl)- and 

hexakis(iodomethyl)disiloxane there is only weak information available.[2] Some analytical 

data for the corresponding bromo derivative, hexakis(bromomethyl)disiloxane, is available 

in the literature, and it was referred to as a potential fire-resistant material.[12,13,14] The 

chloro and bromo derivatives are known to be synthesized (respectively the precursors 

tris(chloromethyl)chlorosilane and tris(bromomethyl)bromosilane, which convert easily to 

the product by storing at moist air) could be synthesized by using the corresponding 

tetrahalogenosilane and an excess of diazomethane (Scheme 5.1).[12,13] The yields are 

moderate to excellent, related to the corresponding halogenosilane (chloro: 25 % and 

bromo: 99 %), whereas the synthesis of a fluoro derivative using this synthetic route 

failed.[12] Because of the expensive laborious synthesis of diazomethane, in addition to the 

risk of handling diazomethane (explosive and toxic material) a more appropriate synthesis 

would be desirable.[15] Another synthesis to tris(chloromethyl)chlorosilane avoiding 

diazomethane was described.[16] But due to the intricate procedure, high costs and the 

poor overall yield (16 %), this seems not to be efficient.  
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In the following, the compounds hexakis(azidomethyl)- and hexakis(nitratomethyl)-

disiloxane are discussed in terms of syntheses, and physical and mechanical sensitivities. In 

addition, the corresponding halogeno derivatives (Cl, Br, I) were synthesized by more 

effective and more appropriate routes for this type of compounds. 

Scheme 5.1. Routes to synthesize tris(chloromethyl)chlorosilane (respectively hexakis(chloromethyl)-

disiloxane) and hexakis(bromomethyl)disiloxane (yields calculated to SiCl4 and SiBr4).  

Results and Discussion 

Hexakis(chloromethyl)disiloxane (4a) can be obtained via diazomethane and 

tetrachlorosilane. A synthetic route to tris(chloromethyl)-chlorosilane and -methoxysilane 

(2) as precursors to give 4a by hydrolysis, is known,[12,16] but the synthetic efforts limit 

an economic yield. An improved method was used to avoid diazomethane, increasing the 

yield and to establish an easier procedure (Scheme 5.2). Starting with the known synthesis 

of 1,[17] followed by the cleavage of benzene using triflic acid in pentane, methoxylation by 

methanol and triethylamine, and extracting the product by Kugelrohr distillation leads to a 

52 % yield of 2. The disiloxane 4a was obtained in quantitative yield by treating 2 with 

water in the presence of a catalytic amount of sulphuric acid. Overall, 4a was obtained in 

68 % yield (calculated from phenyltrichlorosilane) and using the direct synthetic route 

without purifying 2 in a one-pot synthesis. Furthermore, 4a can be obtained by ethylene 

elimination (supported by hyperconjugating effect and stabilizing of β-silylcarbonium 

CCHH22NN22,,
eetthheerr
−−3355 -- −−4455 °°CC

SSii
CCll

CCll

CCll

SSiiCCll44
CCll

CCHH22NN22,,
eetthheerr
−−2255 -- −−3355 °°CC

SSii CCll

CCll

CCll
CCll

~~2255%%

SSii
OO CCll

CCll

CCll

SSii

CCll

CCll

CCll

HH22OO

110000%%

CCHH22NN22,,
eetthheerr
−−3355 -- 3300 °°CC

SSiiBBrr44
SSii BBrr

BBrr

BBrr
BBrr

9999%%

SSii
OO BBrr

BBrr

BBrr

SSii

BBrr

BBrr

BBrr

HH22OO

nn--BBuuLLii,,
TTEEMMEEDDAA
−−3355 -- −−4455 °°CC

SSiiCCll44

OOMMee

MMeeOO OOMMee

SSiiCCll33

OOMMee

OOMMee

MMeeOO

SSii

OOMMee

OOMMee

MMeeOO

CCll
33

CCHH22BBrrCCll,,
nn--BBuuLLii,, 
TTHHFF
−−6655 °°CC

HHCCll
eetthheerr



V. Hexa-Substituted Disiloxanes     

 87 

intermediate) in chloroethylsilane derivative 3 using sodium hydroxide in methanol.[18] 

Compound 3 is obtained as a major side product in the synthesis of 

tetrakis(chloromethyl)silane.[16] 

Scheme 5.2. Improved synthetic routes to hexakis(chloromethyl)disiloxane (4a) and further substitution 

reactions. 

The bromo derivative 4b was obtained as colourless solid in 92 % by treating 4a with 

lithium bromide and traces of a phase transfer catalyst at 85 °C in n-heptane within 24 h. It 

is advisable to use tri(octyl)methylammonium bromide or 18-crown-6 ether, preferrable 

the latter due to purification reasons.  The compounds 4a and 4b are soluble in most 

common solvents. 

The iodo derivative 4c was obtained as a colourless solid in high yields by refluxing the 

chloro derivative 4a with sodium iodide in acetone and extraction with a large amount of 
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diethyl ether (minimum 4c:diethyl ether 1:1000 w/w). The solubility of 4c in diethyl ether 

and DMA (dimethylacetamide) is low and even worse in ethanol, ethylacetate, acetonitrile, 

dioxane, n-pentane, n- and iso-hexane. It is well soluble in chloroform and THF.  

Attempts to synthesize hexakis(fluoromethyl)disiloxane via several fluoride exchange 

reactions were unsuccessful. Treatment of 4a with NaF, CsF, SbF3 and AgF at ambient 

temperature and 50 °C leads to partially converted compounds with cleaved Si-O-Si bridge 

in the first two cases, which was confirmed by 19F NMR spectroscopy. From these 

experiments the chloride substitution seems to be much slower than the Si-O bond cleavage 

by fluoride ions; instead neutral tetra- and anionic penta-coordinated Si-F species were 

observed. In the case of SbF3 only traces of Si-O cleavage products were found. Reactions of 

4b and 4c with fluorides result in similar products. At ambient temperature the compounds 

4a, 4b and 4c react immediately with silver(I)fluoride to form elemental silver and not as 

hoped to silver halogenides, and many undefined higher siloxanes. Possible reaction 

pathways of silanes with fluorides are described in detail elsewhere.[19] 

The substitution of 4a by azide was first attempted by chloride azide exchange with 

sodium azide. But even at high temperature and with an excess of sodium azide (up to 30 

equivalents per chloride), complete conversion was not observed, due to prior detection of 

decomposition side products. Treatment of the bromo derivative 4b with silver azide in 

acetone at ambient temperature up to gentle heating (40 °C), also led to an uncompleted 

conversion. Already at ambient temperature side products were observed. Full conversion 

to the azido derivative 4d without side products was only observed using the iodo 

derivative 4c as a starting material. But a tenfold excess of silver azide in acetone, a reaction 

time of two weeks and strict exclusion of light is recommended. An extraction is very 

dangerous (as well as for the partially converted raw products), because the solvent has to 

be almost completely removed before solving the residue in a small amount of diethyl ether 

or pentane. The hexakis(azidomethyl)disiloxane (4d) should be handled only in small 

amounts, with extreme care and with full safety equipment! It is advisable to store this 

highly explosive compound as a solution in aprotic solvents such as alkanes. No 

decomposition is observed after one year at 4 °C, which is nicely in perfect agreement with 

the properties of the similar Si(CH2N3)4. [4] 
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Table 5.1. 1H, 13C{1H}, 29Si{1H} and 15N{1H} NMR shifts of 1–3 and 4a–d in CDCl3 and ppm (1H and 13C{1H} 

NMR values are only given for  the RCH2X moiety). 1JC,Si respectively 1JSi,C coupling constants are given in 

brackets [Hz] (discrepancies of the coupling constants due to resolution of the spectra). 

 1H 13C{1H

} 

29Si{1

H} 

15N{1H} (CH2NαNβNγ) 

1[a] 3.30 24.5 (59.3) −8.1 (59.6)  
2[a] 3.07 24.1 (70.6) −4.3 (70.2)  
3[a] 3.08 24.6 (58.1) 0.1 (58.4)  
4a 3.08 24.9 (72.0) −10.6 

(72.1) 
 

4b 2.79 11.0 (72.7) −11.8 
(72.1) 

 

4c 2.45 −19.3 
(67.5) 

−7.6 (66.9)  

4d 3.08 37.7 (68.0) −5.8 (68.0) Nα Nβ Nγ 
−324.1 −131.9 −170.8 

[a] Phenyl, methoxy and chloroethyl resonances are given in the experimental section. 

Hexakis(nitratomethyl)disiloxane (4e) was previously described as a colourless solid, 

which precipitates during the reaction of the iodomethyl derivative 4c with a saturated 

solution of silver nitrate in acetonitrile at ambient temperature.[2] Following this 

procedure, a colourless precipitate was observed, which was identified by NMR 

spectroscopy consisting of a mixture of various unidentifiable 

molecular/oligomeric/polymeric siloxane derivatives with not clearly verifiable 

substituents in the region of below −55 ppm in the 29Si NMR spectrum. In addition, 

nitratomethyl moieties could not be detected in the 14N NMR spectrum in the area of −40 to 

−45 ppm, as is verified by other nitratomethyl silanes.[5] The appearance of equimolar 

amounts of silver iodide and the lack of the characteristic NMR signals of the starting 

material 4c, indicated a complete conversion, but also a fast decomposition of the nitrate 

ester groups into NO2 and siloxanes. The desired product could not be detected by this 

synthetic route (neither in the solution, nor in the precipitate). 

However, the claimed product 4e was characterized as highly explosive in literature![2] 

Even partially substituted silane nitrate esters and partially substituted siloxanes are highly 

sensitive and should be handled with extreme care! Consequently, it remains questionable 

that in ref. [2] the hexanitratomethyl derivative was isolated in a pure form. Most likely 

mixed poly-siloxanes (mainly of the type RSiO3/2 with R = CH2ONO2 and decomposition 

products) were formed with variable amounts of nitratomethyl moieties. Alternatively, 4e 
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was reported to be prepared in a 0.125M dimethylacetamide (DMA) solution.[2] According 

to our findings with DMA, during the reaction time of three days at ambient temperature 

under light exclusion, silver iodide precipitated with immediate formation of NO2 (solution 

changed colour from colourless to bright yellow), which was identified by the 14N NMR 

resonance. Likely, this is similar to the proposed decomposition pathway of 

tetrakis(nitratomethyl)silane (Scheme 5.3).[20,21]  The disadvantage of using 4c and silver 

nitrate is the low solubility of 4c in DMA (and other appropriate solvents). Therefore, 4c 

was found to be an inappropriate starting material. More efficient is a reaction with the 

bromo derivative 4b and silver nitrate, which leads to a fast substitution of bromide with 

nitrate, but also as with 4c, the resulting nitratomethyl disiloxane groups decomposed 

readily within a short time in solution to NO2 and higher siloxanes.  

NMR shifts of all compounds except 4e are given in Table 5.1. The 1H and 13C NMR signals of 

the SiCH2X moiety in 4a, 4b and 4c (X = Cl, Br, I) show the expected high-field shifting in the 

order of Cl < Br < I. The 29Si signals however, do not show this tendency. In the case of X = Cl 

and Br only a small difference is observed, in contrast the iodo derivative shows a strong 

low-field shift probably because of steric reasons. From our previous experience with 

chloro- and azido-methylsilanes, their NMR resonances are in most cases similar,[11] but 

not here in the case with 4a and 4d. In the 29Si NMR spectra the strong low-field shift of 4d 

compared to 4a is likely due to mainly sterical reasons. The value of the coupling constant 
1JC,Si, respectively 1JSi,C, is depending on the substituent R at the Si center of the moiety 

RSi(CH2X)3. With R = phenyl or chloroethyl, the 1JC,Si coupling constant of the CH2X carbon 

was observed around 60 Hz. In the case of oxygen as the R substituent, like methoxy or 

disiloxanes, this coupling constant is slightly higher around 70 Hz. This confirms the fact 

where increased electronegativity of the substituents attached to the silicon atom results in 

an increase of the coupling frequencies.[22] In addition, the influence of the 1JC,Si coupling 

depending on the nature of X and its electronegativity seems to be negligible. The 

substituents iodide and azide show coupling frequencies slightly below 70 Hz. In the case of 

the iodo derivative 4c the electronegativity seems to be the main factor. As known from the 

coupling frequencies of the compounds tris(chloromethyl)methylsilane (1JC,Si  = 57.8 Hz) 

and its corresponding azide (1JC,Si = 57.1 Hz), a similar range is observed.[11] Comparing the 

coupling constants of the corresponding chloro- and azido-methyl disiloxanes 4a and 4d 
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Figure 5.1. The crystallographic structure (top) and the calculated structure on the MP2 level of theory 

(MP2/6-31G*, bottom) of 4a. Electrostatic attraction between the two RSi(CH2Cl)3 moieties, the attractions 

within the moieties RSi(CH2Cl)3 in the crystal structure and in the calculated gas phase structure are given in 

blue dashed lines (solid state: Cl2---H4a:  3.157(1) Ǻ; Cl6---H1a/b: 3.202(1), 3.439(1) Ǻ; Cl1---H3b: 

3.344(2) Ǻ; Cl1---H2aC2: 3.041(1) Ǻ; Cl2---H1bC1: 3.326(1) Ǻ; Cl3---H1a: 3.211(2) Ǻ; Cl4---H5b: 3.324(2) Ǻ; 

Cl4---H6aC6: 3.184(1) Ǻ; Cl5—H4a: 3.047(1) Ǻ; Cl6---H4bC4: 3.198(1) Ǻ; calculated gas phase: Cl3---H5a: 

3.038 Ǻ; Cl3---H6b: 3.221 Ǻ; Cl5---H2b: 3.220 Ǻ; Cl5---H3a: 3.038 Ǻ; Cl1---H2aC2: 3.228 Ǻ; Cl1---H3bC3: 

3.156 Ǻ; Cl2---H1bC1: 3.253 Ǻ; Cl3---H1a: 3.336 Ǻ; Cl4---H5bC5: 3.155 Ǻ; Cl4---H6aC6. 3.228 Ǻ; Cl5---H4a: 

3.337 Ǻ; Cl6---H4bC4: 3.252 Ǻ; ΣvdW(Cl,H) and ΣvdW(Cl,C) radii: 2.95 Ǻ and 3.45 Ǻ).[27] In addition, the 

Newman projection along the Si---Si axes is shown of each structure (Ri = CH2Cl, attractions between the two 

RSi(CH2Cl)3 moieties in blue dashed lines, the position of the bridging oxygen is marked with O).
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with 72.0 Hz and 68.0 Hz, a difference of 4 Hz was found, which can not only be explained 

by electronic effects, but also by sterical and structural differences. The same explanation is 

given for the atypical shift tendencies of the three halogeno derivatives 4a–c. Due to the 

lack of structural information on 4d, an obtuse Si–O–Si angle as it is found for 4c (see X-ray 

structures below), can be postulated. The 15N NMR data for 4d are in the range of other 

azidomethyl silanes.[11] As mentioned before, no definite assignments of shifts in any NMR 

spectrum were possible for 4e.  

All three compounds 4a–c crystallize in the monoclinic space group P 21/n with four 

molecules per unit cell and increasing densities from chlorine to iodine of 1.601, 2.575 

respectively 3.181 g/cm3. The chloro derivative 4a crystallizes in colourless needles just 

below ambient temperature (~25 °C). Colourless crystalline blocks of the bromo derivative 

4b were obtained be recrystallization of the compound with n-pentane. Colourless crystals 

of iodo derivative 4c were obtained by adding acetonitrile to a solution of 4c in THF. 

Additional crystallographic data of 4a, 4b and 4c are given in Table 5.2. Exemplarily, the 

structure of 4a is shown in Figure 5.1; the structures of the isostructural 4b and 4c are 

shown in the Supporting Informations (Figure S1). 

The bond lengths and angles of 4a–c are given in Table 5.3. The bonding situations of all 

three molecules are rather similar. The Si–C bond lengths are for all three cases in average 

similar (4a: 1.861 Ǻ, 4b: 1.872 Ǻ, 4c: 1.863 Ǻ) and in the expected range of Si–C bonds 

(1.87 Ǻ).[23] The Si–O bond lengths are comparable to those in hexamethyldisiloxane 

(1.626 Å) for 4a–c (1.614 Å, 1.619 Å, 1.622 Å), and consequently lie between the calculated 

lengths of Si–O single (1.77 Å) and double bonds (1.53 Å), but in the area of other Si–O 

single bonds found experimentally.[23,24] In the literature, several reasons were discussed 

for the significantly short Si–O bonds, which are closely related to the obtuse α(Si–O–Si) 

angles discussed below.[17,22–25] In the case of 4a and 4b the Si–O bonds are both equal, 

in contrast to 4c where one of the two Si–O bonds is slightly elongated. The C–X bonds of all 

three halogeno derivatives (X = Cl, Br, I) are in the expected range.  

The bond angles of 4a–c are given in Table 5.3. By comparing the angles of the X–C–Si 

moieties for X = Cl, Br and I, it was found, that the angles for X = Cl, Br are with 109.0° 

respectively 109.5° similar (on average), but significantly smaller than for X = I with 111.3° 

(on average). Sterical and in addition electrostatic interactions can be the reason for this 
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trend. The C–Si–O as well as the C–Si–C angles are almost equal on average in all three cases 

(α(C–Si–O): 4a: 108.7°, 4b: 108.5°, 4c: 108.5°; α(C–Si–C): 4a: 110.3°, 4b: 110.4°, 4c: 110.4°). 

Less space requirements of the smaller CH2Cl in comparison to CH2Br and CH2I moieties, 

and the contrary increasing electrostatic repulsion between the chlorine relative to the 

bromine and iodine atoms together lead to the structural differences of compounds 4a–c. In 

contrast to tetra-substituted silicon, which resemble structurally the carbon counterparts, 

disiloxanes show significant differences in the structures with a remarkable obtuse α(Si–O–

Si) angles in comparison to the carbon analogues.[16] Especially the angle in 4c (169.3°) 

was found to be more obtuse than measured for 4a and 4b (161.9° respectively 163.7°). 

Hexakismethyldisiloxane shows an angle of 148.8° and, derived from an AB2 system 

according to the Walsh diagram, the angle will be significantly obtuse for sterical and 

electron-withdrawing substituents at the silicon atom (increased positive charge on the 

silicon atom) compared to the methyl moieties.[24] In contrast, the opposite order is 

observed by increased obtuse angles in 4a–c as expected from the AB2 system in the Walsh 

diagram. Chlorine, the most electronegative in the halogen row of the halogens discussed 

here, shows the most acute angle. The opposite is found for the less electron-withdrawing 

halogen iodine. The percentage of ionic bonding between silicon and oxygen also has an 

influence on the angles and the Si–O bond.[23,25] 

In each structures of 4a–c, electrostatic attractions are observed between the two 

RSi(CH2X)3 moities and within each RSi(CH2X)3 moity. The attractions within each moiety 

fixed the swan-like orientation of the RCH2Cl functions. The attractions between the 

halogens X2 and X6 of one Si(CH2X)3 moiety and with the CH2 group (C4 and C1) located at 

the other Si(CH2X)3 moiety has influence on the twisting and bending along the Si–O–Si axes 

(4a: see Figure 5.1; 4b/c: see Supporting Informations Figure S1). The attractions are 

getting weaker in the order from Cl, Br to I, because of the decreasing polarities of the 

halogen atoms. Due to these attractions the structures are restrained in case of rotations 

along the Si---Si axes and the α(Si–O–Si) bend into the direction of the two electrostatic 

attractions (α(Si–O–Si): 4a: 163.6(2)°, 4b: 169.4(4)°, 4c: 161.9(1)°). Due to the increasing 

electrostatic attraction in the order Cl---CH2 > Br---CH2 > I---CH2, the α(Si–O–Si) becomes 

more acute in the same order by bending out the bridging oxygen in the direction of the C3 

and C5. 
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Exemplarily for all three compounds 4a–c the Newman projection is shown in Figure 5.1. 

The CH2X moieties are ecliptically oriented along the Si---Si axes. The torsion angle θ(C1–

Si1---Si2–C4) (absolute values) increases from 57.9(1)° for 4a, to 59.6(2)° for 4b and to 

60.2 (4)° for 4c and is approximated to the idealised 60° from Cl to I (+syn-clinal). Due to 

the stronger C–H---X contacts, compared to the other halogens (see below), a deviation of 

the torsion angle of the chloro derivative occurs. On each Si atom one CH2X moiety is ±anti-

periplanar twisted from the molecular centre (see θ(O–Si–C–X) of CH2X at the C1 and C4 

atom in Table 3), whereas the other four moieties are twisted to the molecular centre (see 

the torsion angles in Table 3). The numbers of interactions in the crystal structures 

decrease in the order of Cl, Br to I derivative. Especially halogen---H2C interactions decrease 

in this order. Halogen bonds (halogen---halogen) and in addition electrostatic attractions of 

the type CH2---X, were found in all three structures as main intermolecular structural factor 

(see Figure 5.1, Table 5.4, Table S1 and Figure S1 in Supporting Information).[26] 

Table 5.2. Crystallographic data of the compounds 4a–4c. 

 4a 4b 4c 
formula C6H12OSi2Cl6 C6H12OSi2Br6 C6H12OSi2I6 
Mr 369.05 635.80 917.76 
T/K 173(2) 173(2) 173(2) 
λ/Ǻ 0.71073 0.71073 0.71073 
crystal system monoclinic monoclinic monoclinic 
space group P21/n P21/n P21/n 
crystal size/mm 0.58x0.44x0.1 0.25x0.2x0.1 0.09x0.08x0.08 
a/Ǻ 9.0995(8) 9.123(5) 9.3207(7) 
b/Ǻ 13.9423(13) 14.334(5) 15.2823(12) 
c/Ǻ 12.1692(12) 12.666(5) 13.5852(10) 
β/° 98.259(8) 98.030(5) 97.947(7) 
V/Ǻ3 1527.9(2) 1640.1(12) 1916.5(3) 
Z 4 4 4 
ρcalc./g cm−3 1.601 2.575 3.181 
μ/mm−1 1.256 14.811 9.832 
F(000) 744 1176 1608 
2θ range/° 8.40–50.00 8.64–54.00 8.40–52.00 
index ranges −10 ≤ h ≤ 9 

−16 ≤ k ≤ 13 
−13 ≤ l ≤ 14 

−11 ≤ h ≤ 11 
−18 ≤ k ≤ 18 
−16 ≤ l ≤ 16 

−8 ≤ h ≤ 11 
−17 ≤ k ≤ 18 
−16 ≤ l ≤ 11 

reflections collected 6161 17425 6729 
reflection unique 2686 [Rint = 0.0248] 3574 [Rint = 0.0479] 3739 [Rint = 0.0446] 
parameters 136 136 136 
GooF 1.044 1.031 1.056 
R1/wR2 [I>2σ(I)] 0.0424/0.0855 0.0451/0.0899 0.0552/0.0951 
R1/wR2 (all data) 0.0332/0.0790 0.0343/0.0846 0.0415/0.0825 
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Table 5.3. Bond lengths, angles and selected torsion angles of compounds 4a–c obtained by X-ray diffraction 

and calculated data on MP2 level of theory (MP2/6-31G*, respectively for 4c MP2/3-21G, table is continued on 

the next page). 

Crystal structures       
Bond [Å] 4a (X = Cl) 4b (X = Br) 4c (X = I) Angles [°] 4a (X = Cl) 4b (X = Br) 4c (X = I) 
C1–X1 1.795(3) 1.945(5) 2.140(8) X1–C1–Si1 110.7(1) 110.2(3) 111.5(4) 
C2–X2 1.798(3) 1.945(5) 2.164(8) X2–C2–Si1 107.6(1) 107.7(3) 109.5(4) 
C3–X3 1.800(3) 1.940(5) 2.144(10) X3–C3–Si1 108.2(1) 108.6(3) 112.3(4) 
C4–X4 1.793(3) 1.940(5) 2.147(9) X4–C4–Si2 109.0(1) 109.3(3) 113.0(5) 
C5–X5 1.795(3) 1.958(6) 2.150(9) X5–C5–Si2 110.0(1) 109.7(3) 111.6(4) 
C6–X6 1.806(3) 1.945(5) 2.163(8) X6–C6–Si2 108.8(1) 108.8(3) 109.9(4) 
Si1–C1 1.866(3) 1.873(5) 1.865(8) C1–Si1–O1 108.9(1) 109.0(2) 109.1(4) 
Si1–C2 1.861(3) 1.875(6) 1.882(10) C2–Si1–O1 108.3(1) 108.3(2) 108.7(4) 
Si1–C3 1.857(3) 1.864(5) 1.852(8) C3–Si1–O1 108.3(1) 108.2(2) 108.0(4) 
Si2–C4 1.864(3) 1.876(5) 1.867(9) C4–Si2–O1 109.5(1) 109.3(2) 108.6(4) 
Si2–C5 1.862(3) 1.871(5) 1.860(8) C5–Si2–O1 108.7(1) 108.4(2) 107.8(4) 
Si2–C6 1.859(3) 1.871(6) 1.850(10) C6–Si2–O1 108.4(1) 107.9(2) 108.6(4) 
Si1–O1 1.615 (2) 1.619(4) 1.615(6) C1–Si1–C2 111.2(1) 111.6(2) 112.0(4) 
Si2–O1 1.613(2) 1.618(4) 1.628(6) C2–Si1–C3 110.3(1) 109.3(2) 108.1(4) 
Torsion angles [°]   C3–Si1–C1 109.9(1) 110.3(2) 110.8(4) 
X1–C1–Si1–O1 174.3(1) 174.5(2) 175.9(4) C4–Si2–C5 110.4(1) 110.7(2) 110.9(4) 
X2–C2–Si1–O1 −59.7(2) −60.5(3) −61.0(5) C5–Si2–C6 108.4(1) 108.0(2) 108.0(4 
X3–C3–Si1–O1 60.9(2) 58.2(3) 55.4(5) C6–Si2–C4 111.3(1) 112.4(2) 112.7(4) 
X4–C4–Si2–O1 166.9(1) 164.4(2) 163.6(4) Si1–O–Si2 161.9(1) 163.6 (2) 169.4(4) 
X5–C5–Si2–O1 54.1(2) 52.9(3)  55.3(5)     
X6–C6–Si2–O1 −60.6(2) −62.1(3)  −62.4(5)     
C1–Si1---Si2–C4 −57.9(1) −59.6(2) −60.2(4)     
MP2/6-31G* (X = I: MP2/3-21G)      
Bond [Å] (X = Cl)  (X = Br) (X = I) Angles [°] (X = Cl) (X = Br) (X = I) 
C1–X1 1.796 1.970 2.214 X1–C1–Si1 109.5 105.7 111.8 
C2–X2 1.793 1.968 2.212 X2–C2–Si1 110.4 106.3 112.5 
C3–X3 1.799 1.974 2.215 X3–C3–Si1 110.3 106.7 112.2 
C4–X4 1.796 1.970 2.214 X4–C4–Si2 109.5 105.7 111.9 
C5–X5 1.799 1.974 2.215 X5–C5–Si2 110.3 106.6 112.2 
C6–X6 1.793 1.969 2.212 X6–C6–Si2 110.4 106.2 112.5 
Si1–C1 1.880 1.873 1.907 C1–Si1–O1 107.2 108.5 108.8 
Si1–C2 1.885 1.880 1.910 C2–Si1–O1 109.9 107.6 110.2 
Si1–C3 1.891 1.888 1.915 C3–Si1–O1 110.5 109.3 109.8 
Si2–C4 1.880 1.873 1.907 C4–Si2–O1 107.2 108.3 108.6 
Si2–C5 1.891 1.888 1.915 C5–Si2–O1 110.5 109.1 109.8 
Si2–C6 1.885 1.881 1.910 C6–Si2–O1 109.9 107.9 110.4 
Si1–O1 1.651 1.645 1.675 C1–Si1–C2 110.9 110.9 111.0 
Si2–O1 1.651 1.645 1.674 C2–Si1–C3 108.2 110.5 106.7 
Torsion angles θ [°]   C3–Si1–C1 110.1 110.0. 110.4 
X1–C1–Si1–O1 179.5 179.9 −179.7 C4–Si2–C5 110.9 109.9 110.4 
X2–C2–Si1–O1 −58.4 −53.2 −58.7 C5–Si2–C6 108.2 110.9 106.7 
X3–C3–Si1–O1 51.2 51.0 53.8 C6–Si2–C4 110.1 110.7 111.0 
X4–C4–Si2–O1 179.6 180.0 −179.7 Si1–O1–Si2 151.1 154.1 167.8 
X5–C5–Si2–O1 51.3 49.4 53.2     
X6–C6–Si2–O1 −58.3 −51.4 −58.5     
C1–Si1---Si2–C4 −93.3 −95.0 −91.4     
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The CH2X moieties (X = Cl, Br, I) at C3 and C5 are +syn-clinal faced to the central oxygen 

atom (see θ(O–Si–C3/5–X3/5 in Table 5.3). They show a smaller torsion angle (absolute 

value) than the moieties of CH2X with C2 and C6 showing intramolecular interactions, 

which as well are twisted from the opposite direction −syn-clinal to the central oxygen (see 

θ(O–Si–C3/5–X2/6 in Table 5.3). Twenty C–H---Cl contacts (ΣvdW(Cl,H) and ΣvdW(Cl,C) 

radii: 2.95 Ǻ and 3.45 Ǻ; 2.823(2) Ǻ to 3.015(1) Ǻ)[27] and four Cl—Cl halogen bonds to ten 

adjacent molecules were found for one molecule in the crystal structure of 4a. In the case of 

4b, twentysix C–H---Br contacts (ΣvdW(Br,H) and ΣvdW(Br,C) radii: 3.05 Ǻ and 3.55 Ǻ; 

2.893(2) Ǻ to 3.194(1) Ǻ)[27] and six Br---Br halogen bond to eleven adjacent molecules 

were observed. Each molecule in the crystal structure of 4c has sixteen I---H–C contacts 

(ΣvdW(I,H) and ΣvdW(I,C) radii: 3.18 Ǻ and 3.68 Ǻ; 3.106(1) Ǻ to 3.334(1) Ǻ)[27] and ten I-

--I halogen bonds to eleven adjacent molecules (see Table 4). The halogen bonds are often 

strongly influenced and disordered by additional C–H---X interactions to one hydrogen 

atom at the CH2 moiety, attached to the donor halogen atom (see Table 4). Especially the 

halogen bonds at I5 in the structure of 4c are strongly disordered by the I5---I4 and C–H5A-

--I4 interaction. As a consequence, the C–IA---ID (A for acceptor and D for donor) angles of 

the interaction C4–I4A---I5D (145.0(2)°) and C5–I5A---I6D (153.0(2)°) are bent to acute 

angles, which should be in an idealised case near 180°. As expected, chlorine has shorter 

and, relative to the other halogens, stronger C–H---X contacts (X = Cl, Br, I). Observed 

halogen bonds in the crystal structures of 4a–c are weak for chlorine, stronger for iodine 

and strongest for bromine. In the case of chlorine the positive area of the surface potential 

is small (σ-hole).[28] Consequently, only a weak electrostatic attraction can be built to the 

strong negative charge on the surface. Iodine shows a large positive area on the potential 

surface, but only a weak negative surface potential and as a result, weak electrostatic 

interactions. For bromine relatively strong negative charges and large positive σ-holes were 

found for the surface potential and consequently the strongest interactions. In addition, the 

numbers of C–H---X contacts increase from Cl to Br and decrease to iodine, because of the 

polarity and the size of the electron donor. Due to the increasing polarisability of the 

halogen atoms and the increasing sphere of influence, the number of halogen halogen 

interactions grow from Cl to I. 
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Theoretical calculations on MP2/6-31G* and B3LYP/cc-pVDZ level of theory were 

performed with the program Gaussion09 revision C.01.[29] Compound 4c was calculated 

on MP2/3-21G and B3LYP/3-21G level of theory. The structures are almost equal for 4d 

and 4e on MP2/6-31G and B3LYP/cc-pVDZ levels of theory (see Table S3 and S4 in 

Supporting Information). In general, MP2 perturbation theory gives often better results for 

electron correlation, and consequently for molecular interaction than DFT calculations and 

therefore only MP2 values were discussed in here.[30] In exceptional cases DFT values will 

be discussed additionally. The nomenclatures of the atoms are in analogy to those in the 

crystal structures. In the special case of 4d and 4e, the C1 and C4 labels were defined on the 

orientation of the substituent away from the Si---Si axis and show the smallest torsion angle 

(see θ(C1–Si---Si2–C4) in Table 5.3). The calculated bond lengths in gas phase are similar as 

those found in the solid state. Both structures of compound 4a are exemplarily shown for 

4b and 4c in Figure 5.1 (see Figure S1 in Supporting Informations). The bonding situation 

of the two calculated structures of 4d and 4e are resembled to both types of the three 

halogen structures. The average Si–O bond lengths of the five calculated structures decrease 

from 4c > 4d > 4e > 4a > 4b (1.674 Ǻ > 1.666 Ǻ > 1.662 Ǻ > 1.651 Ǻ >1.645 Ǻ). Sterical 

demanding and less electronegative atoms (respectively, less electron withdrawing  

Table 5.4. Distances of donor (D) and acceptor (A) halogen atoms and corresponding angles of halogen 

halogen bonds in the crystal structures of 4a–c. 

D---A D---A distance [Ǻ] C–XD---XA angles [°] C–XA---XD angles [°] 
X = Cl ΣvdW(Cl,Cl) = 3.50 Ǻ[27] 
Cl1---Cl2 [a] 3.589(2) 77.8(8) 172.9(9) 
Cl2---Cl3 3.562(1) 77.2(9) 163.3(9) 
X = Br ΣvdW(Br,Br) = 3.70 Ǻ[27] 
Br1---Br2 [b] 3.622(1) 80.1(1) 174.1(2) 
Br2---Br3 [c] 3.666(1) 75.2(2) 161.4(1) 
Br5---Br6 3.690(2) 97.5(1) 175.2(2) 
X = I ΣvdW(I,I) = 3.96 Ǻ[27] 
I1---I2 3.865(1) 83.3(2) 172.4(2) 
I2---I3 [d] 3.940(1) 76.1(2) 161.0(3) 
I5---I4 [e] 4.117(1) 70.9(2) 145.0(2) 
I5---I6 [f] 3.860(1) 104.0(2) 170.6(2) 
I5---I6’ [f] 4.100(1) 80.8(2) 153.0(2) 

[a] influenced by C–H1a---Cl2 interaction (2.916(1) Ǻ); [b] influenced by C–H1a---Br2 interaction 

(3.114(1) Ǻ); [c] influenced by C–H2a---Br3 interaction (3.019(1) Ǻ); [d] influenced by C–H2a---I3 interaction 

(3.334(1) Ǻ); [e] influenced by C–H5a--I4 interaction (3.191(1) Ǻ); [f] disordered by indirect interactions of 

the type C–H5a---I4 and I5---I4. 
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substituents) at the silicon, result in a Si–O bond elongation,[23] but no clear tendency was 

found in here. It is also in contrast to the situation in the solid state structures. The angles at 

Si–O–Si were calculated in the cases of 4a and 4b with more acute angles than found in the 

crystal structures, except the well fitting results of 4c (MP2 calculation/solid state, 4a: 

151.1°/161.9(1)°; 4b: 154.1°/163.6(2)°; 4c: 167.8°/169.4(4)°). The calculated values for 

α(Si–O–Si) of 4d and 4e are smaller than these found for the other structures, and 

consequently in disagreement to the sterical demanding azido and nitrato functions 

compared to the smaller halogens and their electron repulsion. The calculated structures of 

the halogenated disiloxanes 4a–c show bridging oxygens, which are bent out in the 

opposite direction (Newman projection along Si---Si axes: oxygen between C1 and C4) than 

found in the crystal structures (Newman projection along Si---Si axes: oxygen between C3 

and C5). The reason is based on the anti-parallel conjugation of the H2C3X and H2C5X 

moiety (X2---H2C4 and X6---H2C1), which should create electrostatic intramolecular 

interaction in gas phase. As discussed in the crystallographic part, the large amount of 

intermolecular interactions, which were not considered for the calculations in gas phase, 

was shown to be the main and most influencing factor for the differences in the structures. 

In the three cases of the halogen compounds 4a–c the orientations of the substituents are 

rather similar in solid state and in the calculated gas phase structure. In contrast, the 

orientation of the calculated gas phase structure of the azide and the nitrate ester 4d and 4e 

undergoes highly structural changes compared to the halogen derivatives in both levels of 

theory. One CH2X moiety of each silicon atom, which was bent to the oxygen in the halogen 

structures, is ±anti-periplanar twisted to an orientation pointing away from the central 

oxygen (torsion angles of 4d and 4e θ(O1-Si1–C2-Nα2/Oα3) and θ(O1-Si–C5-Nα5/Oα6) see 

Figure 5.2). In the case of the calculated structure of 4d, interactions between CH2 moieties 

and nitrogen atoms were found (see Figure 5.2). But more interesting are the electrostatic 

attractions between the N---N, O---N and N---Si atoms. As also known from pentaerythrityl 

tetraazide (C(CH2N3)4),[31] two types of N---N interactions are expected to be found in the 

structure of 4d, a anti-parallel bidental Nγ---Nβ/Nβ---Nγ and a perpendicular Nβ/Nβ contact. 

Calculations on B3LYP/6-31G* level of theory already suggested N---N interactions, which 

were developed more precise on MP2/6-31G level of theory. Two different N---N 

interactions were found between Nα1---Nβ3/Nα3---Nβ1 and between Nα5---Nβ4/ Nγ4---Nβ5. 

This Nα---Nβ/Nγ---Nα of the 4 and 5 azido moiety interactions are similar to the anti-parallel 
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Nγ---Nβ/Nβ---Nγ interactions already known from pentaerythrityl tetraazide.[31] The 

interaction between the N1 and N3 azido moiety instead seems to be a mixture between an 

anti-parallel bidental Nα---Nβ/Nα---Nβ and a perpendicular Nβ/Nβ contact. The central 

oxygen atom O1 shows an electrostatic contact to Nβ6. The O1---Nβ6 attraction is based on 

Scheme 5.3. The postulated decomposition mechanisms of Si-PETN calculated by Liu et al.[2] on M06/6-

311G** level of theory (top) was supported by experimental and further theoretical computations (electron 

potential and NBO calculations on B3LYP level of theory). Additional the hitherto not considered 

decomposition pathway based on theoretical results on MP2/6-31G* and B3LYP/cc-pVDZ level of theory 

(bottom). 

the positive surface potential of the Nβ, commonly found by azide moieties and the high 

electron density at O1. In addition, a Nα2---Si2 interaction is created, which bends α(Si–O–

Si) into its direction, supported by two weak N---H interactions (Nα2---H5 and Nα2---H6). 

Due to the Nα2---Si2 interaction, the angles between C4–Si–O1/C5/C6 are acute, relative to 

the corresponding angles at C3–Si2–O1/C1/C2 and the bond length of O1–Si2 is slightly 

elongated. Experimental structures could easily establish interactions between Nγ6 to the 

CH2 moieties C1H2 and C2H2, additionally to the weak Nγ6---Si1 attraction, and 

consequently the angle α(Si–O–Si) becomes more obtuse as calculated in here. Due to the 

unusual conformation of 4d and 4e, intramolecular interactions of the calculated structure 

of 4e are similar to those found in the structure of 4d. 

In addition to the O---N attraction and O---Si contacts, several O---H interactions were found 

in the computed structure of 4e. The O---N attraction was created between O2α and N1. An 

additional O---N contact was built at the bridging oxygen O1 to the electron deficient N6. 

The main influence for the bending direction of α(Si–O–Si) was found in the O---Si 

interaction of O3α and O6γ to Si2, supported by O---H interactions (O3γ---H5/H4 and O6γ---
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H2). The most significant contact, which was found by calculations on B3LYP level of theory, 

was built between O4β and Si1, which within a distance of 2.146 Ǻ is a very strong 

interaction (respectively a weak bond, ΣvdW(O,Si): 3.62 Å, d(Si,O)crys.: 1.61 Å, d(Si,O)calc.: 

1.77 Å)[23,24,27] and caused a significant elongation of the Si1–O1 bond (followed by a 

decreased Si2–O1 bond length). In addition, the bond length of the O4β–N1 bond is 

elongated in comparison to all other bonds of this type in this structure. The angles α(O1–

Si1–C1/C2/C3) decrease typically as it is known from penta-coordinated silicon atoms. In 

the case of the computed structure on MP2 level of theory also a short contact between Oβ4-

--Si1 with a distance of 3.161 Å (ΣvdW(O,Si): 3.62 Å) were found. This result will cause the 

remarkable high decomposition rate mentioned above in comparison to other known 

nitratomethyl silanes without such Si---O2NOR contacts.[4,5] It is expected, that the initial 

step of the decomposition cascade will begin with a different initial step as was postulated 

for tetrakis(nitratomethyl)silane.[20,21] A proposal is given in Scheme 3. The 

decomposition mechanism for Si(CH2ONO2)4 and others begin with an attraction between 

the Si and an Oα of a ONO2 moiety, confirming the attraction to a covalent bonding and 

followed by the cleavage of the Si–C and the O–NO2 bonds. In 4e the decomposition cascade 

will start with the reinforcement of the already relatively strong Si---Oγ interaction. It will 

result in the cleavage of the Si–C and O–NO2 bond and simultaneously create a COγ bond. In 

total, both decomposition pathways will result in the same decomposition product 

(siloxanes). The structural difference of the ONO2 syn or anti-periplanar orientation (see 

torsion angles θ(Si–C–Oα–N) in Figure 5.2) seems to be the main factor for the initiation of 

the decomposition pathway. The θ(Si–C–Oα–N) torsion angles of other common 

nitratomethylsilanes are antiperiplanar in the area of 180° and therefore favouring the 

already studied mechanism (see Scheme 3 top), in contrast to the case of the syn-periplanar 

torsion angle θ(Si1–C1–O1α–N1) of 9°, which probably follows a new mechanism (see 

Schema 3 bottom). Two additional uncommonly −anti- and −syn-clinal twisted ONO2 

moieties were found at 4e (θ(Si2–C4–O4α–N4): −94.3°; θ(Si2–C6–O6α–N6): −57.7°). The 

distances between the oxygens and Si2 are below ΣvdW(O,Si): 3.62 Å[27] with the distances 

of O4β–Si2 (3.467 Å) and O6γ–Si2 (2.912 Å). The first one is disordered by a weak Oα5---N4 

interaction with a distance of 3.153 Å (ΣvdW(N,O): 3.07 Å)[27]. Deriving from the observed 

decomposition rates by handling different nitratomethyl silanes, the Si---Oγ/β initiation 

mechanism seems to be faster entering the decomposition cascade, which is in good 
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Figure 5.2. The calculated gas phase structures of 4d (left) and 4e (right) on the B3LYP/cc-pVDZ (top) and 

MP2/6-31G* (bottom) level of theory. Bending direction of the bridging oxygen (O) is shown in Newman 

projections along Si1---Si2 axes. Electrostatic attraction in the computed structures are given in coloured 

dashed lines: O/N---Si: green; N---N: orange; N---O: blue/red; N/O---H/C: blue (B3LYP/cc-pVDZ: 4d: Nα2---Si2: 

3.713 Å; Nα1---Nβ3: 3.341 Å; Nα5---Nβ4: 3.190 Å; Nα3---C2: 3.252 Å; Nβ6---O1: 3.024 Å; Na2---H4a: 2.877 Å; 

α(Si–O–Si): 149.4 °; Torsion angles: θ(O1–Si1–C1–Nα1): −171.9 °; θ(O1–Si1–C2–Nα2): −50.6 °; θ(O1–Si1–C3–

Nα3): −159.6 °; θ(O1–Si2–C4–Nα4): 172.0 °; θ(O1–Si2–C5–Nα5): −171.1 °; θ(O1–Si2–C6–Nα6): −55.5 °. 4e: Oβ4--

-Si1: 3.153 Å; Oγ7---Si1: 3.795 Å; Oα3---Si2: 3.721 Å; Oβ7---Si2: 3.266 Å; N6---O1: 2.951 Å; Oα2---N3: 3.121 Å; 

Oα5---N5: 3.124 Å; Oα3---C5: 3.241 Å; Oα3---H5b: 2.595 Å; Oβ2---H1a: 2.561 Å; Oβ2---H1b: 2.564 Å; Oγ3---H5b: 

2.7734 Å; Oβ3---H2a: 2.563 Å; Oβ3---H2b: 2.612 Å; Oβ4---H3a: 2.511 Å; Oβ4---H2a: 2.482 Å; α(Si–O–Si): 152.4 °; 

Torsion angles: θ(O1–Si1–C1–Oα2): 171.5 °; θ(O1–Si1–C2–Oα3): 53.8 °; θ(O1–Si1–C3–Oα4): 144.2 °; θ(O1–Si2–

C4–Oα5): 165.2 °; θ(O1–Si2–C5–Oα6): −173.2 °; θ(O1–Si2–C6–Oα7): 15.0 °. MP2/6-31G*: 4d: Nα2---Si2: 

3.517 Å; Nγ6---Si1: 3.519 Å; Nβ1---Nγ3: 3.165 Å; Nα1---Nβ3: 3.178 Å; Nα5---Nβ4: 3.091 Å; Nβ5---Nγ4: 3.209Å; 

Nα3---C2: 3.105 Å; Nα1---C3: 3.245 Å; Nα5---C6: 3.160 Å; Nβ6---O1: 2.837 Å. α(Si–O–Si): 143.2 °; Torsion angles: 

θ(O1–Si1–C1–Nα1): −174.7 °; θ(O1–Si1–C2–Nα2): −54.5 °; θ(O1–Si1–C3–Nα3): −153.3 °; θ(O1–Si2–C4–Nα4): 

179.7 °; θ(O1–Si2–C5–Nα5): −129.8 °; θ(O1–Si2–C6–Nα6): −57.3 °. 4e: Oβ4---Si1: 3.161 Å; Oγ7---Si1: 3.654 Å; 

Oα3---Si2: 3.626 Å; Oβ7---Si2: 3.073 Å; N6---O1: 2.837 Å; Oα2---N3: 2.776 Å; Oα5---N5: 2.772 Å; Oα3---C5: 

3.125 Å; Oβ2---H1a: 2.453 Å; Oα3---H5b: 2.621 Å; Oβ4---H2a: 2.504 Å; Oβ4---H3a: 2.423 Å; Oβ6---H4a: 2.639 Å; 

Oβ6---H5b: 2.293 Å; Oα6---H6a: 2.885 Å; Oα5---H6b: 2.797 Å; Oα7---H3b: 2.560 Å; Oβ7---H1a: 2.424 Å; Oγ7---

H3b: 2.757 Å. α(Si–O–Si): 150.0 °; Torsion angles: θ(O1–Si1–C1–Oα2): 168.5 °; θ(O1–Si1–C2–Oα3): 54.9 °; 

θ(O1–Si1–C3–Oα4): 140.6 °; θ(O1–Si2–C4–Oα5): 166.1 °; θ(O1–Si2–C5–Oα6): −172.6 °; θ(O1–Si2–C6–Oα7): 

8.8 °; (ΣvdW(N,Si): 3.65 Å; ΣvdW(O,Si): 3.62 Å; ΣvdW(N,N): 3.10 Å; ΣvdW(N,O): 3.07 Å; ΣvdW(N,H): 2.75 Å; 

ΣvdW(N,C): 3.25 Å; ΣvdW(O,H): 2.72 Å; ΣvdW(O,C): 3.22 Å) [27]. 
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agreement with the calculated structural results. The reason for establishing a syn-

periplanar torsion angle θ(Si–C–Oα–N) in general will probably be found in the increased 

positive surface potential at the silicon atom found on the averted position to the Si–O bond. 

Electron withdrawing moieties or atoms like O, phenyl etc. will create a stronger positive 

surface potential respectively σ-hole, and consequently a more attractive electrostatic 

interacting area for electron rich atoms such as a Oγ of a nitrate moiety.  

The melting points of compounds 4a–c obtained by DSC experiments (onset), increase as 

expected from ~25 °C to 61.6 °C and 124.7 °C. The azide 4d does not solidify below −25 °C. 

The decomposition temperatures of 4a-c are also increasing in the same order (4a: 170.1 °C, 

4b: 235 °C, 4c: 331.0 °C). The azide 4d decomposes at 143 °C, which is expectively lower 

than the halogen derivatives, but slightly higher than found for other known azidomethyl 

silanes (see Table 5).[11] 

Scheme 5.4. Labeling of nitrato- and azidomethylsilanes, which were calculated in Table 5 ((nitratomethyl)- 

and (azidomethyl)trimethylsilane 5a/b, 1,1-bis(nitratomethyl)- and 1,1-bis (azidomethyl)dimethylsilane 

6a/b, 1,1,1-tris(nitratomethyl)- and 1,1,1-tris(azidomethyl)methylsilane 7a/b, 1,1-bis(nitratomethyl)- and 

1,1-bis(azidomethyl)-1-sila-cyclopentane 8a/b, 1,1-bis(nitratomethyl)- and 1,1-bis(azidomethyl)-1-sila-

cyclohexane 9a/b).[5,11]. 

Si X Si XX Si XX

X

Si Si
X

X
X

X

5a: X = N3
5b: X = ONO2

6a: X = N3
6b: X = ONO2

7a: X = N3
7b: X = ONO2

8a: X = N3
8b: X = ONO2

9a: X = N3
9b: X = ONO2

Si XX

X

10a: X = N3
10b: X = ONO2

X
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Table 5.5. Energetic properties of the compounds 4d/e and 5–10a/b. 

 4d 
4e 

5a [p] 
5b [p] 

6a [p] 
6b [p] 

7a [p] 
7b [p] 

8a [p] 
8b [p] 

9a [p] 
9b [p] 

10a [q] 
10b [q] 

PETA [s] 
PETN [s] 

formula C6H12N18OSi2 
C6H12N6O19Si2 

C4H11N3Si 
C4H11NO3Si 

C4H10N6Si 
C4H10N2O6Si 

C4H9N9Si 
C4H9N3O9Si 

C6H12N6Si 
C6H12N2O6Si 

C7H14N6Si 
C7H14N2O6Si 

C4H8N12Si 
C4H8N4O12Si 

C5H8N12 
C5H8N4O12 

Mr / 
g mol−1 

408.45 
528.36 

129.24 
149.22 

170.25 
210.22 

211.26 
271.21 

196.29 
236.25 

210.31 
250.28 

252.27 
332.21 

236.20 
316.14 

IS / J [a] <1 
<1 [o] 

>40 
>1 

>9 
<0.5 [r] 

<1 
<0.5 [r] 

<40 
<0.5 [r] 

>40 
<0.5 [r] 

<1 [o] 
<1 [o] 

>7.5 [t] 
>3 [u] 

FS / N [b] <5 
<5 [o] 

>192 
>64 

>60 
<5 

<5 
<5 

>48 
<5 

>60 
>36 

<5 [o] 
<5 [o] 

--- 
--- 

N / % [c] 61.73 
15.91 

32.51 
9.39 

49.36 
13.33 

59.67 
15.49 

42.82 
11.86 

39.96 
11.19 

66.63 
16.86 

71.16 
17.72 

ΩCO2 /  
% [d] 

−82.26 
−9.08 

−191.89 
−134.02 

−140.97 
−68.50 

−109.81 
−32.45 

−163.02 
−94.81 

−174.97 
−108.67 

−82.57 
−9.11 

−94.83 
−10.12 

Tdec / °C [e] 143 
--- 

129 (b.p.) 
85 

137 
107 

137 
107 

130 
97 

134 
96 

--- 
--- 

46 (m.p.) [t] 
160 [t] 

ρ / g·cm3 --- 
--- 

--- 
--- 

--- 
1.423 

--- 
1.608 

--- 
--- 

--- 
1.424 

--- 
--- 

1.44 [t] 
1.78 

∆fH°M / kJ·kg−1[f,g]  2946.1 
−2361.2 

−98.9 
−2871.5 

2133.8 
−2225.2 

3524.2 
−1834.4 

2097.6 
−1824.7 

1777.6 
−1901.4 

4508.8 
−1626.8 

4790 [t] 
-1705.0 [v] 

∆fU° / kJ kg−1[g,h] 3040.2 
−2274.4 

35.3 
−2746.9 

2250.3 
−2119.1 

3629.8 
−1738.4 

2211.2 
−1796.1 

1895.5 
−1792.5 

4607.1 
−1537.2 

4895.0 
−1610.9 

EXPLO6.01 values:[i] 
−∆exU° / kJ·kg−1 [j] 5182 

6621 
3211 
5548 

4408 
6325 (6468) 

5230 
6301 (6677) 

4226 
4899 

3926 
4699(4773) 

5810 
7010 

5248 (5295) 
5859(5964) 

Tdet / K[k] 3618 
4850 

1869 
2829 

2646 
3818 (3814) 

3284 
4358 (4305) 

2488 
3224 

2300 
3015 (3005) 

3843 
5037 

3415 (3355) 
4337 (3968) 

pCJ / kbar[l] 120.6 
132.6 

99.9 
124.4 

111.9 
131.1 (154.6) 

125.5 
152.9 (231.2) 

106.5 
112.4 

106.0 
109.0 (133.2) 

136.5 
146.5 

152.0 (190.2) 
161.7 (320.7) 

Vdet / m·s−1[m] 6041 
6173 

6163 
6449 

5907 
6105 (6477) 

6202 
6504 (7371) 

5823 
5847 

5856 
5804 (6249) 

6455 
6471 

6915 (7518) 
6851 (8494) 

V0 / L·kg−1[n] 686.9 
681.9 

632.8 
678.8 

651.2 
711.1 (685.1) 

688.7 
773.5 (691.9) 

619.2 
703.9 

620.0 
701.7 (681.6) 

712.9 
721.3 

802.7 (784.2) 
824.0 (746.4) 

[a] impact sensitivity (according to BAM); [b] friction sensitivity (according to BAM); [c] nitrogen content; [d] oxygen balance calculated for CO2; [e] 

decomposition temperature from DSC; [f] calculated heat of formation (CBS-4M); [g] for all compound calculated as liquids and by using the Tdec points, 

except: 5a b.p. at 129 °C, 4e with Tdec = 25 °C, and 10b as solid with Tdec = 25 °C for TM were used; [h] energy of formation; [i] all values were computed with a 

density of ρ = 1.3 g/cm3; values in parentheses were calculated with known density values obtained by x-ray diffraction; [j] energy of explosion; [k] detonation 

temperature; [l] detonation pressure at the Chapman-Jouguet point; [m] detonation velocity; [n] assuming volume of gaseous products; [o] expected values; 

[p] refs. [5,11]; [q] ref. [4]; [r]) value of <0.5 J was measured by an more precise setup and it does not mean that this compounds are more sensitive than other 

compounds measured with the standard setup and a value of <1 J; [s] PETA = pentaerythrityl tetraazide, PETN = pentaerythrityl tetranitrate; [t] ref. [35]; [u] 

ref. [1]; [v] ref. [36] 
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The impact and friction sensitivities of the azide 4d were performed by a drop hammer 

and a friction apparatus by the method ‘one out of six’ according to BAM.[32] The impact 

and friction sensitivity is <1 J, respectively <5 N. Therefore both values are below the 

measuring range of the setups. The azide 4d detonates immediately in the flame. For a 

comparison, the energetic and physical characteristics and properties of the compounds 5–

9a/b are extensively discussed elsewhere (formula given in Scheme 4); the properties of 

the tetrasubstituted silanes 10a/b could not be determined, because of the extreme 

sensitivity and for safety reasons.[4,5,11] The sensitivity of 4d seems to be less than for 10a, 

because 4d does not explode upon contact with an metal spatula as described.[4] Even the 

freshly extracted decomposition products of the failed synthesis of 

hexakis(nitratomethyl)disiloxane (4e) decompose violently in the flame. After storing the 

compound a few hours on air the decomposition products do not deflagrate or burn 

anymore in the flame. Due to their fast decomposition it is hard to obtain reliable sensitivity 

values. Therefore sensitivity tests of the decomposition products of the reaction leading to 

4e were not performed. As it is known, the nitrate derivatives are more sensitive than the 

corresponding azides.[5,11] Consequently it is expected that the nitrate 4e and even its 

decomposition products will be more sensitive than the azide 4d. The decomposition 

temperature of 4d was measured in the region of other known azidomethyl silanes;[11] Tdec 

could not be determined from 4e or its decomposition products, because of fast 

decomposition.  

ΔfH°M(g) = H°M(g)  −  ∑H°atoms   +   ∑ΔfH°atoms  (1) 

ΔUM = ΔHM  −  ΔnRT         (2) 

Δn = changes of moles of gaseous components 

The energetic parameters of 4d, 4e and other related compounds (see Scheme 4), shown 

in Table 5, were calculated by the latest and intensively revised EXPLO5 version 6.01 

computer code.[33] The input values such as the energies of formation (kJ·kg−1) were 

calculated from the computed heat of formation. The heat of formation was calculated on 

the CBS-4M level of theory and the atomization method (Equation (1)) by using the 

program Gaussian09 revision C.01. The enthalpy of formation in the gas phase ∆Hm(g) was 

converted to the solid state enthalpy of formation ∆Hm(s) by using the Trouton’s rule.[34] 
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The molar standard enthalpy of formation (∆Hm) was used to compute the molar solid state 

energy of formation (∆Um) according to Equation (2). 

Conclusion 

Several new cost efficient and less laborious synthetic routes to obtain hexakis(halogeno-

methyl)disiloxanes with high yields were discovered. Hexakis(azidomethyl)disiloxane was 

synthesized the first time. In contrast hexakis(nitratomethyl)disiloxane, which is reported 

to be known since half a century, was not feasible. Supported by calculations on B3LYP and 

MP2 levels of theories, a decomposition mechanism for this nitrate was proposed. 

Theoretical calculations and crystal structures of the halogeno derivatives were compared 

and were used to discuss and interpret the possible structures of the hexakis(azidomethyl)- 

and the hexakis(nitratomethyl)disiloxanes. The heat of formation was calculated on CBS-4M 

level of theory for the azido and nitrate derivatives. As a consequence from this result, 

characteristic values for high energetic materials were calculated by the EXPLO5 6.01 

computer code. The obtained values were compared with other already known azido- and 

nitratomethyl silanes. The comparison of the carbon analogues PETA and PETN, which 

were used as bench marks, with the sila derivatives, show the inferiority of the sila towards 

the carbon derivatives not only in the case of safe use, but also in the energetic parameters. 

Experimental Section 

Caution! Azides and nitrate esters are sensitive and represent energetic materials; therefore 

they must be handled with extreme care! During the work with azido- and nitrate silanes, 

wearing leather jacket, face shield, steel-reinforced Kevlar gloves, ear protection, and 

electrically grounded shoes is mandatory. Only electrically grounded and metal-free 

equipment was used during the syntheses. 

Acetonitrile, DMA, n-pentane, n-heptane (Aldrich), sodium azide (ACROS ORGANICS), silver 

nitrate (VWR), were used as received. Silicon tetrachloride and trichlorophenylsilane 

(ABCR) were freshly distilled under argon atmosphere before using. The 1H, 13C{1H}, 
14N/15N, and 29Si{1H} NMR spectra were recorded in CDCl3 at 25 °C using a Jeol 400 Eclipse 

FT-NMR spectrometer operating at 400.2 MHz (1H), 100.6 MHz (13C), 79.5 MHz (29Si), 

40.6 MHz (15N), and 28.9 MHz (14N). Chemical shifts (ppm) are given with respect to TMS 
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(1H, 13C, 29Si) and MeNO2 (14N and 15N). Infrared (IR) spectra were recorded on a Perkin-

Elmer Spectrum BXII FT-IR instrument equipped with a Diamant-ATR Dura Sampler at 

25 °C. Raman spectra were recorded on a Bruker RAMII Raman instrument (λ = 1064 nm, 

200 mW, 25 °C) equipped with D418-T Detector at 200 mW at 25 °C. Melting, boiling and 

decomposition points (Tonset) were determined by differential scanning calorimetry (DSC; 

Perkin-Elmer Pyris 6 DSC, calibrated by standard pure indium and zinc). Measurements 

were performed at a heating rate of β = 5 °C in closed aluminum containers with a hole 

(1 μm) on the top for gas release with a nitrogen flow of 5 mL/min. The reference sample 

was a closed aluminum container with air. Friction and impact sensitivity experiments were 

performed with a friction device and a drophammer setup according to BAM standards 

(Bundesanstalt für Materialforschung und -prüfung). Elemental analyses of the azidomethyl 

and nitratomethyl compounds were not performed because of their explosive properties 

and the risk to damage the analyzer. Mass spectrometric data were obtained from a Jeol 

MStation JMS 700 spectrometer. Elemental analysis and mass spectrometry of the highly 

explosive and very sensitive compounds 4d and 4e were not performed, because of its high 

explosive character and to avoid potential damage to the analyzer. An Oxford Xcalibur 

diffractometer with a CCD area detector was employed for data collection using Mo-Kα 

radiation. The structure was solved using direct methods (SHELXS [37]) and refined by full 

matrix least-squares on F2 (SHELXL [37]). All non-hydrogen atoms were refined 

anisotropically (Table 2). ORTEP plots are shown with thermal ellipsoids at the 50 % 

probability level. Crystallographic data for the structure have been deposited with the 

Cambridge Crystallographic Data Centre under the depository numbers CCDC-926549 – 

926551 (4a-4c). Copies of the data can be obtained free of charge on application to The 

Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: int. code + (1223)336-033; e-

mail for inquiry: fileserv@ccdc.cam.ac.uk; e-mail for deposition: deposit@ccdc.cam.ac.uk). 

Tris(chloromethyl)phenylsilane (1): Tris(chloromethyl)phenylsilane was synthesized 

according ref. [16]. 

1H NMR (CDCl3): δ = 7.73 (m, 2H, 2,6-CH), 7.55-7.48 (m, 3H, 4-CH and 3,5-CH), 3.30 (s, 6 H, 

CH2Cl) ppm. 13C{1H} NMR (CDCl3): δ = 134.8 (s, 2,6-C), 134.2 (s, 1-C), 131.4 (s, 4-C), 128.6 (s, 

3,5-C), 24.5 (s, 1JC,Si = 59.3 Hz, CH2Cl) ppm. 29Si{1H} NMR (CDCl3): δ = −8.1 (s) ppm. 
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Tris(chloromethyl)methoxysilane (2): Trifluoromethanesulfonic acid (0.65 g, 4.34 mmol, 

1.1 eq) was added dropwise within 10 min to a solution of tris(chloromethyl)phenylsilane 

(1.00 g, 3.94 mmol, 1.0 eq) in n-pentane (5 mL) under inert atmosphere (argon). The 

mixture was heated under reflux for 2 h and afterwards cooled to 0 °C. A solution of 

triethylamine (0.40 g, 3.94 mmol, 1.0 eq) and methanol (0.14 g, 4.34 mmol, 1.1 eq) was 

added dropwise. The resulting solution was stirred for another 3 h. After the solvent had 

been removed under reduced pressure, the raw product was purified using a Kugelrohr 

distillery (90 °C, 6∙10−2 mbar). The product was obtained as a colourless liquid in 52 % yield 

(0.43 g). 

1H NMR (CDCl3): δ = 3.67 (s, 3 H, OMe), 3.07 (s, 6 H, CH2Cl) ppm. 13C{1H} NMR (CDCl3): δ = 

52.9 (s, OMe), 24.1 (s, 1JC,Si = 70.6 Hz, CH2Cl) ppm. 29Si{1H} NMR (CDCl3): δ = −4.3 (s) ppm.  

Chloroethyltri(chloromethyl)silane (3): Chloroethyltri(chloromethyl)-silane was 

synthesized according to ref. [18]. 

1H NMR (CDCl3): δ = 3.79 (t, 3JH,H = 7.8 Hz, 2 H, CH2Cl), 3.08 (s, 3JH,Si = 3.9 Hz, 6 H, SiCH2Cl), 

1.61 (t, 3JH,H = 7.8 Hz, 2 H, SiCH2) ppm. 13C{1H} NMR (CDCl3): δ = 41.1 (s, CH2Cl), 24.6 (s, 1JC,Si 

= 58.1 Hz, 3 C, SiCH2Cl), 15.0 (s, 1JC,Si = 54.6 Hz, SiCH2) ppm. 29Si{1H} NMR (CDCl3): δ = 0.1 (s) 

ppm. 

Hexakis(chloromethyl)disiloxane (4a): Method A: 2 (400 mg, 1.92 mmol) was mixed 

with distilled water, a catalytic amount (one drop) of conc. sulfuric acid and stirred for 3 h. 

The raw product was extracted three times with diethyl ether (20 mL). After the solvent 

had been removed in vacuo (6∙10−2 mbar), the product was obtained in quantitative yield 

(350 mg) as colourless solid.  

Method B: Trifluoromethanesulfonic acid (980 mg, 6.5 mmol, 0.58 mL, 1.1 eq) was added 

dropwise within 10 min to a solution of 1 (1.50 g, 5.91 mmol, 1.0 eq) in n-pentane (25 mL). 

The mixture was heated under reflux for 2 h and afterwards cooled to 0 °C. A solution of 

triethylamine (660 mg, 6.5 mmol, 1.1 eq) and methanol (210 mg, 6.5 mmol, 0.26 mL, 1.1 eq) 

was added dropwise. The resulting solution was stirred for another 3 h and extracted five 

times with n-pentane (30 mL). The combined organic phases were concentrated by a rotary 

evaporator, mixed with 1 N sulfuric acid (3 mL) and stirred for 24 h. The mixture was 

diluted with 100 mL diethyl ether. The ether phase was washed with a saturated aqueous 
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solution of sodium bicarbonate (2x 30 mL) and with water (30 mL). The aqueous solution 

was stirred again with diethyl ether (50 mL). The organic phases were combined, diethyl 

ether was distilled off and the raw product was Kugelrohr distilled in vacuo (6∙10−2 mbar, 

125 °C). The product was obtained as colourless solid in a total yield of 68 % (740 mg, 

calculated to 1). 

Method C: 3 (1.00 g, 4.17 mmol, 1 eq) was stirred for one hour with sodium hydroxide 

(0.17 g, 4.17 mmol, 1 eq) and methanol (20 mL). The crude mixture was dried in vacuo 

(6∙10−2 mbar). The residue was diluted with diethyl ether (50 mL) and washed twice with 

water (20 mL). The ether was distilled off and the raw product was Kugelrohr distilled 

(6∙10-2 mbar, 125 °C) to obtain pure colourless solid in 65 % yield (500 mg). 

1H NMR (CDCl3): δ = 3.08 (s, CH2Cl) ppm. 13C{1H} NMR (CDCl3): δ = 24.9 (s, 1JC,Si = 72.0 Hz, 

CH2Cl) ppm. 29Si{1H} NMR (CDCl3): δ = −10.6 (s) ppm. IR: ν~  = 2933, 1720, 1675, 1461, 1390, 

1290, 1186, 1095, 811, 797, 728, 707, 660 cm−1. Raman: ν~  = 2986, 2937, 1393, 1198, 1088, 

789, 731, 638 cm−1. 

Hexakis(bromomethyl)disiloxane (4b): 4a (400 mg, 1.08 mmol, 1.0 eq) was stirred with 

lithium bromide (0.75 g, 8.67 mmol, 8.0 eq) and 18-crown-6 (3 mg, 0.01 mmol, 1 mol%) in 

n-heptane (15 mL) for 24 h at 85 °C. The solvent was evaporated off and the colourless 

residue was washed twice with water (10 mL). The aqueous phase was removed and the 

residue was dried in vacuo (2∙10−2 mbar, 60 °C). The residue was quickly washed with n-

pentane (2 mL). The product was obtained as colourless crystals in 92 % yield (630 mg). 

1H NMR (CDCl3): δ = 2.79 (s, 2JH,Si = 3.3 Hz, CH2Br) ppm. 13C{1H} NMR (CDCl3): δ = 11.0 (s, 
1JC,Si = 72.7 Hz, CH2Br) ppm. 29Si{1H} NMR (CDCl3): δ = −11.8 (s) ppm. IR: ν~  = 2999, 2940, 

2857, 1466, 1385, 1367, 1154, 1129, 1103, 1050, 794, 761, 728, 654 cm−1. Raman: ν~  = 2999, 

2942, 2874, 1380, 1142, 1054, 764, 712, 684, 651, 611, 577, 554, 509 cm−1. MS(DCI+): m/z 

= 556.8 [M−Br]+; MS(DEP/EI+): m/z = 542.33 [M−CH2Br]+. 

Hexakis(iodomethyl)disiloxane (4c): 4a (400 mg, 1.08 mmol, 1.0 eq) was stirred with 

sodium iodide (0.75 g, 8.67 mmol, 8.0 eq) in acetone (15 ml) for 16 h at 65 °C. The solvent 

was evaporated and the colourless residue was diluted with diethyl ether (800 mL) and 

washed with water (3x200 mL). The water phase was extracted with diethyl ether 

(200 mL). The solvent of the combined organic phases was evaporated in vacuo. The 
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residue was recrystallized by diluting the raw product with hot THF (10 mL), cooled down 

to ambient temperature and acetonitrile (20 mL) added. The product was obtained as 

colourless crystals in 92 % yield (910 mg). 

1H NMR (CDCl3): δ = 2.45 (s, CH2I) ppm. 13C{1H} NMR (CDCl3): δ = −19.3 (s, 1JC,Si = 67.5 Hz, 

CH2I) ppm. 29Si{1H} NMR (CDCl3): δ = −7.6 (s) ppm. IR: ν~  = 2981, 2926, 2361, 2089, 1463, 

1355, 1260, 1120, 1082, 1069, 1011, 1007, 1002, 990, 783, 772, 739, 703, 668 cm−1. Raman: 

ν~  = 2989, 2929, 1363, 1091, 743, 693, 660, 567, 549, 527 cm−1. MS(EI+): m/z = 917.3[M]+, 

790.3 [M−I]+. 

Hexakis(azidomethyl)disiloxane (4d): Method A: 4a (100 mg, 0.27 mmol, 1.0 eq) was 

stirred with sodium azide (1.0 g, 15.4 mmol, 57.0 eq) in acetone (15 mL) for 24 h. The 

mixture was concentrated by gently evaporating off the acetone. The almost (!) dry 

suspension was diluted with diethyl ether (20 mL), was washed twice with water (10 mL), 

and dried with anhydrous sodium sulfate. The solvent was removed by allowing the 

solution to maintain overnight without heating, no stirring and no reduced pressure (!). The 

highly explosive impure compound 4d was obtained in 92% yield (100 mg) as colourless oil. 

Method B: 4b (100 mg, 0.16 mmol, 1.0 eq) was dissolved in acetonitrile (5 ml) and 

powdered silver azide (150 mg, 1.00 mmol, 6.3 eq) was added at once and the reaction 

mixture stirred under light exclusion for 12 h. The product was extracted with n-pentane 

and decanted from the slurry residue. The pentane was evaporated by storing the solution 

in an open plastic beaker at ambient temperature. The impure colourless product 4d was 

obtained in 96 % (65 mg) yield. The slurry (AgBr, AgN3 residues) was decomposed adding 

water, sodium nitrite and dropping slowly conc. hydrochloric acid into the water phase.  

Method C: 4c (150 mg, 0.16 mmol, 1.0 eq) was dissolved in acetone (5 ml) and powdered 

silver azide (245 mg, 1.63 mmol, 10.0 eq) was added at once and the reaction mixture 

stirred under light exclusion for 14 days. The product was extracted with n-pentane and 

decanted from the slurry residue. The pentane was evaporated by storing the solution in an 

open plastic beaker at ambient temperature. The colourless pure product 4d was obtained 

in 97 % (65 mg) yield. The slurry (AgBr, AgN3 residues) was decomposed adding water, 

sodium nitrite and dropping slowly conc. hydrochloric acid into the water phase.  
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1H NMR (CDCl3): δ = 3.08 (s, CH2N3) ppm. 13C{1H} NMR (CDCl3): δ = 37.7 (s, 1JC,Si = 68.0 Hz, 

CH2N3) ppm. 14N{1H} NMR (CDCl3): δ = −132 (s, Nβ), −170 (s, Nγ), −326 (s, Nα) ppm. 15N NMR 

(CDCl3): δ = −131.9 (s, Nβ), −170.8 (s, Nγ), −324.1 (s, Nα) ppm. 29Si{1H} NMR (CDCl3): δ = −5.8 

(s) ppm. IR: ν~  = 2940, 2891, 2086, 1403, 1282, 1237, 1184, 1070, 910, 800 cm−1. Raman: ν~  

= 2938, 2896, 2103, 1409, 1371, 1289, 1235, 1180, 900, 632 cm−1. 
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Abstract: Si-pentaerythritol 
tetranitrate (Si-PETN), 
Si[CH2ONO2]4, is a silicon analogue 
of the widely used explosive PETN, 
C[CH2ONO2]4. Si-PETN is extremely 
sensitive to impact, much more so 
than PETN. This was attributed by 
Liu et al. to Si-PETN having a much 
lower activation barrier to 
decomposition, via a facile 
rearrangement that is not as 
readily available to PETN, and 
which releases considerable energy 
that can promote further steps. We 
have investigated computationally 
why the barrier to the 
rearrangement is so much lower 

for Si-PETN than for PETN, using 
5, (H3C)3C–CH2ONO2, and 6, 
(H3C)3Si–CH2ONO2, as models 
for PETN and Si-PETN. Reaction 
force analysis shows that most 
of the difference between the 
rearrangement barriers for 5 
and 6 comes about in the initial 
(reactant) stages of the 
processes, in which 6 benefits 
from a 1,3-electrostatic 
interaction involving a positive 
σ-hole on the silicon and the 
negative linking oxygen. The 
analogous interaction is weaker 
in 5, since the central carbon 
does not have positive σ-holes; 

furthermore, this carbon is less 
able than silicon to temporarily 
expand its coordination sphere. A 
similar explanation involving a 
positive silicon σ-hole and a 
linking oxygen is proposed for Si-
PETN. The greater exothermicity 
of the rearrangement of 6 (and 
also Si-PETN) can be rationalized, 
following Liu et al., in terms of the 
formation of the strong Si–O bond. 

Keywords: PETN • Si-PETN • 
Reaction force • Silicon-oxygen 
interactions • σ-Hole interactions 
• Impact sensitivities • Nitrate 
esters • Energetic molecules 

 

Introduction 

Pentaerythritol tetranitrate (PETN, 1) is a well-known energetic compound, in the category 

of nitrate esters. It can be prepared by reacting the corresponding tetrol with nitric acid. [1] 

PETN has two polymorphs,[2] the less 

common (PETN II) occurring above 130 °C. 

Our focus shall be solely upon PETN I. It 

has a crystal density of 1.778 g/cm3 at 

22 °C, with two molecules per unit cell.[2] 
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PETN has good detonation velocity and pressure, slightly below those of RDX (2) but well 

above TNT (3).[3] It has been used extensively in blasting cap fillings, detonation cords, 

demolition devices, industrial explosives, etc..[3, 4] However, PETN is quite sensitive to 

impact, more so than RDX and much more than TNT; the required impact energies for 50 % 

probability of ignition or explosion are about 3.5 J (PETN), 6.3 J (RDX) and 38 J (TNT).[3] 

(These correspond to 2.5 kg drop heights of 14, 26 and 155 cm, respectively).  

An interesting feature of PETN is that its detonation behaviour has been observed to be 

direction-dependent within the crystal. Imposing shocks parallel to the [110] and [001] 

directions was found to lead to detonation, whereas parallel to the [101] and [100] did 

not.[5–7] Earlier work had already shown that the detonation velocities in the [110] and 

[001] directions differed, 8.887 versus 8.424 m/s, respectively.[1] 

In the context of these experimental observations, Kunz demonstrated computationally 

that the band gap in PETN decreased with pressure imposed in either the [001] or [100] 

directions, but to a greater extent for the former.[8] Taken in conjunction with Gilman’s 

hypothesis that sensitivity is related to metallization of the solid,[9] Kunz’s results are 

consistent with direction-dependent detonation, as is also a molecular dynamics study of 

collision-induced PETN decomposition by Wu et al..[10] 

Recently has been reported the preparation of Si-PETN, 4, a silicon analogue of 

PETN.[11] This again involved treating the corresponding tetrol with nitric acid. A 

remarkable feature of Si- PETN is its extreme sensitivity: Impact is not necessary; just 

touching it with a spatula invariably produced an explosion! 

PETN and Si-PETN decomposition: The detonation of an energetic compound is believed 

to proceed through its decomposition.[4, 12] Accordingly, in an effort to understand why Si-
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PETN is so much more sensitive that even PETN, Liu et al. have compared computationally 

several possible initial steps in PETN and Si-PETN decomposition.[13] 

In PETN, this is generally believed to begin with rupture of an O–NO2 bond,[10, 14–16] 

and Liu et al. did find this to be one of the two energetically preferred options, the other 

being HONO elimination. The corresponding processes for Si-PETN had barriers similar to 

those obtained for PETN, 35–40 kcal/mol. 

Liu et al. also examined the possibility of PETN, 1, and Si-PETN, 4, decomposition 

beginning via the rearrangement shown in Eq. 1, in which the linking oxygen interacts with 

the central carbon or silicon:[13] 

  (1) 

For PETN, the computed activation barrier for Eq. 1 was approximately double those for 

O–NO2 bond cleavage and HONO elimination. For Si-PETN, however, it was 32 kcal/mol, less 

than for any of the other processes considered for either molecule; furthermore, the overall 

rearrangement was found to be quite exothermic, ΔH ~ −45 kcal/mol.[13] 

The results of Liu et al. indicate that PETN decomposes via O–NO2 cleavage and/or HONO 

elimination, whereas Si-PETN does so via Eq. 1. They concluded that the extreme sensitivity 

of Si-PETN can be attributed to (a) its relatively low energy requirement for Eq. 1, 

significantly less than for either of the likely initiating steps in PETN, and (b) the 

exothermicity of the Si-PETN rearrangement, which provides energy early in the 

decomposition that promotes its further progress and expansion.[13] 
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Why does Eq. 1 occur so much more readily for Si-PETN than for PETN? Liu et al. 

suggested that this is partly due to the greater size of the silicon atom compared to carbon, 

which facilitates, for the former, the enlargement of its coordination sphere from four to 

five in forming the transition state.[13] While this argument is certainly reasonable, we 

would like to look at the activation process in greater detail. This will be done in terms of 

the reaction force concept, which shall now be briefly summarized. 

The reaction force: The energetics of a chemical process are commonly depicted by the 

variation of the potential energy V(R) of the system along an appropriate reaction 

coordinate R. A typical profile of V(R) for a one-step process A → B is presented in Fig. 1a; it 

shows the energies of the reactants, transition state and products. Considerable additional 

insight can be gained from V(R) by taking its negative gradient along R, which yields the 

classically defined reaction force F(R) (Fig. 1b).[17, 18] 

          (2) 

R is normally taken to be the intrinsic reaction coordinate. For the V(R) in Fig. 1a, F(R) 

has a minimum at α and a maximum at γ, the inflection points of V(R). These partition the 

reaction, in a rigorous manner that is dictated only by the form of V(R), into three regions. 

The first is prior to the F(R) minimum, A → α, the second is between the minimum and 

maximum, α → γ, and the third is after the maximum, γ → B. 

The general characteristics of these regions have been examined in a series of studies, 

which include SN2 substitution,[19–21] Markovnikov and anti-Markovnikov addition to a 

double bond,[22] cycloaddition to olefins,[23] bond dissociation,[24–26] proton transfer 

[27–32] and nitro/aci tautomerization [33]. It was observed that the first region, A → α, is 

usually dominated by structural changes within the reactants, such as bond stretching, 

rotations and angle-bending. F(R) reflects the resistance to these changes, and is therefore 

increasingly retarding (i.e. negative) up to the point α, at which the system can generally be 

viewed as distorted states of the reactants. In the second region, α → γ, occurs the greatest 

part of the transition to products, emphasizing electronic factors: bonds breaking  

R
RR

δ
Vδ )()( =F
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Figure 6.1. Typical profiles of a potential energy V(R) and b the reaction force F(R), along the intrinsic 

reaction coordinate R. The points R = α and R = γ correspond to the minimum and the maximum of F(R); the 

transition state is at R = β. The zero of F(R) is indicated. 

and new ones forming, rapid and extensive changes in properties such as electrostatic 

potentials and ionization energies, etc. All of this is manifested in a growing driving force; 

thus F(R) increases steadily until it reaches a maximum at γ, the end of the transition region. 

At this point, the system can often be regarded as distorted versions of the products. 

Between c and B, these gradually relax to their final states. The three regions are commonly 

designated as reactant (A → α), transition (α → γ) and product (γ → B). 

A key feature of the reaction force is that it shows the activation energy to be the sum of 

two components—the energies needed to go (a) from the reactants to the force minimum at 

α, and (b) from α to the transition state at β: 
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ΔEact   = V(β) – V(A) 

   = [V(β) – V(α)] + [V(α) – V(A)] 

   = ΔEact,2 + ΔEact,1       (3) 

ΔEact,1 is largely the energy required to overcome the system’s resistance to the structural 

changes in the reactant region between A and α, while ΔEact,2 supports the first portion of 

the transition to products, α → β. 

This division of ΔEact into its two components helps to explain how external agents, such 

as solvents and catalysts, affect reaction rates, i.e. whether they change mainly the 

structural (A → α) or the electronic (α → β) component of ΔEact or both.[20, 22, 32] For 

example, in the SN2 substitution H2O + CH3Cl → HCl + CH3OH, the effect of aqueous solution 

was found to be not upon the transition state but rather in promoting the initial C–Cl bond 

stretching.[20] In the keto-enol tautomerization of thymine, Mg(II) acting as a catalyst also 

affects the first (reactant) portion of the activation process (prior to the force 

minimum).[32] On the other hand, in the addition of HCl to H3C–CH=CH2, chloroform 

solvent influences primarily the second part of the activation, α → b, approaching the 

transition state.[22] 

An additional insight into reaction mechanisms comes from the reaction force constant 

κ(R), which is the second derivative of V(R): 

 

         (4) 

It follows from Eq. 4 that κ(R) is negative throughout the entire transition region 

between α and γ,[34, 35] in which F(R) is increasing. Transition state spectroscopy led 

Zewail and Polanyi to conclude that a reaction has a continuum of transient, unstable 

configurations, a transition region rather than a single transition state.[36, 37] The reaction 

force constant κ(R) reflects this continuum, and shows that it is bounded by the minimum 

and the maximum of F(R), at which κ(R) = 0. 
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Approach: Our objective is to better understand why the rearrangement in Eq. 1 is so much 

favoured for Si-PETN over PETN, both kinetically and thermodynamically. In order to 

simplify the computations, we have worked with the trimethyl mononitrate analogues of 

PETN and Si-PETN, i.e. 5 and 6. Both of these are known and have been characterized.[38] 

The silicon compound is again by far the more sensitive; the impact energy (drop height) of 

6 was reported as >1 J (>4 cm), compared to >100 J (>408 cm) for 5. (The di- and trinitrate 

analogues have also been synthesized,[38] and the silicon systems are similarly much more 

sensitive than the carbon ones). 

The optimized geometries and the enthalpies along the intrinsic reaction coordinates for 

the rearrangements 5 → 7 and 6 → 8, Eq. 1, were calculated at the density functional 

B3PW91/6-311G(d,p) level using Gaussian 03.[39] In Table 6.1, our optimized geometries 

for 5 and 6 are compared to those obtained by electron diffraction [40] and also the 

molecular structure determined crystallographically for PETN.[2] Particularly pleasing is 

the good agreement with PETN, which provides some support for modelling Eq. 1 in terms 

of 5 and 6. More will be forthcoming. 

Results/Approach 

Reaction force analysis: In Table 6.2 are presented the computed structures, relative 

enthalpies at 298 K and key interatomic distances and angles at five points along the 

intrinsic reaction coordinate for the rearrangement 5 → 7, Eq. 1; these points correspond to 

the ground state of 5, the minimum of the reaction force at a, the transition state at b, the 

reaction force maximum at c and the final rearrangement product 7. Table 6.3 gives the 

same data for 6 → 8. Table 6.4 summarizes the total activation enthalpy ΔHact for each 

process, its two components ΔHact,1 and ΔHact,2 corresponding to the portions of the 

activation before and after the F(R) minimum, and finally the overall ΔHrxn.  

In terms of ΔHact and ΔHrxn, the rearrangements of 5 and 6 show exactly the same 

features as were found by Liu et al. for PETN and Si-PETN.[13] The activation barriers are 

relatively low for both silicon-containing molecules, 32–33 kcal/mol for Si-PETN and 6, and 

more than twice as high for the carbon analogues. The reactions are quite exothermic for Si-

PETN and 6, with overall ΔHrxn (298 K) of −40 to −45 kcal/mol, compared to just −10 to 
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−14 kcal/mol for PETN and 5. These similarities between PETN and 5 and between Si-PETN 

and 6 are reassuring with respect to using 5 and 6 to model PETN and Si-PETN. 

To analyze why the activation barrier is so much smaller for 6 than for 5, we first look at 

its components in each case, ΔHact,1 and ΔHact,2. Table 6.4 shows that the major difference in 

the activation energetics of 5 and 6 is in the initial portion of the process, in the reactant 

region prior to the F(R) minimum at a, which typically involves mainly structural changes. 

For 5, these changes require 44.7 kcal/mol, compared to only 18.9 kcal/mol for 6. Thus, 

71 % of the difference in the overall activation barriers reflects what is happening in the 

respective reactant regions. 

Table 6.1. Comparison of computed and experimental structures. 

 

Distance [Ǻ] 
or angle [°] 

X = C    X = Si  
1, PETN 
(X-ray)[a] 

5  
(ED)[b] 

5  
(calc.)[c]  6  

(ED)[c] 
6  
(calc.)[c] 

X–Ca 1.536 1.538 1.530  1.882 1.915 
Ca–Oa 1.434 --- 1.440  1.437 1.435 
Oa–N 1.397 --- 1.404  1.435 1.416 
N–Ob 1.222 1.210[d] 1.203  1.206[d] 1.202 
N–Oc 1.207 1.210[d] 1.195  1.206[d] 1.195 
X–Ca–Oa 107.5 106.9 107.6  108.3 106.3 
Ca–Oa–N 115.9 113.2 114.4  113.6 114.5 
Ob–N–Oc 128.8 128.7 129.8  131.3 130.1 

[a] Crystallographic data, ref.[2]; [b] electron diffraction data, ref. [40]; [c] Present calculations, B3PW91/6-

311G(d,p); [d] averages of N–Ob, N–Oc distances. 

What is it that is happening? Tables 6.2 and 6.3 show a variety of structural effects for 

both 5 and 6 in the regions before the F(R) minima. For 5, the dominant ones are the 

stretching of two bonds: the C–Ca by 0.277 Ǻ and the Oa–N by fully 0.645 Ǻ. This requires 

energy. In 6, on the other hand, the Si–Ca and Oa–N bonds lengthen by only 0.061 and 

0.194 Ǻ in the reactant region. What is important here for 6 is that the nonbonded Si and Oa 

atoms move closer to each other by 0.450 Ǻ. This is reflected in the Si–Ca–Oa angle 

decreasing by 24.8 °. The approach of Oa to Si, which will lead eventually to the formation of 

the Si–Oa bond, should already be accompanied by a significant release of energy, given the 
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strengths of Si–O bonds (see [41], and also the next section of this paper). Thus, 6 needs less 

energy than 5 in the reactant region (before α) because (a) it is undergoing less bond 

stretching, and (b) it is benefiting from the favourable Si---Oa interaction. 

In the second portion of the activation process of 5, between the F(R) minimum at α and 

the transition state at β, the C–Ca and Oa–N bonds start to break and C and Oa begin to bond, 

as do Ca and Ob. The latter interactions bring ΔHact,2 down to 24.6 kcal/mole for 5. However, 

6 again requires less energy. Between α and β, the breaking of the Si–Ca and Oa–N bonds in 

6 proceeds rather slowly, while Si and Oa come closer by another 0.322 Ǻ and the Si–Ca–Oa 

angle is reduced by 19.1 °, taking a big step toward Si–Oa bond formation. Thus, ΔHact,2 is 

also less for 6 than for 5 (Table 6.4), although not nearly by as much as ΔHact,1. 

The difference in the activation barriers of 5 and 6 can therefore be attributed to their 

contrasting pathways from reactant → α → transition state: 5 begins with energy-

consuming bond stretchings and then breakings, largely delaying energy-releasing bond 

formation until after the transition state. The silicon analogue 6, on the other hand, is 

slower to begin the energy-demanding steps, but starts right away to benefit from the 

eventual formation of a strong Si–O bond. 

As suggested by Liu et al. for Si-PETN,[13] one factor in the Oa in 6 being able to 

immediately move toward the silicon is the size of the latter atom, which allows it to 

accommodate the approaching oxygen while essentially maintaining four covalent bonds. 

The relatively small central carbon in 5, on the other hand, must make room for Oa by Ca 

moving out of the way. But what is the driving force for the approach of Oa to Si? We believe 

that it is the presence of a favourable Si---Oa interaction already in the ground state of 6. 

Indeed, short Si---Oa contacts have been found crystallographically in the dinitrate analogue 

of 6.[38, 40] Mitzel et al. have observed unexpectedly small intramolecular 1,3 Si–N and Si–

O distances and Si–Z–N and Si–Z–O angles in molecules such as ClH2SiON(CH3)2, 

(F3C)F2SiON(CH3)2, and H3SiN(CH3)OCH3.[42–44] 

The origin of the Si---Oa interaction in 6, as well as those observed by Mitzel et al., can 

readily be explained. When Group IV–VII atoms form covalent bonds, the outer (non-

involved) lobe of the bonding orbital undergoes a depletion in electronic density. This has 
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been labelled a σ–hole.[45–47] If the depletion is sufficiently great, there results a region of 

positive electrostatic potential with a local surface maximum. σ–Holes become more 

positive, and the resulting interactions stronger, for the more polarisable, i.e. larger atoms 

in a Group, and usually as the remainder of the molecule becomes more electron-

withdrawing.[46–49] 

As an example, in Fig. 2 is displayed the electrostatic potential on the molecular surface 

of Si(CH3)3CN, computed using the WFA Surface Analysis Suite.[50] The surface is taken to 

be the 0.001 au (electrons/Bohr3) contour of the electronic density, as proposed by Bader et 

al..[51] There are four positive σ–holes on the silicon surface, each corresponding to a local 

maximum of the electrostatic potential. The largest in magnitude is 25.7 kcal/mol on the 

extension of the bond from the strongly electron-withdrawing CN group; the others are 

15.1 kcal/mol, on the extensions of the H3C–Si bonds. The methyl hydrogens are also 

positive, with local maxima ranging from 15.8 to 20.0 kcal/mol. 

A positive σ–hole can interact electrostatically with a negative site (such as Oa of 6), 

either inter- or intramolecularly. There is a great deal of evidence, both experimental [52–

59] and computational [45–49, 60–62], attesting to the significance of such interactions. 

(They are called ‘‘halogen bonds’’ when the σ–hole is on a halogen atom.) Very recently, 

complex formation between SiF4 and di- and triamines has been interpreted in terms of 

electrostatic interactions between the lone pairs of the amine nitrogens and the Si σ–holes 

induced by the four F–Si bonds [62]. 

We have also computed the molecular surface electrostatic potential of 6, which should 

intrinsically be quite similar to that shown for Si(CH3)3CN in Fig. 2. However, three of the 

four local maxima on the silicon in 6 are masked; one of the three r–holes on the extensions 

of the H3C–Si bonds is involved in the Si---Oa intramolecular interaction, and the other two 

are difficult to distinguish because of the long and bulky –CH2–ONO2 group. We are 

accordingly not showing the surface potential plot of 6. The only silicon σ–hole in 6 that 

would clearly be seen is the strongest, 18.0 kcal/mol, on the extension of the bond from the 

electron-withdrawing –CH2–ONO2 group. There are also local maxima on the methyl 

hydrogens of 6.  
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Table 6.2. Computed activation enthalpies ΔHact, their components ΔHact,1 and ΔHact,2 and the overall entalphy 

of reaction, ΔHrxn, for the reaction shown in Eq.1, at 298 K.[a] 

Reaction ΔHact,1 ΔHact,2 ΔHact ΔHrxn 
(H3C)3CCaH2OaNObOc (5) → 
(H3C)3COaCaH2ObNOc (7) 

44.7 24.6 69.3 −9.7 

(H3C)3SiCaH2OaNObOc (6) → 
(H3C)3SiOaCaH2ObNOc (8) 

18.9 14.1 33.0 −40.0 

[a] Values are in kcal/mol. Computational level: B3PW91/6-311G(d,p). 

The driving force for the approach of Oa to Si in 6 is the interaction between Oa and (a) a 

silicon σ–hole along the extension of an H3C–Si bond, analogous to that seen in Fig. 2, and 

(b) the neighbouring methyl hydrogens. The corresponding interaction is much weaker in 

5, for which we found that the central carbon, being less polarisable than silicon, has no 

positive σ–holes whatsoever. The strength of this interaction in 6, and the fact that the size 

of the silicon atom allows it to proceed without prior stretching of other bonds, explain the 

low energy requirement for reaching the force minimum (ΔHact,1 of 18.9 kcal/mol for 6 vs. 

44.7 kcal/mol for 5). 

Exothermicities of rearrangements: Liu et al. [13] ascribed the much greater 

exothermicity of the Si-PETN rearrangement to the strength of the Si–O bond that is formed. 

We can provide some quantitative support for this explanation 

If one looks only at the bonds broken and formed in the rearrangements of 5 and 6, the 

differences between the two processes are breaking C–Ca versus Si–Ca and forming C–Oa 

versus Si–Oa. The former two bonds tend to have roughly similar dissociation 

enthalpies;[41] thus, as a very crude approximation, it could be suggested that the 

difference in the overall ΔHrxn of the two rearrangements can be estimated by comparing 

the ΔH for forming the C–Oa and Si–Oa bonds in 7 and 8. Since Si–O bond enthalpies, while 

generally larger in magnitude, tend to be quite variable,[41] we have computed ΔH for the 

formation of the C–Oa bond in 7 and the Si–Oa bond in 8. The was done at the B3PW91/6-

31++G(3d,2p) level, using B3PW91/6-311G(d,p) optimized geometries. 
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Table 6.3. Computed structures, relative enthalpies at 298 K and some interatomic distances and angles at points along the intrinsic reaction 

coordinate for rearrangement (H3C)3CCaH2OaNObOc (5) → (H3C)3COaCaH2ObNOc (7), Eq.1.[a] 

 reactant force min., α transition state, β force max., γ product 
 

     
Relative H 
(298 K) 0.0 44.7 69.3 33.8 −9.7 

interatomic 
distances[b]      

C–Ca 1.530 1.807 2.243 2.496 2.416 
C–Oa 2.397 2.344 2.213 1.908 1.446 
Ca–Oa 1.440 1.316 1.270 1.343 1.381 
Oa–N 1.404 2.049 2.212 2.396 3.492 
Ca–Ob 2.566 2.445 2.064 1.635 1.437 
N–Ob 1.203 1.189 1.248 1.364 1.374 
N–Oc 1.195 1.198 1.203 1.179 1.183 
Angles      
C–Ca–Oa 107.6 90.0 72.2 49.1 32.1 
C–-Oa–Ca 37.5 50.0 74.7 98.8 117.4 

[a] Enthalpies are in kcal/mol, distances in Angstroms (A) and angles in degrees. Colours of atoms: carbons are grey, hydrogens are white, nitrogen is 

blue and oxygens are red; [b] The symbol C refers only to the central carbons in 5, the structures at positions α, β and γ, and 7. 
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Table 6.4. Computed structures, relative enthalpies at 298 K and some interatomic distances and angles at points along the intrinsic reaction 

coordinate for rearrangement (H3C)3SiCaH2OaNObOc (6) → (H3C)3SiOaCaH2ObNOc (8), Eq.1.[a] 

 reactant force min., α transition state, β force max., γ procuct 

 

     
Relative H 
(298 K) 0.0 18.9 33.0 17.4 −40.0 

interatomic 
distances      

Si–Ca 1.915 1.976 2.136 2.513 2.746 
Si–Oa 2.696 2.246 1.924 1.727 1.686 
Ca–Oa 1.435 1.401 1.338 1.299 1.370 
Oa–N 1.416 1.610 1.926 2.194 3.506 
Ca–Ob 2.574 2.719 2.638 2.331 1.444 
N–Ob 1.202 1.188 1.196 1.231 1.371 
N–Oc 1.195 1.190 1.193 1.206 1.185 
Angles      
Si–Ca–Oa 106.3 81.5 62.4 39.7 29.1 
Si–-Oa–Ca 43.0 60.5 79.6 111.5 127.6 

[a] Enthalpies are in kcal/mol, distances in Angstroms (A) and angles in degrees. Colours of atoms: carbons are grey, silicon are blue-

grey, hydrogens are white, nitrogen is blue and oxygens are red. 



VI.   Reaction Force Analysis and the Role of σ-Hole  

 127 

Figure 6.2. Computed electrostatic potential on the 0.001 au molecular surface of (H3C)3Si–CN. The 

three methyl groups face the reader; the CN is pointing into the paper, the nitrogen being visible 

(blue) at the top. Color ranges, in kcal/mol, are: blue <0.0 (negative), green between 0.0 and 14.1, 

yellow between 14.1 and 21.3, red >21.3. Black circles indicate local surface maxima. The most 

positive is a positive σ–hole (red), of magnitude 25.7 kcal/mol, induced on the silicon by the strongly 

electron-withdrawing CN group, on the extension of the NC–Si bond. One of the σ –holes on the 

extensions of the H3C–Si bonds, 15.1 kcal/mol, is in the upper central part of the figure. Next to both 

of the r–holes shown are local maxima of 15.8–20.0 kcal/mol due to methyl hydrogens. 

The results are: 

(H3C)3C• + •OCH2ONO → 7 

ΔH (298 K) = −79.5 kcal/mol    (5) 

(H3C)3Si• + •OCH2ONO → 8 

ΔH (298 K) = −112.7 kcal/mol    (6) 

Taking the difference as a measure of the relative exothermicities of the rearrangements 

of 5 and 6, we have that of 6 being more exothermic by 33.2 kcal/mol. This is, perhaps 

fortuitously, quite close to the 30.3 kcal/mol difference between the computed ΔHrxn in 

Table 6.4. 
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Discussion and summary 

Our objective in this investigation has been to better understand why the rearrangement in 

Eq. 1 is so much more (a) facile and (b) exothermic for Si-PETN than for PETN. We used 5 

and 6 as models for PETN and Si-PETN, which seems justified because 5 and 6 have nearly 

the same relative activation barriers and exothermicities for Eq. 1 as do PETN and Si-PETN. 

Reaction force analysis shows that most of the difference in the activation energies of 5 

and 6 reflects the greater ease with which 6 reaches the F(R) minimum at a; it requires only 

18.9 kcal/mol in this first (reactant) region versus 44.7 kcal/mol for 5. This is because the 

size of the silicon atom permits 6 to immediately benefit from an energy-releasing 

intramolecular electrostatic interaction between Oa and a positive σ–hole on the silicon plus 

the surrounding methyl hydrogens. The corresponding interaction in 5 is not nearly as 

strong because we found the central carbon to lack positive σ–holes; furthermore, the 

approach of Oa has to be delayed until after Ca has moved away. 

We propose that analogous interactions between linking oxygens and silicon positive σ–

holes are occurring in Si-PETN. There are no methyl hydrogens involved, but the silicon σ–

holes in Si-PETN should be more positive because the silicon is bonded to four electron-

withdrawing –CH2–ONO2 groups, rather than one as in 6. For example, whereas the local 

maximum potential induced by the single –CH2–ONO2 in 6 is 18.0 kcal/mol, we found the 

two in the dinitrate silicon analog to each be 30.6 kcal/mol. The much lower activation 

barrier for Si-PETN than for PETN in Eq. 1 can therefore be explained in terms of the Si---Oa 

interaction in conjunction with the large size of silicon that allows it to progress without 

delay toward Si–Oa bond formation. 

If at least one –CH2–ONO2 group in Si-PETN undergoes the rearrangement in Eq. 1, a 

significant amount of energy is produced. This has been rationalized on the basis of the 

strength of the Si–O bond that is created (see Exothermicities of Rearrangements and [13]). 

This energy is more than enough to allow a second –CH2–ONO2 to overcome the barrier to 

rearrangement. However, it might also be used for further steps involving the rearranged 

group. To examine this possibility, we computed the dissociation enthalpies of the OCH2–
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ONO and the O–NO bonds in 8, which is the rearranged form of 6. The B3PW91/6-

31++G(3d,2p)//B3PW91/6-311G(d,p) procedure was again utilized. The results are: 

8 → (H3C)3Si–O(H2)C• + •ONO 

ΔH (298 K) = 49.7 kcal/mol      (7) 

8 → (H3C)3Si–OCH2O• + •NO 

ΔH (298 K) = 32.7 kcal/mol      (8) 

The second of these is less than the exothermicity of the rearrangement of 6, and could 

well be a follow-up step in the decomposition. This remains to be investigated. 
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Abstract: Recently several 
azidomethyl and nitratomethyl 
silanes were published and 
studied in terms of chemical and 
physical characteristics. Herein 
the data were completed by 
EXPLO5 version 6.01 calculations 
to determine their explosive 
performances. Furthermore, 

several new azido- and 
nitratomethylated silanes with 
different kinds of backbones 
(phenylated and oxygen 
containing substituents) are 
discussed. Especially the 
behaviour towards mechanical 
and thermal stimuli is of interest 
for the development of new high 

energetic compounds. In addition 
the crystal structure of 
tris(iodomethyl)phenylsilane is 
discussed. 
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• explosiv

 

Introduction 

Several silanes containing energetic moieties like azides and nitrate esters of the type 

MexSi(CH2X)4-x (x = 0–4) were studied in detail in terms of energetic properties, like impact 

and friction sensitivities, thermal stability and detonation parameters.[1–4] Some of them 

were mention to be potentially useful in pharmaceutics, and in some cases even as 

explosive.[5,6] Azidomethyl silanes were studied as precursors for aminomethyl silanes, 

which can be used as ligands in platinum containing anticancer therapeutics.[7,8] The 

explosive properties were not studied in detail until  Klapötke et al. published the 

properties of the sila analogues of pentaerythritol tetranitrate (PETN), a common high 

explosive in civil and military use, and pentaerythritol tetrazide (E(CH2X)4), E = C, Si, X = 

ONO2, N3) in 2007.[1] Since then several 

representatives of this class of compounds differing 

in the amout of azide and nitrate moieties have 

been published elsewhere.[2–3] Furthermore, the 
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superiority of silanes over their carbon analogues in term of impact, friction and thermal 

stimuli could be shown.[1–3] 

Another class of commonly used silanes is that of phenyl silanes. Therefore several of 

these compounds containing different amount of phenyl, azidomethyl and nitratomethyl 

substituents have been synthesized and fully characterized. They are useful precursor for a 

broad range of compounds, like hexakis-substituted disiloxanes ([O2/2Si(CH2X)2]n, for 

example X = Cl, N3, ONO2).[4] In addition, their use as potential precursors for 

oligomeric/polymeric siloxanes containing CH2X moieties ([O2/2Si(CH2X)2]n, X = Cl, N3, 

ONO2) by selected cleavage of the phenyl moieties [9,10] followed by hydrolysis was 

studied. In the same way the disiloxane O(SiMe2CH2X)2 and polymeric silsesquioxane 

[O3/2SiMeCH2X]n were hypothetically obtainable.  

Siloxanes, from disiloxanes up to silicates, are probably the most prevalent class of 

silicon compounds with a high variety of structure, functionality and consequently its 

applications. [11] Representatively, the functionalization of surfaces should be mentioned 

only as one example for many easily available and powerful tool for applications and 

developments of siloxanes in common and industrial usage.[12,13] To the best of our 

knowledge, no investigations were done on applications in the topic of energetic materials, 

like flares, binders, coating materials etc.. The syntheses and characteristics, of several 

phenylsilanes and siloxanes (see Scheme 7.1) especially in terms of energetic materials, are 

discussed in the following. 

Results and Discussion 

Synthesis: Bis(chloromethyl)diphenylsilane (1a) and tris(chloromethyl)phenylsilane (2a) 

were synthesized by a literature known methods using the corresponding chloro phenyl 

silane and reacting it with in situ generated chloromethyllithium (nBuLi + BrClCH2).[14,15] 

The compounds 1b[16] and 2b were obtained by Finkelstein reaction (sodium iodide in 

acetonitrile or acetone). Refluxing an excess of sodium azide with the corresponding 

chloride in acetone or acetonitrile, yield the azido analogues 1c and 2c. They were tried to 

obtain by chloride/iodide exchange using silver nitrate in acetonitrile. Precipitation of equi-

molare amount of silver chloride, respectively silver iodide, was observed, but the 
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corresponding full converted nitrate ester could not be verified by NMR experiments in the 

case of 1d (see NMR section). The semi-converted nitrate analogues of 2d could be very 

well be observed in NMR experiments, but the fully converted nitrate 2d could only  be 

obsurved in traces and as intermediate product to following decomposition products. This 

case is discussed in more detail in the NMR section. 

Scheme 7.1. The labelling of diphenyl and phenyl silanes with X = Cl (1/2a), I (1/2b), N3 (1/2c) and ONO2 

(1/2d) methylene-bridged moieties, the dimeric disiloxanes O(SiMe2CH2X)2 (X = Cl (3a), I (3b), N3 (3c), ONO2 

(3d)), the two chain-like polymeric structures of [O2/2SiMeCH2X]n and [O2/2Si(CH2X)2]n (X = Cl (4/5a), I (4b), 

N3 (4c/5b), ONO2 (4d)) and the methoxylated (MeO)3SiCH2X (X = Cl (6a), N3 (6b)) and polymeric 

[O3/2SiCH2N3] (6c) are shown. 

The disiloxane 3a was synthesized quantitatively by hydroxylation of commercially 

available chloro(chloromethyl)dimethylsilane in.[17] The iodide derivative 3b[18] was 

synthesized by Finkelstein reaction via in acetone for 8 h. The azido compound 3c[19] was 

obtained by refluxing 3a with an excess of sodium azide at 55 °C. The synthesis of 3b and  
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Scheme 7.2. Syntheses of the compounds 1a–d and 2a–d. 

Scheme 7.3. Syntheses of the compounds 3a–d, 4a–d, 5a/b and 6a–c. 

3c were performed with high yields. Compound 3d could be received by iodine exchange 

reaction using 3c and treating it with an excess of silver nitrate.[6] Exclusion of light and 

quick purification are decisive for the outcome of the reaction. Due to rapid decomposition 

the compound could not be obtained free of by-products. Further information on the 

decomposition mechanism can be found following the discussion. The syntheses route of 
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the siloxanes dimer and polymers are shown in Scheme 2. The mono-functionalized 

polymer 4a[20,21] was synthesized by simple hydrolysis of the commercially available 

dichloro(chloromethyl)methylsilane.[11] The oligomeric/polymeric chains were treated by 

stirring the freshly prepared compound 4a in a 2M solution of sulphuric acid and water for 

three days. The growth of the molecule is always a challenge between cyclisation and chain 

elongation. 

A comprehensive discussion of the chemical and physical influences is given 

elsewhere.[22] The polymerisation method used in here will lead to mainly oligomeric 

cyclic products (D3 and D4), which havethe advantage in the solubility reasons and to 

permit a more precise comparability of experimental results and the theoretical 

calculations (the problem of is discussed in the theoretical section). The compound was 

converted into the corresponding iodide derivative by refluxing 4a for 16 h in acetone with 

sodium iodide.[20,21] The azido derivative 4c was synthesized by refluxing 4a with an 

excess of sodium azide for 24 h in acetone. Storing compound 4c for two weeks at 50 °C 

with or without reduced pressure leads to a colourless elastic rubber like polymer similar 

to commercially buyable silicone seal. Compound 4d (also the same for the corresponding 

[O2/2Si(CH2ONO2)2]n and [O3/2SiCH2ONO2]n polymers) was tried to be obtained by iodide 

nitrate exchange reaction starting from 4c and treating it with a small excess of silver 

nitrate. A full conversion takes place, silver iodide precipitates quantitatively and the 

characteristic NMR shifting of nitratomethyl moieties is observed. Nitratomethyl 

derivatives decomposes rapidly to higher hydrolysed siloxane polymers, like [O2/3SiMe]n. 

The mechanism has not been studied in detail but is expected to be similar to the already 

investigated decoposition pathways of tetrakis(nitratomethyl)silane [23,24] and the 

proposed mechanism of hexakis(nitratomethyl)disiloxane [4] (Scheme 3). Most likely 

intermolecular interactions and not only the already discussed intramolecular interactions 

lead to the observed fast decomposition. For example interactions between the non-

bridging nitrate oxygens Oβ/Oγ to a silicon atom of another moiety, weakens the Si–R bonds 

of this moiety and probably followed by cleaving one of this Si–R bonds. Especially good 

leaving groups at the Si atom, like Ph, and high polarized Si atoms which easily coordinate 

to the silicon center (penta-coordination or hexa-coordination), as in disiloxanes, siloxanes 

and silsesquioxanes, promote the decomposition. This synthetic route was also tested for 
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bis(iodomethyl)-functionalized poly-siloxane (iodo analogues of 5a). Substitution takes 

place (precipitation of AgI), but the isolation of the product failes due to rapid 

decomposition to silsesquioxanes and silicates (but no clear evidence of characteristic NMR 

signals); therefore the synthesis is not given in detail. Compound 5a was synthesized by 

using 1a as staring material and cleaving the phenyl moieties by treating 1a with triflic acid 

and subsequent hydrolysis. The reaction mixture was stirred for additional three days at 

ambient temperature and the raw siloxane was treated by triflic acid. Polymer 5b was 

synthesized in analogue manner to compound 4c and aged by treating the polymer as 

already described for compound 4c. The consistency of 5b is less elastic and flexible in 

comparison to 4c, similar to soft. The starting material for 6c was synthesized from 

commercially available trichloro(chloromethyl)silane and treating with methanol.[25] The 

resulting trimethoxy(chloromethyl)silane (6a) was refluxed for 12 h in with sodium azide. 

After extraction of the azido derivative (6b), it was hydrolysed with water and 2M 

sulphuric acid to obtain 6c, an in almost all common solvents insoluble, colourless solid. To 

obtain a colourless foil-like structure of 6c, 6b was diluted with a small amount of n-hexane 

(50–80 % of 6b) and dropped onto a calm water surface without stirring. The solvent was 

evaporated over night to obtain a thin, colourless and flexible foil of 6c. 

Nuclear magnetic resonance: 1H, 13C{1H} and 29Si{1H} NMR experiments of all mentioned 

compounds, and in addition 14N{1H} NMR experiments for the compounds 1–4c/d and 

5/6b were performed (see Table 1). 

In general 1H NMR shiftings of the methylene moieties are well defined and mainly 

influenced on their substituent X (Cl, I, N3 or ONO2) and those on the silicon atom, like 

oxygen or phenyl. Methylene resonances in NMR experiments of the phenyl substituted 

compounds are shifted lower field in comparison to corresponding siloxane derivatives. 

The influence of the level of oxygen substitution on the silicon atom, like disiloxane (M), 

poly-siloxane (D) or silsesquioxanes (T) is low. As expected, iodide derivatives show a 

shifting to higher field for the methylene protons in comparison to chloro, azido and nitrate 

substituted molecules. In contrast to the strongest high-field shifting of the iodide 

derivatives (app. 2.5 ppm for phenyl, respectively 2.0 ppm for siloxanes derivatives), the 

nitrate analogues show the strongest low-field shifting up to app. 4.5 ppm, 4.0 ppm 

respectively. Chloro and azido analogues show almost the same shifting for the methylene 
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Table 7.1. NMR siftings of the SiCH2X (X = Cl, I, N3, ONO2) moieties of compounds 1a–3d, 5a/b and 6a/b 

(NMR experiments are not performed for 6c, because of insolubility in suitable solvents); Values are given in 

ppm and the 1JC–Si, respectively 1JSi–C, couplings are given in parentheses in Hz (due to the resolution of the 

spectra small deviations can occur); Notation of the azide moieties are given by RCH2NαNβNγ. 

 1H [a] 13C{1H} [a] 29Si{1H} 14N{1H} 
1a 3.49 26.1 (58.5) −12.2 (73.1, 57.7)  
1b 2.65 −18.1 (57.7) −9.4 (73.4, 58.1)  
1c 3.52 37.3 (59.4) −14.9 (72.9, 58.3) Nα Nβ Nγ 

−326 −132 −171 
1d --- --- --- --- 
2a 3.30 24.5 (59.3) −8.1 (59.3)  
2b 2.51 −19.1 (59.2) −4.6 (75.3, 59.0)  
2c 3.32 36.7 (58.1) −9.7 (58.4) Nα Nβ Nγ 

−323 −132 −171 
2d ~4.50 ~60.5 (57.5)[b] ~−16.3  

(71.9, 58.2)[b] 
−39.3 

3a 2.72, 0.21 30.8 (61.2), 
−1.3 (62.3) 

4.0 (62.7, 61.0)  

3b 2.03, 0.25 −0.3 (63.3), 
−12.5 (59.2) 

4.6 (62.9, 58.4)  

3c 2.73, 0.19 42.3, −0.5 5.4 Nα Nβ Nγ 
−323 −131 −173 

3d 4.04, 0.23 66.4 (60.0), 
−0.9 (63.0) 

3.2 (59.7, 63.0) −36.0 

4a 2.72, 0.28 29.5 – 28.1 (81.0), 
−2.5 – −3.1 (78.9) 

−28.3 – −28.6, 
−29.8 – −30.3 

 

4b 2.05, 0.41 −1.4 – −2.4, 
−15.0 – −16.1 

−27.3 – −28.2, 
−29.7 – −30.3 

 

4c 2.77, 0.25 41.0 – 40.4, 
−1.5 – −1.8 

−28.1 – −29.7 Nα Nβ Nγ 
−325 −131 −173 

4d 4.14 – 4.04, 
0.41 – 0.30 

65.1 – 64.5, 
−1.2 – −2.6 

−25.5 – −32.7 −38.1 

5a 2.94 – 2.87 30.4 – 27.4 −35.0 – −36.0  
5b 2.76 – 2.68 38.2 – 37.8 (85.3) −37.2 – −38.0 (85.0) Nα Nβ Nγ 

−326 −132 −177 
6a 3.60(OMe), 

2.81 
50.9 (MeO), 
23.6 

−62.5  

6b 3.62 – 3.59, 
2.89 

50.9 (MeO), 
36.7-35.8 

−62.6 Nα Nβ Nγ 
−327 −132 −173 

[a] Resonances of phenyl moieties are given in experimental section; [b] Coupling constants were determines 

from SiCH2ONO2 moieties of the intermediate derivative PhSi(CH2ONO2)2CH2I. 

moieties. But in contrast they can be clearly differed in 13C NMR experiments. The 

methylene carbons of the chloro derivatives (except 3/4a) show resonances at app. 23–

29 ppm and are consequently well separated from the corresponding signals of 

azidomethyl derivatives in 13C NMR experiments (app. 35–38 ppm). In the case of the 
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exception of 3a and 4a, their resonances in 13C NMR spectra were found at app. 31 ppm, 

29 ppm respectively, but are also well separated from their azido derivatives at 42 ppm, 

41 ppm respectively. Iodide substitution leads to a strong high-field shifting, to values 

lower than −12 ppm (up to −19 ppm for 2b). In addition, the increase of oxygen 

substitution at the silicon atom (MeO, M, D or T like substitution) results in a shift to higher 

field of 1–2 ppm for each introduced Si–O bond for methylene 13C resonances. Methylene 

carbons of the discussed nitrate esters are typically found in the area of around 65 ppm in 
13C NMR spectra. The methyl moieties were only marginal influenced by substituents at the 

methylene moiety and are typically observed slightly below 0 ppm in 13C NMR spectra. 

Resonances of 29Si nuclei in NMR experiments are mainly influenced by the substituent X at 

the CH2X moiety (X = Cl, I, N3, ONO2), the kind of substituent attached to the silicon atom 

(Me, Ph or OR) and in the case of the oligomers/polymers the surrounding bonding 

substitution (like in the middle of a polymeric chain/matrix, at the end of an chain or part of 

a cyclic oligomeric chain). These influences lead to a sometimes difficult, but very precise 

identification of the signals in 29Si NMR experiments. The phenyl derivatives 1a–c and 2a–c 

both show a signal in the same area of slightly high-field shifted resonances between 

−5 ppm and −18 ppm. Disiloxanes (M), like the derivatives 3a–d, are shifted slightly to 

lower field (app. 5 ppm).The notation M (also D and T) is commonly used as description of 

Figure 7.1. Labelling of the atoms in the solid state structure of 2b. Weak intramolecular attractions 

influencing the twisting of the CH2I moieties into a propeller like orientation are shown in blue dashed lines 

(sum of the van der Waals radii Σ(I,H): 3.12 Å, d(I···H) = 3.24– 3.44 Å). 
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siloxane chains. If nothing else is mentioned the substituents at the silicon atoms are methyl 

groups, as in Dn = [O2/2Si(CH3)2]n or DnR = [O2/2Si(CH3)R]n. 29Si NMR signals of poly-siloxanes 

(D), like compounds of type 4 and 5, were observed at higher field in the range of −18 and 

−38 ppm, strongly dependent of the substituent X. Influences of the length and position of 

one repeating unit in the polymeric chain are commonly given by the follows: D moieties 

near the terminus are low-field shifted in comparison to more ‘central’ D moieties. Cyclic 

oligomeric Dn (for example D3) are strongly low-field shifted with app. −8 ppm. With 

increasing the ring size (D4, D5, D6 etc.) the signal shifts to higher field and consequently 

into the area of the polymeric Dn resonances. Silsesquioxanes (T) like derivatives of 6a–c 

were obsurved at higher field beginning at app. −60 and down to <−80 ppm. A problem of 

the polymeric silsesquioxanes is the low solubility in suitable solvents for NMR 

spectroscopy in solution; therefore only methoxylated or semi-methoxylated 

silsesquioxanes are discussed in detail in here. The influence of the substituent X at the 

methylene moiety is not negligible in 29Si NMR resonances, but it is difficult to identify a 

certain pattern. The substituents of the compounds 2a–d (range: −4.6 to app. −16.3 ppm for 

Cl, I, N3, and ONO2) has much more influence as the disiloxanes 3a–d (range: 3.2 to 5.2 ppm). 

In the case of the phenyl derivatives 1a–c and 2a–d the electronegativity of the substituents 

seems to be the main influencing factor, a minor one the sterical hindrance. In the case of 

siloxanes derivatives 3–6 the resonances in 29Si NMR chlorido and the azido derivatives are 

relatively similar, but other shifting tendencies are not clearly verified without more 

detailed knowledge of the intramolecular interactions (halogen bonding, σ-hole 

interactions, electrostatic attractions etc.) as already known from other silane and siloxanes 

derivatives.[2,4] The 1JSi-C and 1JC-Si coupling frequencies are characteristic for each kind of 

carbon moiety. Methylene moieties show coupling frequencies of app. 57–59 Hz in the cases 

of the phenylated silanes 1a–c and 2a–d, the same is true for the methylated ones. The 

frequencies of the 1JSi-CH2 are slightly smaller than the 1JSi-CH3 coupling frequencies. The 

couplings 1JC-Si between 29Si and aromatic 13C nuclei were measured with higher frequencies 

at about 70–75 Hz. Even higher frequencies of app. 80–90 Hz were found in the case of –O–

Si– chained 29Si nuclei to methylene 13C nuclei. In contrast to poly-siloxanes the coupling 

frequencies of disiloxanes are much smaller (60–63 Hz) but slightly larger than for the 1a–c 

and 2a–d derivatives. 
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Scheme 7.4. General postulated decomposition mechanisms of nitratomethyl silanes (such as 4e and 

Si(CH2ONO2)4 calculated on M06/6311G** level of theory (top, [23,24]) and postulated (bottom)). 

Table 7.2. Selected bond lengths (Å), angles (°), and dihedral angles (°) for 2b (respectively the different types 

A–D) with estimated standard deviations in parentheses. 

2b A B C D 
Distances     
Si1–C1 1.865(1) 1.873(1) 1.914(1) 1.900(1) 
Si1–C2 1.886(1) 1.846(1) 1.847(1) 1.932(1) 
Si1–C3 1.858(1) 1.860(1) 1.912(1) 1.878(1) 
Si1–C4 1.877(1) 1.829(1) 1.862(1) 1.856(1) 
C1–I1 2.130(1) 2.150(2) 2.081(1) 2.052(1) 
C2–I2 2.091(1) 2.106(1) 2.104(1) 2.079(1) 
C3–I3 2.148(1) 2.157(1) 2.083(1) 2.124(1) 
Angles     
C1–Si1–C2 109.2(5) 109.3(6) 107.1(6) 107.6(6) 
C1–Si1–C3 108.2(6) 110.3(6) 110.6(6) 110.3(6) 
C1–Si1–C4 107.1(5) 105.2(6) 108.3(5) 107.7(5) 
C2–Si1–C3 108.5(6) 107.4(6) 110.4(6) 110.5(6) 
C2–Si1–C4 110.4(5) 111.2(6) 110.0(6) 107.9(5) 
C3–Si1–C4 113.4(5) 113.5(6) 110.3(6) 112.7(6) 
C5–C4–Si1 120.9(9) 123.0(9) 121.5(10) 122.1(10) 
C5’–C4–Si1 119.9(9) 120.6(9) 121.9(9) 122.1(8) 
Si1–C1–I1 114.3(6) 113.4(7) 114.6(6) 116.6(6) 
Si1–C2–I2 115.9(6) 112.4(6) 116.2(6) 110.1(6) 
Si1–C3–I3 110.1(6) 110.5(6) 111.2(6) 111.2(6) 
Dihedral Angles     
C4–Si1–C1–I1 178.8(6) −179.8(6) 179.9(6) 176.8(6) 
C4–Si1–C2–I2 65.4(8) 58.9(8) −62.3(8) −65.3(7) 
C4–Si1–C3–I3 58.7(7) 60.6(7) −61.8(7) −62.4(7) 

The existence of 2d was verified with regard to the frequent step by step high-field shifting 

of the 29Si NMR resonance with ongoing I-ONO2 exchange during the reaction (2c: 

−4.6 ppm, PhSi(CH2I)2CH2ONO2: −8.2 ppm, PhSi(CH2ONO2)2CH2I: −12.1 ppm), which leads 
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to the conclusion that the very weak signal at −16.3 ppm is assigned to this compound. After 

a reaction time of 30 min only semi-converted intermediates were observed. Instantly with 

the first appearance of signal of the product 2d (after 1 h), also resonances of 

decomposition products at > −42 ppm can by observed (related to ROSiPh(CH2ONO2)OR, 

minor ROSi(CH2ONO2)2OR). Comparing the integrals of the well separated resonance 

populations for the aromatic phenyl protons at 7.76–7.25 ppm (integral normalized to 

5.00H) and the one of the CH2ONO2 moieties at 4.48–4.00 ppm (integral of 1.52H, to 

compare 6.00H for 2d) show that the CH2ONO2 moieties are cleaved more readily than the 

phenyl ones. In addition electron withdrawing moieties at the β-position to silicon increase 

the aptitude intramolecular phenyl migration.[26] Observations of the nitrate ester 4d and 

the trials to obtain evidence of nitrate ester analogues of 5 and 6 were done in similar 

manner than for 2d. Observations of the nitrate ester 4d and the trials to obtain evidence of 

nitrate ester analogues of 5 and 6 were done in similar manner than for 2d. All the above 

leads to the conclusion that the decomposition takes place more rapidly with the increase of 

the nitrate ester content and oxo-As mentioned in the synthetic section, nitratomethyl 

silanes are rather instable and decompose rapidly. It was possible to identify only the 

nitrate ester of the compounds 2–4d by NMR experiments. Only 3d was obtained as pure 

compound. Never the less 3d decomposes within a few hours at ambient temperature 

under argon atmosphere. The formation of 2d could only be verified by the observation of 

its intermediates in NMR experiments. The general appearance of nitrate  esters during the 

reaction was noticed by the characteristic resonances of CH2ONO2 moieties in 1H NMR at 4–

4.5 ppm, nitrate esters 14N resonances at −39.3 ppm, 13C signals at 63.1 ppm 

representatively. The existence of 2d could be verified because the signal in the 29Si NMR 

shifts stepwise to higher field substituents at the silicon atom. One reason can be found in 

the increased electron deficiency, resulting in a stronger positive charge at the silicon atom, 

which consequently becomes more attractive for electrostatic interactions with electron 

rich moieties. Due to higher polarisation and increased ionic character of Si–C bonds caused 

by electron withdrawing substituents at Si and C atoms, the cleavage of Si–C bonds become 

even more likely. Increased positive charge at the silicon atom also increases the possibility 

of a penta-coordination at the silicon by nucleophils, like −OR, −OH, halogenides and even 

the pseudohalogenide N3−. Penta-coordination additionally leads to a more likely cleavage 

of C–Si bonds and consequently decomposition derivatives of siloxanes. Former studies of 
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the decomposition mechanism favoure route (A) (shown in Scheme 3), but recently an 

additional mechanism (B) has been postulated.[4] 

Crystallographic structures: Compound 2b crystallises in the monoclinic space group P n, 

with 8 molecules in the unit cell and a density of 2.528 g/cm3. Crystallographic data are 

given in Table 3. 

The asymmetric unit is defined by four differently orientated molecules. The labelling of the 

atoms are shown in Figure 2. The representative bond lengths and angles are given in Table 

2. The structure is defined by many inter- and intramolecular interactions, creating a 

complex network. First looking to the intramolecular molecular shaping interactions: weak 

intramolecular electrostatic attractions between iodine and the hydrogen atoms of a 

neighboured methylene moiety or more exactly with its positive surface potential leads to 

the twisting of the CH2I moieties at the central Si atoms (see Figure 2). Due to the weak 

intramolecular interactions the CH2I moieties are twisted more similar to a propeller-like 

orientation (I3···HC2) in contrast to analogue moieties which are twisted in a swan-like 

orientation (swan-like orientation would be require a I3···HC1 interaction in the structure 

of 2b).[4] Due to too many intermolecular attractions in the solid state structure of 2d, they 

should not be discussed all in detail. Only some attractions will be described exemplarily in 

the following: Intermolecular interactions can be divided into several kinds of linked 

networks. First of all interactions between the para-carbon (C7) of the phenyl moiety and 

an iodide (I2) creating an interactional dimer. The C7···I2–C2H2 angles are around 172° and 

consequently the positive surface potential is pointing to the π-electrons of the phenyl 

(iodine electron acceptor, phenyl π-donor).  

In addition, interactions between the carbons C5 and C6 (sometimes additionally C7), 

respectively the electron-rich π-orbitals, of the phenyl moiety and one hydrogen of a 

methylene group are found. Each C1H2 methylene moieties of the four different molecules 

A–D are connected to an iodine atom by intermolecular I···H interactions (sum of the van-

der-Waal radii Σ(I,H): 3.18 Ǻ, d(I···H) = 3.06–3.09 Ǻ). Iodine is known to build halogen-

halogen interactions,[28] which are described in the following. The iodine atoms I2, which 

interacts with the lipophilic phenyl back-bone, build no halogen-halogen bonds, in contrast 
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Table 7.3. Crystallographic data of the compound 2b. 

 2b 
formula C8H9SiI3 
molecular weight 527.97 
T/K 173(2) 
λ/Ǻ 0.71073 
crystal system monoclinic 
space group P n 
crystal size/mm 0.32x0.25x0.08 
a/Ǻ 9.3107(2) 
b/Ǻ 9.8931(2) 
c/Ǻ 29.8234(8) 
β/° 98.669(2) 
V/Ǻ3 2715.70(11) 
Z 8 
ρcalc./g cm−3 2.528 
μ/mm−1 6.953 
F(000) 1816 
2θ range/° 0.996–27.00 
index ranges −11 ≤ h ≤ 9 

−11 ≤ k ≤ 12 
−38 ≤ l ≤ 354 

reflections collected 6161 
reflection unique 8778 [Rint = 0.05278] 
parameters 463 
GoF 1.039 
R1/wR2 [I>2σ(I)] 0.0543/0.1036 
R1/wR2 (all data) 0.0377/0.0973 

to I1/3, which are highly connected to each other (see Table DDD). They create a chain-like 

and triangular linked network. The triangles are build out of the atoms I1C, I3C and I1A 

(Δ(I1A,I3C,I1C), ∢(I3C···I1C···I1A): 57.8°, ∢(I1C···I3C···I1A): 60.4°, ∢(I3C···I1A···I1C): 

61.8°). The chain-like interactions are mainly built out of alternated I1 and I3 chain links. 

The I···I distances are between 3.98–4.16 Ǻ, which is slightly above the van-der-Waals 

radius (I,I: 3.96 Ǻ), but the interactions are well defined by their donor-acceptor angles (see 

Table 4). Many of the aromatic CH protons shows long-range electrostatic attractions to 2–5 

iodine atoms (d(I···Harom.) = 3.29–3.46 Ǻ; ∢(C–I···H) = 86.8–115.2°, ∢(I···H–Carom.) = 130.2–

168.1°). The aromatic ring and the connected iodine atoms are, with some slightly 

deformations, in plane. 
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Table 7.4. Distances (Å) and angles (°) of I···I halogen interactions of the solid state structure of 2b (ID: 

electron donor; IA: electron acceptor, sum of the van-der-Waals radius Σ(I,I): 3.96 Ǻ).[27] 

Interaction (ID---IA) Distances ∢(C–ID···IA) ∢(ID···IA–C) 
I1B---I3B 4.104 114.5 168.3 
I1B---I3A 4.001 102.4 171.6 
I1A---I3A 4.161 113.6 166.4 
I1A---I3C 3.976 121.4 176.6 
I1C---I3C 4.139 113.7 167.4 
I1A---I1C  4.081 114.9 171.5 
I1D---I3D 4.051 120.2 162.6 
Δ(I1A,I3C,I1C) ∢(I1A---I3C---I1C) ∢(I1C---I1A---I3C) ∢(I3C---I1C---I1A) 
 57.8 60.4 61.8 

Sensitivity and physical properties: The thermal stability was estimated by DSC 

experiments and in general it was found to be only minor dependent by the type and 

construction of the back-bone and the amount of energetic moieties at the same silicon 

atom. The decomposition temperatures Tdec of azidomethyl containing silanes compounds 

known in the literature[3], and of 2/3/4c are all in a similar range at app. 135°C ±5 °C (see 

Table 7.5). The same is found for the nitratomethyl silanes at a temperature of app. 95 °C 

±10 °C in the literature. The decomposition temperatures of the nitratomethyl derivatives 

discussed in here could not determined without fail, because of rapid decomposition at 

ambient temperature.  

The sensitivities were determine by friction and impact testing apparatus according to 

BAM.[29] Due to the impurities and decomposition of the other compounds, only the 

compounds 1c, 2c, 3c/d, 4c, 5b and 6b/c were measured. As already mention in the 

literature, the amount of energetic moieties is the most important factor concerning friction 

and impact sensitivity.[2,3] In addition, nitratomethyl derivatives are much more sensitive 

towards mechanical stimuli than its azidomethyl analogues.[3,4] The aliphatic or aromatic 

substituents on the silicon atom show influence towards the mention sensitivities, observed 

at the values obtained from the phenyl derivatives 2/3c and the values of their methyl 

analogues (bis(azidomethyl)dimethylsilane: IS = >9 J, FS = >60 N; tris(azidomethyl)-

methylsilane: IS = <1 J, FS = <5 N)[3]. In the case of the nitrate derivative similar tendencies 

were expected. The only obtained value of a nitratomethyl derivative which is mentioned in 

here, compound 3d, shows less sensitivity concerning mechanical stimuli than its azido 

analogue, which is not comprehensible. The reason is probably based on contaminations by 
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decomposition products, although the compound was only slightly decontaminated tested 

by NMR experiments (less than 10%).  

It was tested, if different composition of cyclic, chain and in addition shorter or elongated 

fragments of compound 4c show a significant influence to the sensitivities concerning 

mechanical and thermal stimuli. As result neither the structure of the polymer (cyclic or 

chain-like), nor the length, respectively rubber or oil-like consistence, of the polymer has a 

significant influence towards the tested thermal and mechanical stimuli, even so the 

method of polymerisation (acidic, basic catalysation or by evaporating off water). The only 

difference was found by thermal treating of oil-like polymers, where smaller fragments 

evaporated (derivatives of D3, D4, M2O etc.). The content of azidomethyl moieties was 

variegated by adding non-functionalised dimethylsiloxane moieties into the polymer by 

addition of dichlorodimethylsilane during hydrolysation or by addition of bought D3 during 

the elongation process. Up to a content of 50% dimethylsiloxane moieties no significant 

changes concerning their behaviour towards thermal and mechanical stimuli were 

observed.  

The increasing of the azidomethyl moieties per silicon atom leads to compound 5b. It has 

increased sensitivities concerning mechanical stimuli (IS = <1 J, FS = <5 N), but almost the 

same thermal stability (Tdec = 137.4 °C) in comparison to compound 4c, with only one 

azidomethyl moiety per silicon atom (Tdec = 138.1 °C). 

Energetic properties: The energetic properties of the compounds 1c/d, 2c/d, and 3c/d 

were calculated by the EXPLO5 version 6.01 computer code.[30] The input energies of 

formation were calculated out off the computed heat of formation, which were obtained by 

calculations on CBS-4M level of theory. In the case of the compounds 4c/d only the cyclic 

trimetric structure were calculated on CBS-4M level of theory, because computing time. The 

compounds 5b and 6b and its corresponding nitrate ester were not performed, because of 

the time consuming efforts in comparison to its profit, even for the trimeric analogues. The 

heat of formations were computed by the atomization method (Equation (1)) by using the 

program Gaussian09 revision C.01.[31] The obtained enthalpies of formation in gas phase 

ΔHm(g) were converted into their enthalpies of formation in solid state ΔHm(s) by using the  
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Table 7.5. Energetic properties of the compounds 1c/d–3c/d and the trimeric 4c/d. 

 1c 1d 2c 2d 3c 3d 4c 4d 
formula C14H14N6Si C14H14N2O6Si C9H11N9Si C9H11N3O9Si C6H16N6OSi2 C6H16N2O7Si2 C6H15N9O3Si3 C6H15N3O12Si3 
M /g·mol−1 294.39 334.36 273.33 333.28 244.40 284.37 345.50 405.45 
IS /J [a] >40 --- <2 --- >40 >40[p] <8 --- 
FS /N [b] <108 --- <40 --- <60 <72[p] <72 --- 
N /% [c] 28.55 8.38 46.12 12.61 34.39 9.85 36.49 10.36 
ΩCO2 /%[d] −201.09 −148.34 −149.26 −79.21 −150.57 −95.65 −104.19 −53.27 
Tdec /°C[e] 138.4 --- 139.1 --- 135.8 --- 138.1 --- 
∆fH°M 
/kJ·kg−1 [f,g]  

1990.0 −723.8 3139.0 −1152.4 −1261.0 
(−1263.2) 

−4013.9 −2694.3 
(−2696.4) 

−5345.9 

∆fU° 
/kJ·kg−1 [g,h]  

2074.2 −650.3 3229.7 −1066.9 −1144.3 
(−1146.5) 

−3904.9 −2597.5 
(−2599.6) 

−5254.2 

EXPLO6.01 values (detonation[q], ρ = 1.0 cm3 [o]): 
−∆exU° 
/kJ·kg−1 [j] 

3463 4625 4452 5241 3051 
(3049) 

4982 2872 
(2870) 

4285 

Tdet /K[k] 2203 2888 2876 3706 2029 
(2028) 

3024 2168 
(2167) 

3135 

pCJ /kbar[l] 38 46 55 73 45 (45) 58 35 (35) 51 
Vdet /m·s−1 [m] 3867 4161 4506 5054 4130 

(4129) 
4607 3644 

(3643) 
4223 

V0 /L·kg−1 [n] 533 596 650 749 627 (627) 691 561 (561) 640 
EXPLO6.01 values (isobaric combustion[r], ρ = 1.0 cm3 [o])[r]: 
TC[s] (neat) 3142 3142 3193 3221 3145 3150 3126 3122 
Isp[t] (neat) 252 251 255 255 252 251 246 240 

[a] impact sensitivity (according to BAM method 1 of 6 with drophammer); [b] friction sensitivity (according 

to BAM method 1 of 6 with friction tester); [c] nitrogen content; [d] oxygen balance calculated for CO2; [e] 

Decomposition temperature measured by DSC (onset); [f] calculated heat of formation (CBS-4M); [g] 

Decomposition temperature used for the calculations were estimated with 130 °C (azido derivatives 1c–4c) 

and 100 °C (nitrate derivatives 1d–4d); additionally the calculated values with the experimental 

decomposition temperatures are given in parentheses below the estimated values; [h] energy of formation; [i] 

all values were computed with a density of 1.0 g/cm3; [j] energy of explosion; [k] detonation temperature; [l] 

detonation pressure at the Chapman-Jouguet point; [m] detonation velocity; [n] assuming volume of gaseous 

products; [o] estimated density; [p] Sensitivities measured by slightly impure material, see text; [q] 

detonation settings: BKW EOS constants and co-volumes of BKWG-S, initial temperature 3600 K, Model 4, 

reaction products standard run; [r] isobaric combustion settings: chamber pressure 7 MPa, initial 

temperature 3300 K, ambient pressure 0.1 MPa, expansion through the nozzle, reaction products standard 

run, [s] chamber temperature Tc of the neat compound in the combustion chamber; [t] specific impulse Isp of 

the neat compound. 

ΔfH°M(g) = H°M(g)  −  ∑H°atoms   +   ∑ΔfH°atoms  (1) 

ΔUM = ΔHM  −  ΔnRT         (2) 

Δn = changes of moles of gaseous components 
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Trouton’s rule.[32] The molar standard enthalpies of formation were converted into the 

molar solid state energies of formation by using Equation (2).  

Because of the deficiency of some information concerning accurate input values for 

computing the energetic parameter (melting, boiling decomposition point and density), the 

densities of each discussed compound are defined by 1.0 g/cm3. In the case of decomposing 

compounds like 1d–4d the boiling, respectively the decomposition point is defined by 25 °C, 

and for all azido derivatives 1c–4c they were estimated with 130 °C. All components were 

assumed to be liquids at ambient conditions. Consequently, the boiling, respectively the 

decomposition points were used as input for calculating the energies. Never the less the 

influences of the boiling and decomposition point for the calculations are low as shown 

elsewhere and can be also seen in the computed values of 3c with the estimated Tdec,est. = 

130 °C and the experimental value Tdec = 136 °C.[4] 

The studied compounds show low nitrogen contents, except 2c, which is higher than 

45 %. The oxygen balances are as expected for the azido derivatives very low and low for 

the nitrate derivatives. The high carbon content of the two phenyl azido derivatives leads to 

a positive heat of formation and energy of formation (endothermic). In general the heat of 

formation and energy of formation is lower for azido derivatives in comparison to their 

nitrato analogues, due to the high positive heat of formation/energy of formation of the 

azido moiety. 

The energy of explosion, calculated with the EXPLO5 version 6.01 computer codes is 

lower for azido derivative and low for siloxane derivative. The same tendency is found for 

the heat of detonation values. The detonation pressures at the Chapman-Jouguet point are 

very low as a consequence of the lack of oxygen/oxidizers, which are necessary for a 

complete oxidation to CO2, SiO2, H2O. This is also the reason for the low detonation 

velocities. The generated gas volume during the decomposition is lower for silicon 

compounds towards the carbon analogues, due to the solid SiO2 and Si3N4 instate of gaseous 

CO2 and N2. The gas volumes are higher for nitrate derivatives compared to their azido 

analogues and also increase by increasing number of azido or nitrato moieties per molecule. 

As exemplarily shown in Table 6 for a azido and a nitrate derivative (2c and 2d) the main 

decomposition product of the highly oxygen deficient neat compounds were computed to 

by in both cases elemental carbon (C, carbon black), nitrogen (N2), ammonia (NH3),  
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Figure 7.2. Specific impulse of the compounds 1c/d–4c/d (in seconds) computed by EXPLO5 version 6.01 

with an oxygen balance of ~0 % (slightly above 0%); mixture of aluminium and AP is given as bench mark 

(amount of fuel is given in yellow and AP in blue and in %w/w). 

methane (CH4), ethane (C2H6), hydrogen cyanide (HCN) and hydrogen (H2). In the case of 

the presents of oxygen like in the nitrate or siloxane derivatives additional decomposition 

products were estimated: carbon monoxide/dioxide (CO/CO2), water (H2O), formic acid 

(CH2O2), formaldehyde (CH2O) and methanol (CH3OH). In contrast to carbon, the silicon 

decomposes almost completely to silicon nitride (Si3N4) in the case of oxygen deficient 

compounds and to silicon dioxide (SiO2) in the case of the presents of oxygen, which is in 

good agreement with silicons high oxo- and azophilicity. In the cases of the addition of O2(g), 

carbon oxidized mainly to CO and only in the second order to CO2. Due to the high 

temperatures during decomposition with oxygen addition leads to a strongly shift of the 

Boudouard reaction to CO. The same reason is given for the appearance of molecular 

gaseous SiO, which is generated by an equilibrium with elemental silicon and SiO2 at high 

temperatures (similar to the Boudouard reaction), and reacts to its polymeric form (SiO)x 

by fast cooling and further oxidation to SiO2 at ‘field conditions’ (atmosphere, ambient 

temperature and pressure). Solid oxidizers like AN, lead to a complete oxidation of the 

components like the reaction of a great excess of gaseous O2 (fuel / oxidizer: 
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10 / 90 %w/w). Surprisingly in all calculation for the azido derivatives SiO2 was mainly 

calculated in liquid phase, in contrast to the cases for the nitrate derivatives were it was 

calculated in solid state, although the detonation temperatures are almost equal (Tdet: 2c: 

5368 K, 2d: 5149 K). The detonation pressure differs from each compounds by 20 kbar, 

consequently the solid state is preferred for the nitrate derivatives (lower Tdet and higher 

pCJ). In all calculations with the presents of oxygen or AP (except for AN) relatively high 

amount of NO were formed, unless the available amount of oxygen. 

The compounds 1c–4c, 3d, 5b and 6c were tested by treating it with an open flame. It 

was performed by putting a compound on a metal spatula direct into a flame or fast heating 

in an open glassy capillary tube without contact to a flame (flame of a lighter was used as 

heat source, amount of 3–5 mg). Compound 1c was burning relatively slow with a bright 

white flame. 3c deflagrates with a bright flash. Polymer 4c fulminates with flash and a cloud 

of colourless powder (SiO2). The silsesquioxane 6c was tested as two different kinds, first of 

all as colourless powder and second as transparent foil. In the first case 6c (powder) 

decomposes slowly without flame to a colourless porous solid (SiO2). In the second case the 

foil-like compound was rapidly burned by producing a cloud of fine powder of SiO2 and a 

bright white flame. The nitrate ester 3d detonates heavily in both descript cases of heating. 

In the same way the azido compounds 2c and 5b decomposes heavily. The polymeric 

compounds 4c (also the derivatives with poly-dimethylsiloxane) and both modifications of 

6c were suitable as additive for flares, especially for silicon containing flares (for examples 

IR emitting flares), due to its high combustion temperatures and its IR emitting cloud of 

SiO2 particles. In addition, composites for busters, where these compounds can be used as 

fuel, could be promising. The reason is especially found in the higher combustion 

temperature of sila-derivatives in contrast to carbo-derivatives.[4] The parameter for 

propellants is given in the specific impulse Isp, which is proportional to the square root of 

the temperature in the combustion camber (Tc) of a buster engine and inverse proportional 

to square root of the average molare mass of the decomposition products (Mpro). 

The specific impulse values computed for the compounds 1c/d–4c/d by using the 

EXPLO5 version 6.01 computing code are shown in Figure 3. All tested compounds 1c/d–

3c/d, except 4c/d, show equal or even higher Isp as the bench mark of Al/AP (250 s). 

Inhere it is clearly seen, that the increased saturation of Si by substituted oxygen reduces 
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the energy releases, the chamber temperature and consequently the impulse to the lowest 

computed values in this testing row. 

To take a closer look to the comparison between carbon and silicon derivatives in the fact 

of their Isp values, it can be seen that the higher chamber temperature of the silicon 

derivatives (ΔTc: 60–120 K) is predominant towards the carbon derivatives and its lower 

molare mass of the combustion products (Figure 4). In contrast to the inferior energetic 

parameters in the topic of the use as explosives, silanes are superior to the carbon 

analogues concerning the energetic values as fuel in ammonium perchlorate based 

propulsion setups. The specific impulse was calculated with optimized oxygen balances 

(ΩCO2 as positive and close as possible to 0%) by formal adding AP. A mixture of aluminium 

and AP was calculated the same way as for the other mixtures as bench mark (Al/AP: 

27/73 %w/w, Isp: 250 s, Tc: 4722 K). 

In general the sila derivatives need slightly more oxidizer than their carbon derivatives, 

because of the Boudouard equilibrium of C, CO, CO2 and its analogue process for Si, SiO and 

SiO2, which has a much inferior importance in combustion processes than the Boudouard 

equilibrium. The combustion chamber temperature for the Al/AP mixture (~4700 K) was 

computed to be much higher as for all silicon and carbon derivatives calculated inhere  

(~3100 ±100 K). Due to the low amount of gaseous products the impulse of Al/AP is in the 

lower range of the compounds computed in here. Nevertheless the addition of common 

additives like binders, plasticiser etc. increases the amount of gas producing fuels and 

consequently the Isp. A standard mixture of Al/AP and additives (70 % AP, 16 % Al, 6 % 

polybutadiene-acrylic acid, 6 % polybutadiene-acrylonitrile, 2 % bisphenol A ether, %w/w), 

which was used as solid rocket propulsion of the space shuttle missions. The computed Isp 

value of this mixture (260 s) is as expected higher than for AP neat (157 s) and the 27/73 

Al/AP mixture (250 s). The value of ~260 s is reached by several mixtures calculated inhere, 

but due to its known high sensitivity towards thermal and mechanical stimuli,[1,2,3,4] they 

are no promising candidates as pure mixtures with AP, but some of them can be probably 

used as additive to reduce the carbon content, which will lead to higher combustion 

temperatures and to modified emission of electromagnetic wavelength (pyrotechnical 

pro

C
sp M

TI ∝



VII.  Phenylsilanes and Siloxanes                 
 

 155 

application). The good compounds could be the poly-(azidomethyl)siloxanes based on 4c 

with or with out addition of poly-dimethylsiloxane or poly-silsesquioxanes based on 6c or 

methyl-poly-silsesquioxanes. The substitution of aluminium by silicon containing 

compounds also reduces the environmental pollution by toxic aluminium species (plant 

poisoning by hydroxo- and oxo-aluminium derivatives)[33]. The consistences of poly-

silsesquioxanes make them promising candidates as reactive casts. 

Figure 7.3. Specific impulse of several azido- and nitratomethyl silanes and its carbon analogues were 

computed by EXPLO5 version 6.01 with an oxygen balance of Ω = ~0–1 % and a mixture of aluminium and AP 

(Ω = 1.2 %) is given as bench mark (red line). The amount of fuel is given in yellow and AP in blue and 

in %w/w (area between 30 to 100 s is skipped for clarity). TMCA ((azidomethyl)trimethylmethane), TMSA 

((azidomethyl)trimethylsilane), TMCN ((nitratomethyl)trimethylmethane), TMSN ((nitratomethyl)trimethyl-

silane), DMCA (1,1-bis(azidomethyl)dimethylmethane), DMSA (1,1-bis(azidomethyl)dimethylsilane), DMCN 

(1,1-bis(nitratomethyl) dimethylmethane), DMSN (1,1-bis(nitratomethyl)dimethylsilane), MMCA (1,1,1-

tris(azidomethyl)methylmethane), MMSA (1,1,1-tris(azidomethyl)methylsilane), MMCN (1,1,1-tris(nitrato-

methyl)methylmethane), MMSN (1,1,1-tris(nitratomethyl)methylsilane), PCA (1,1-bis(azidomethyl)cyclo-

pentane), PSA (1,1-bis(azidomethyl)-1-sila-cyclopentane), PCN (1,1-bis(nitratomethyl)cyclopentane), PSN 

(1,1-bis(nitratomethyl)-1-sila-cyclopentane), HCA (1,1-bis(azidomethyl)cyclohexane), HSA (1,1-bis(azido-

methyl)-1-sila-cyclohexane), HCN (1,1-bis(nitratomethyl)cyclohexane), HSN (1,1-bis(nitratomethyl)-1-sila-

cyclohexane). The nomenclature was used for comparability. 



VII.  Phenylsilanes and Siloxanes                 
 

 156 

Table 7.6. The main decomposition products for the compounds (exemplarily shown only for 2c and 2d) as 

neat compound and with stoichiometrical amount of gaseous oxygen.[a] 
 2c [b] 2d [b] 
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[a] EXPLO5 version 6.01 calculations with the following settings (settings as in Table 7.5): Running mode ‘Detonation’, 

product activity modulation ‘Model 3’, reaction products ‘main products’, BKW EOS constants and co-volumes ‘BKWG-S 

(default)’; [b] First column of numbers are the %mol/mol values of decomposition of 1 mol of the compounds/mixtures; 

second column of numbers are the mol/kg ratio by decomposing 1 kg of compounds/mixtures; [c] Calculated with 

addition of equimolar amount of gaseous O2; [d] Calculated with addition of equimolar amount of ammonium nitrate (AN); 

[e] Amount of ammonium perchlorate (AP) was determine by empirical methods to a oxygen balance of slightly above 0 % 

and the following settings of the EXPLO5 code: isobaric combustion, all products (advanced run), chamber pressure 7 MPa, 

initial temp. 3500 K, expansion through the nozzle, against ambient pressure (0.1 MPa), equilibrium expansion, Model 1; 

[f] For successful running calculations all combustion products with a molar content of less than 10-10 mol were neglected 

by the calculations, in addition out of our experience and to ensure a successful calculation run, only the following 

products were permitted: Cl2, CO, CO2, H2, H2O, HCl, N2, NO, O2, OH, SiO, SiO2(g), SiO2(l), SiO2(s). 
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Conclusion 

Several new compounds and syntheses of energetic silanes and its precursors were shown 

in detail. Especially the nitrate derivatives decompose rapidly, and some thoughts about 

their decomposition behaviour were done. As result it can be mention, that phenyl- and 

oxo-nitratomethylsilanes decomposes more readily than methyl-substituted silicon 

derivatives and azidomethyl analogues. First information was collected for the polymeric 

siloxane and silsesquioxane derivatives for preparation different modifications of the 

material and its application fields. The azidomethyl poly-siloxanes were proven to be good 

candidates as binders in pyrotechnical mixtures. Azidomethyl derivatives are as well high 

preferment fuel/additives for ammonium perchlorate based propellant devices. 

Experimental Section 

Caution! Azides and nitrate esters are sensitive and represent energetic materials; therefore, 

they must be handled with extreme care! During the work with azido- and nitrate silanes, 

wearing leather jacket, face shield, steel-reinforced Kevlar gloves, ear protection, and 

electrically grounded shoes is mandatory. Only electrically grounded and metal-free 

equipment was used during the syntheses. 

Acetonitrile, npentane, sodium azide (ACROS ORGANICS), silver nitrate (VWR) and 

sodium iodie were used as received. Dichlorodiphenylsilane (ABCR) was freshly distilled 

under argon atmosphere before using.  

The 1H, 13C{1H}, 14N, and 29Si{1H} NMR spectra were recorded in CDCl3 at 25 °C using a 

Jeol 400 Eclipse FT-NMR spectrometer operating at 400.2 MHz (1H), 100.6 MHz (13C), 

79.5 MHz (29Si), 40.6 MHz (15N), and 28.9 MHz (14N). Chemical shifts (ppm) are given with 

respect to TMS (1H, 13C, 29Si) and MeNO2 (14N and 15N). Infrared (IR) spectra were recorded 

on a Perkin-Elmer Spectrum BXII FT-IR instrument equipped with a Diamant-ATR Dura 

Sampler at 25 °C. Raman spectra were recorded on a Bruker RAMII Raman instrument (λ = 

1064 nm, 200 mW, 25 °C) equipped with D418-T Detector at 200 mW at 25 °C. Melting, 

boiling, and decomposition points (Tonset) were determined by differential scanning 

calorimetry (DSC; Perkin-Elmer Pyris 6 DSC, calibrated by standard pure indium and zinc). 

Measurements were performed at a heating rate of β = 5 °C in closed aluminium containers 
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with a hole (1 μm) on the top for gas release with a nitrogen flow of 5 mL/min. The 

reference sample was a closed aluminium container with air. Friction and impact sensitivity 

experiments were performed with a friction device and a drophammer setup according to 

BAM standards (Bundesanstalt für Materialforschung und -prüfung).[29] Elemental 

analyses of the azidomethyl and nitratomethyl compounds were not performed because of 

their explosive properties and the risk of damage the analyzer. Mass spectrometric data 

were obtained from a Jeol Mstation JMS 700 spectrometer. Elemental analysis and mass 

spectrometry of the highly explosive and very sensitive compounds 4d and 4e were not 

performed, because of its high explosive character and avoid potential damage of the 

analyzer.  

Compound 1a, 2a and 1b were synthesized by literature known methods.[14,15,16] 

Bis(azidomethyl)diphenylsilane (1c): Compound 1a (0.25 g, 0.85 mmol, 1.0 eq) was 

refluxed with sodium azide (0.22 g, 3.40 mmol, 4.0 eq) in acetonitrile (10 mL) for 12 h. The 

solvent was evaporated off at reduced pressure and re-dissolved in n-pentane (10 mL). The 

organic phase was filtered and evaporating of the solvent. The product was obtained as 

colourless oil in a yield of 43 % (0.15 g, 0.51 mmol). 

1H NMR (CDCl3): δ = 7.72–7.45 (m, CaromH), 3.52 (s, CH2N3) ppm. 13C NMR (CDCl3): δ = 134.8 

(s, o-CH), 130.7 (s, p-CH), 130.3 (s, i-CH), 128.1 (s, m-CH), 37.3 (CH2N3) ppm. 14N NMR 

(CDCl3): δ = −132 (Nβ), −171 (Nγ), −326 (Nα). 29Si{1H} NMR (CDCl3): δ = −14.9 ppm. Impact: 

>40 J. Friction: <108 N. Tdec: 138.4 °C. 

Bis(nitratomethyl)diphenylsilane (1d): Compound 1b (0.25 g, 0.54 mmol, 1.0 eq) was 

stirred with silver nitrate (0.73 g, 4.31 mmol, 8.0 eq) in acetonitrile (10 mL) for 4 h. The 

solvent was evaporated off at reduced pressure and re-dissolved in n-pentane (10 mL). The 

organic phase was filtered and evaporating of the solvent. Quantitative yield of silver iodide 

(0.13 g, 0.54 mmol) was obtained, but no clear evidence for the product 1d.  

Tris(iodomethyl)phenylsilane (2b): Compound 2a (1.00 g, 3.94 mmol, 1.0 eq) was 

refluxed 24 h with sodium iodide (1.54 g, 23.66 mmol, 6.0 eq) in acetone. The row product 

was extracted with n-pentane (3 × 40 mL) and washed with water (50 mL). The product 

was obtained with a yield of 89 % (1.85 g, 3.51 mmol) as colourless solid.  
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1H NMR (CDCl3): δ = 7.64–7.40 (m, CaromH), 2.52 (s, CH2I) ppm. 13C NMR (CDCl3): δ = 134.7 

(s, o-CH), 131.0 (s, p-CH), 130.2 (s, i-CH), 128.4 (s, m-CH), −18.9 (s, CH2I) ppm. 29Si{1H} NMR 

(CDCl3): δ = −4.6 ppm. IR: ν~  =2930, 2897, 1384, 1262, 1110, 1081, 1020, 774, 755, 738, 697, 

643, 531 cm−1. Raman: ν~  = 2981, 2938, 1382, 1163, 1082, 1000, 789, 748, 543, 512, 

489  cm−1. M.p.: 94.7 °C. Tdec: 251.3 °C. MS(DEI+): m/z = 527.78 [M]+, 451.0 [M−Ph]+, 401.1 

[M−I]+, 387.1 [M−CH2I]+, 259.1 [M−CH2I, −I]+, 245.1 [M−2CH2I]+. 

Tris(azidomethyl)phenylsilane (2c): Compound 2a (0.25 g, 0.99 mmol, 1.0 eq) was 

refluxed 12 h with sodium azide (0.38 g, 5.91 mmol, 6.0 eq) in acetone. The row product 

was extracted with n-pentane (3 × 40 mL) and washed with water (50 mL). The product 

was obtained with a yield of 84 % (0.23 g, 0.83 mmol) as colourless oil.  

1H NMR (CDCl3): δ = 7.59–7.43 (m, CaromH), 3.32 (s, CH2N3) ppm. 13C NMR (CDCl3): δ = 134.4 

(s, o-CH), 131.4 (s, p-CH), 129.0 (s, i-CH), 128.7 (s, m-CH), 36.7 (s, 1JC–29Si = 58.1 Hz, CH2N3) 

ppm. 14N NMR (CDCl3): δ = −132 (Nβ), −171 (Nγ), −323 (Nα). 29Si{1H} NMR (CDCl3): δ = −9.7 

(1JSi–13C = 59.0 Hz) ppm. Impact: >2 J. Friction: >40 N. Tdec 139.1 °C. Sensitivities: impact <2 J; 

friction <40 N. 

Tris(nitratomethyl)phenylsilane (2d): Compound 2b (0.10 g, 0.19 mmol, 1.0 eq) was 

stirred with silver nitrate (0.26 g, 1.52 mmol, 8.0 eq) in acetonitrile (10 mL) for 5 h. The 

solvent was evaporated off at reduced pressure and re-dissolved in n-pentane (10 mL). The 

organic phase was filtered and evaporating of the solvent. The product decomposes during 

the reaction and was not obtained pure and only observed by NMR experiments. 

1,3-Bis(chloromethyl)-1,1,3,3-tetramethyldisiloxane (3a): Chloro(chloromethyl)di-

methylsilane (2.00 g, 14.0 mmol, 1.0 eq) was hydrolysed by slowly adding water (20 mL) at 

0 °C. The raw product was extracted with n-pentane (3 × 20 mL) and the organic solvent 

was evaporated off under reduced pressure for several hours (2·10−3 mbar). The product 

was obtained with a yield of 100 % (3.23 g, 14.0 mmol) as colourless oil.  

1H NMR (CDCl3): δ = 2.72 (s, CH2Cl), 0.21 (s, CH3) ppm. 13C NMR (CDCl3): δ = 30.8 (CH2Cl), 

−1.3 (CH3) ppm. 29Si{1H} NMR (CDCl3): δ = 4.0 ppm. Bp.: 207.4 °C. IR: ν~  =2963, 2928, 1394, 

1255, 1180, 1062, 842, 796, 748, 697, 655, 624 cm−1. Raman: ν~  = 2981, 2938, 1382, 1163, 

1082, 1000, 789, 748, 543, 512, 489  cm−1. 
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1,3-Bis(iodomethyl)-1,1,3,3-tetramethyldisiloxane (3b): Compound 3a (1.00 g, 

4.32 mmol, 1.0 eq) was mixed with sodium iodide (1.94 g, 13.0 mmol, 3.0 eq) and was reflux 

for 8 h in acetone (20 mL). The solvent was evaporated off and raw product was solved in 

n-pentane (20 mL). The pentane phase was separated and washed twice with water (2 × 

10 mL). The organic solvent was evaporated off and the oil was dried in vaccuo 

(2·10−3 mbar). The product was obtained with a yield of 96 % (1.72 g, 4.15 mmol) as 

colourless oil.  

1H NMR (CDCl3): δ = 2.03 (s, CH2I), 0.25 (s, CH3) ppm. 13C NMR (CDCl3): δ = −0.3 (CH3), −12.5 

(CH2I) ppm. 29Si{1H} NMR (CDCl3): δ = 4.6 ppm. IR: ν~  =2957, 2930, 1405, 1253, 1089, 1044, 

832, 787, 727, 707, 654 cm−1. Raman: ν~  = 2960, 2932, 1408, 1084, 711, 641, 525 cm−1.  

1,3-Bis(azidomethyl)-1,1,3,3-tetramethyldisiloxane (3c): Compound 3a (0.20 g, 

0.86 mmol, 1.0 eq) was mixed with sodium azide (0.17 g, 2.59 mmol, 3.0 eq) and was reflux 

for 16 h in acetone (10 mL). The solvent was evaporated off and raw product was solved in 

n-pentane (3 × 10 mL). The pentane phase was separated and washed twice with water (2 × 

10 mL). The organic solvent was evaporated off and the oil was dried in vaccuo 

(2·10−3 mbar). The product was obtained with a yield of 98 % (0.21 g, 0.85 mmol) as 

colourless gel.  

1H NMR (CDCl3): δ = 2.73 (s, CH2N3), 0.19 (s, CH3) ppm. 13C NMR (CDCl3): δ = 42.3 (CH2N3), 

−0.5 (CH3) ppm. 14N NMR (CDCl3): δ = −131 (Nβ), −173 (Nγ), −323 (Nα). 29Si{1H} NMR 

(CDCl3): δ = 5.4 ppm. IR: ν~  =2962, 2898, 2090, 1410, 1290, 1256, 1180, 1055, 837, 796, 754, 

695 cm−1. Raman: ν~  = 2965, 2903, 2092, 1412, 520 cm−1. Tdec 135.8 °C. Sensitivities: impact 

>40 J; friction <60 N. 

1,3-Bis(nitratomethyl)-1,1,3,3-tetramethyldisiloxane (3d): Compound 3c (0.10 g, 

0.24 mmol, 1.0 eq) was treated with silver nitrate (0.12 g, 1.5 mmol, 3.0 eq) in acetonitrile 

(5 mL) for 3 hours at ambient temperature and exclusion of light. The raw product was 

rapidly extracted with n-pentane (3 × 20 mL) and the organic solvent was evaporated off 

under reduced pressure (2·10−3 mbar). The product was obtained almost pure with a yield 

of 64 % (0.04 g, 0.15 mmol) calculated by 1H NMR as colourless oil.  

1H NMR (CDCl3): δ = 4.04 (m, CH2ONO2), 0.23 (s, CH3) ppm. 13C NMR (CDCl3): δ = 66.4 

(CH2ONO2), −0.9 (CH3) ppm. 14N{1H} (CDCl3): δ = −36.0 ppm. 29Si{1H} NMR (CDCl3): δ = 
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3.3 ppm. IR: ν~  =2962, 1623, 1302, 1257, 1213, 1139, 1055, 799, 766, 664 cm−1. Raman: ν~  = 

2967, 2905, 1637, 1408, 1303, 1256, 830, 687, 627 cm−1. Sensitivities: impact >40 J (inpure 

compound); friction <72 N (inpure compound). 

Poly-(chloromethyl)methylsiloxane (4a): Dichloro(chloromethyl)methylsilane (2.00 g, 

12.2 mmol, 1.0 eq) was hydrolysed by slowly adding an excess of water (10 mL) at 0 °C. The 

raw product was extracted with n-pentane (3 × 20 mL). The pentane phase was separated 

and washed twice with water (2 × 10 mL). The organic solvent was evaporated off and the 

oil was dried in vaccuo (2·10−3 mbar) for several hours. The product was obtained with a 

yield of 100 % (1.33 g, 12.2 mmol) as colourless oil. Increasing the chain length (aging) the 

product was stirred with 10 mL of 2M sulphuric acid for three days at ambient conditions. 

1H NMR (CDCl3): δ = 2.72 (br, CH2Cl), 0.28 (s, CH3) ppm. 13C NMR (CDCl3): δ = 28.9 (CH2Cl), 

−2.5 (s, CH3) ppm. 29Si{1H} NMR (CDCl3): δ = −28.3–28.6 (cyclic siloxanes), −29.8–30.3 ppm. 

IR: ν~  =2976, 2905, 1250, 1110, 850, 770, 753, 689, 660 cm−1. Raman: ν~  = 2977, 2935, 2908 

1402, 1103, 1087, 761, 654, 508 cm−1.  

Poly-(iodomethyl)methylsiloxane (4b): Compound 4a (1.00 g, 9.21 mmol, 1.0 eq) was 

mixed with sodium iodide (4.14 g, 27.62 mmol, 3.0 eq) and was reflux for 16 h in acetone 

(20 mL). The solvent was evaporated off and raw product was solved in n-pentane (20 mL). 

The pentane phase was separated and washed twice with water (2 × 10 mL). The organic 

solvent was evaporated off and the oil was dried in vaccuo (2·10−3 mbar). The product was 

obtained with a yield of 96 % (1.77 g, 8.84 mmol) as colourless oil.  

1H NMR (CDCl3): δ = 2.06–1.95 (br, CH2I), 0.41–0.30 (s, CH3) ppm. 13C NMR (CDCl3): δ = 

−1.4–−2.1 (CH3), −15.2–−15.8 (CH2I) ppm. 29Si{1H} NMR (CDCl3): δ = −27.3–−28.2 (cyclic 

siloxanes), −29.3–−29.7 ppm. IR: ν~  =2989, 2905, 1253, 1090, 801, 790, 731, 541, 478 cm−1. 

Raman: ν~  = 2988, 2963, 2934, 2903, 1405, 1374, 1255, 1085, 790, 728, 537, 478 cm−1.  

Poly-(azidomethyl)methylsiloxane (4c): Compound 4a (0.20 g, 1.84 mmol, 1.0 eq) was 

mixed with sodium azide (0.36 g, 5.52 mmol, 3.0 eq) and was refluxed for 24 h in acetone 

(10 mL). The solvent was evaporated off and raw product was solved in n-pentane (3 × 

10 mL). The pentane phase was separated and washed twice with water (2 × 10 mL). The 

organic solvent was evaporated off and the oil was dried in vaccuo (2·10−3 mbar) for several 
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hours. For aging the viscously oil was stored in a open vessel at 50 °C for two weeks. The 

product was obtained with a yield of 98 % (0.21 g, 1.80 mmol) as colourless gel.  

1H NMR (CDCl3): δ = 2.77 (m, CaromH), 0.25 (s, CH2I) ppm. 13C NMR (CDCl3): δ = 41.0–40.4 

(CH2N3), −1.5–−1.8 (CH3) ppm. 14N{1H} (CDCl3): δ = −131 (Nβ), −173 (Nγ), −325 (Nα) ppm. 
29Si{1H} NMR (CDCl3): δ = −28.1–−29.7 ppm. Tdec: 138.1 °C. Sensitivities: impact >8 J; friction 

<72 N 

Poly-(nitratomethyl)methylsiloxane (4d): Compound 4b (0.10 g, 0.5 mmol, 1.0 eq) was 

mixed with silber nitrate (0.07 g, 1.5 mmol, 3.0 eq) and was stirred in acetone (5 mL) for 2 h. 

The solvent was evaporated off and raw product was solved in n-pentane (3 × 10 mL). The 

pentane phase was separated. The organic solvent was evaporated off in vaccuo 

(2·10−3 mbar). The product was decomposed, but quantitative conversion was affirmed by 

yielding stoecheoetric amount of silberiodide (0.12 mg, 0.5 mmol). The formation of silyl 

nitrate esters were confirmed by NMR experiments. 

1H NMR (CDCl3): δ = 4.14 – 4.04 (br, CH2ONO2), 0.41 – 0.30 (s, CH3) ppm. 13C NMR (CDCl3): δ 

= 65.1–64.5 (CH2ONO2), −1.2–−2.6 (CH3) ppm. 14N{1H} (CDCl3): δ = −38.1 ppm. 29Si{1H} NMR 

(CDCl3): δ = −25.5–−32.7 ppm. Tdec: 251.3 °C. 

Poly-bis(chloromethy)siloxane (5a): Triflic acid (0.80 g, 5.3 mmol, 3.0 eq) was slowly 

added at 0 °C to a solution of compound 1a (0.50 g, 1.8 mmol, 1.0 eq) in n-pentane (10 mL). 

After adding the acid the reaction mixture was refluxed for 1 hour and cooled to 0 C. Wet 

methanol (10 mL, 20 % water) was slowly added to the reaction. The two phase mixture 

was stirred for additional three days at ambient temperature for aging the product. The 

aqueous phase was washed twice with n-pentane (10 mL), all the organic phase were 

combined (organic reaction phase and washing solutions) and washed once with 20 mL of 

water. The organic solvent was evaporated off at reduced pressure (2·10−3 mbar) for 

several hours. For aging the viscously oil was stored in an open vessel at 50 °C for several 

days to obtain the product in 73 % (0.19 g, 1.3 mmol) yield.  

1H NMR (CDCl3): δ = 2.94–2.87 (s, CH2Cl) ppm. 13C NMR (CDCl3): δ = 30.4–27.4 (s, CH2Cl) 

ppm. 29Si{1H} NMR (CDCl3): δ = −35.0–−36.0 ppm.  

Poly-bis(azidomethyl)siloxane (5b): Compound 5a (0.19 g, 1.3 mmol, 1.0 eq) was mixed 

with sodium azide (0.25 g, 3.9 mmol, 3.0 eq) and was reflux for 24 h in acetone (10 mL). 
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The solvent was evaporated off and raw product was solved in n-pentane (3 × 10 mL). The 

pentane phase was separated and washed twice with water (2 × 10 mL). The organic 

solvent was evaporated off and the oil was dried in vaccuo (2·10−3 mbar) for several hours. 

If necessary, the product can by aged by storing the product at 50 °C for one week. The 

product was obtained with a yield of 90 % (0.18 g, 1.2 mmol) as colourless rubber like 

substance.  

1H NMR (CDCl3): δ = 2.89 (s, CH2N3) ppm. 13C NMR (CDCl3): δ = 36.7–35.8 (s, CH2N3) ppm. 
14N NMR (CDCl3): δ = −132 (Nβ), −177 (Nγ), −326 (Nα).29Si{1H} NMR (CDCl3): δ = −37.2–

−38.0 ppm. Tdec: 137.4 °C. Sensitivities: impact <1 J; friction <5 N 

(Chloromethyl)trimethoxysilsesquioxane (6a): Trichloro(chloromethyl)silane (0.50 g, 

2.7 mmol, 1.0 eq) was mixed with sodium methanolat (0.44 g, 8.2 mmol, 3.0 eq) in n-

pentane (20 mL) under inert atmosphere (argon). The precipitate was filtered off and the 

solvent was evaporated off and was dried in vaccuo (2·10−3 mbar). The product was 

obtained with a yield of 85 % (0.32 g, 1.9 mmol) as colourless oil.  

1H NMR (CDCl3): δ = 3.60 (s, OCH3), 2.81 (s, CH2Cl) ppm. 13C NMR (CDCl3): δ = 50.9 (OCH3), 

23.6 (s, CH2Cl) ppm. 29Si{1H} NMR (CDCl3): δ = −62.5 ppm. IR: ν~  =2939, 1393, 1198, 1127, 

1040, 808, 737, 668 cm−1. Raman: ν~  = 2986, 2941, 2850, 1390, 1200, 1035, 802, 735, 

672 cm−1.  

(Azidomethyl)trimethoxysilsesquioxane (6b): Compound 6a (0.20 g, 1.2 mmol, 1.0 eq) 

was mixed with sodium azide (0.23 g, 3.5 mmol, 3.0 eq) and was reflux for 12 h in dry 

acetonitrile (10 mL) under inert gas (argon). The raw product was extracted by n-pentane 

(3 × 20 mL). The organic solvent was evaporated off and the oil was dried in vaccuo 

(2·10−3 mbar). The product was obtained with a yield of 65 % (0.13 g, 0.8 mmol) as 

colourless gel.  

1H NMR (CDCl3): δ = 3.60 (m, OCH3), 2.81 (s, CH2N3) ppm. 13C NMR (CDCl3): δ = 51.3 (OCH3), 

23.6 (CH2N3) ppm. 14N NMR (CDCl3): δ = −132 (Nβ), −173 (Nγ), −327 (Nα).29Si{1H} NMR 

(CDCl3): δ = −62.6 ppm. Tdec: ~165 °C. Sensitivities: impact >40 J; friction <120 N 

Poly-(azidomethyl)silsesquioxane (6c): Compound 6b (0.20 g, 1.1 mmol, 1.0 eq) was 

mixed with an excess of water (20 mL) and stirred for 24 h with 2M sulphuric acid (10 mL). 

The water was evaporated off and the raw product was washed with water (10 mL) and 
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diethyl ether (10 mL). The raw product was dried in vaccuo (2·10−3 mbar) for several hours 

to obtain a colourless solid with a yield of 97 % (0.12 g, 1.1 mmol). 

IR: ν~  =2939, 1393, 1198, 1127, 1040, 808, 737, 668 cm−1. Raman: ν~  = 2986, 2941, 2850, 

1390, 1200, 1035, 802, 735, 672 cm−1. Tdec: ~170 °C. Sensitivities: impact >40 J; friction 

<192 N 
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Tetrazolyl-, Triazolyl- and Nitro-
Derivatives of Silanes 
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Abstract: Several trimethylsilyl 
substituted N-rich heterocycles 
and nitro derivatives were 
synthesized and are discussed as 
potential highly energetic 
compounds in terms of silicon 
containing fuels for different 
propulsion applications. In 
general, mixtures of different 

silanes with several common 
oxidizers (AP, ADN, N2O4) were 
calculated by using EXPLO5, 
version 6.01, computer code. 
The energies of formation were 
computed by Gaussian version 
C3 and on CBS-4M level of 
theory. Energetic parameters, 
like impact, friction and thermal 

sensitivities, were obtained 
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Introduction 

Silanes are important and frequently used building blocks with a broad field of syntheses 

and applications. Recently, we reported several energetic silanes varying the backbone 

(methyl, phenyl and oxo substitutions) and the content of the energetic moieties (azido and 

nitrate).[1–3]  

In the application of energetic materials other functionalities were used instead of azides 

and nitrates.[4] Especially tetrazoles, triazoles and nitro derivatives will be of interest. 

Tetrazoles and triazoles are nitrogen-rich compounds with often higher stability concerning 

thermal and mechanical stimuli and also better energetic performance data in comparison 

with azido analogues.[4,5] Nitro derivatives are known as energetic, but also often 

thermally and mechanically more stable compounds in comparison to the analogue nitrate 

esters.[4,6]  

Based on this, in this work several new suitable 

energetic substituents were tested in the synthesis 

routes, chemical and physical properties for different 
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kind of silane derivatives (see Scheme 8.1). In addition, computed energetic properties 

were performed by different methods and additives using the EXPLO5 (version 6.01) 

computing code. 

Results and Discussion 

Synthesis: The triazole and tetrazole trimethylsilyl derivates were synthesized by a 

halogen exchange reaction using the corresponding azoles stirring with potassium 

carbonate in DMSO (Scheme 8.2).  

Scheme 8.1. Labeling of the synthesized silanes (1a: (1N-tetrazolylmethyl)trimethylsilane; 1b: 2N-

(tetrazolylmethyl)trimethylsilane; 2a: 1N-(1,2,3-triazolylmethyl)trimethylsilane; 2b: 2N-(1,2,3-triazolyl-

methyl)trimethylsilane; 2c: 1N-(1,2,4-triazolylmethyl)trimethylsilane; 3: E-(2-Nitroethenyl)trimethylsilane. 

In the case of the tetrazole derivatives 1a[7,8]/1b[7] an isomeric mixture (1.25:1) of 1N- 

and 2N-substitution at the tetrazole ring were obtained in 44% of total yield. Purification of 

the two isomers by column chromatography leads to a yield of 24 % (1a) and 9 %(1b) in 

total. The reason for the decreasing yield of the 2N-isomer is found by reacting of the 

compound with the silica gel. It has not been clearly verified how the compound reacts 

during chromatography. One possibility is cleaving off one methyl moiety, followed by 

creating a new Si–O–Si bridge between the silicon of the tetrazole derivatives and the silica 

gel. Another possible reaction is mentioned by cleaving the bond of the methylene moiety to 

the central silicon atom and followed by trimethylsilyl addition to an OH-moiety of the silica 

gel. A similar reaction with other nucleophiles is described elsewhere.[7] Computing the 

enthalpies of formations (CBS-4M) result in that 1b is the thermodynamic product of the 
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reaction (ΔfH°CBS-4M(1a/1b): 20.2 kJ/mol). The efforts to obtain (H-tetrazol-5-

ylmethyl)trimethylsilane (4, 1H-isomer: 41H and 2H-isomer: 42H) were unsuccessful. The 

Diehls-Alder cyclisation using (cyanomethyl)trimethylsilane (5)[9,10] and azide leads to 

the cleavage of the Si–CH2R bond, faster than the cyclisation occurs. Calculations on CBS-4M 

level of theory show that the 42H isomer seems to be the thermodynamic product, whereas 

41H is the kinetic product (ΔfH°CBS-4M(41H/42H): 12.0 kJ/mol). In contrast to the tetrazole 

derivatives, the 1,2,4-triazole can be easily obtained as single isomers in high yield (2c: 

75 %).[7,11,12,13] The 4N substituted isomer has not been observed in contrast to 

observations in the literature.[7,11,12,13] The synthesis towards the 1,2,3-triazolylmethyl 

isomers 2a and 2b has similar problems as the synthesis and purification of 1a and 1b. 

Isomer 2b was obtained in higher yields (16 %) than 2a (9 %), although 2a is twice as 

much observed in 1H NMR in comparison to 2b before chromatographic purification. 

Computing results using CBS-4M calculations show that the 2N substituted 1,2,3-triazole 

derivative 2b, like for 1b, is the thermodynamic product of the reaction (ΔfH°CBS-4M(2a/2b): 

15.6 kJ/mol). The 2N substituted isomer 2a rapidly decomposes during chromatographic 

purification in a similar manner than already discussed for 1b. The synthetic efforts to 

obtain higher azole-substituted methylsilanes were unsuccessful. During the reactions of 

the corresponding chloromethylsilane and sodium/potassium azolate (respectively in situ 

generation of the salt by neutral azole and potassium carbonate [12,13] in DMF), the Si–

CH2X bonds were cleaved before the second/third substitution takes place in the case of 

higher substituted silanes. The used potassium carbonate also has the task to catch the 

build acid and to prevent decomposition of the product.[12,13] Siloxanes and methylated 

azole derivatives were obtained as main products. In the case of the CH2-bridged tetrazoles, 

silanes with two or more tetrazolymethyl moieties could not be tested, because to the best 

of our knowledge the corresponding cyanomethyl silanes could not be prepared so far. 

Concerning the synthesis of nitromethyl silanes only a few information are known in 

literature. One synthesis of nitromethyltrimethylsilane (8) is published by Legzdins et 

al.,[14] but 8 was only mentioned as side product and not discussed in more detail. The 

synthesis is not suitable for larger amount, because of the high laborious efforts and the 

wastage of an expensive tungsten complex. The synthetic efforts to obtain 8 by palladium 

catalysed coupling reaction of chlorotrimethylsilane and bromonitromethane, has been 

published as not successful.[15] Synthesis starting from bromonitromethan and following 
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metallation by n-butyllithium (Mg, Zn, Li activated by 3 % Na, Li-naphtalide respectively) 

were not successful to obtain nitromethyl silanes by using trimethylchloride, 

dichlorodimethylsilane and trichloromethylsilane. The reason is given mainly by the 

reduction of the nitro group by some of the used metals (e.g. Zn) and the single electron 

transfer to radical intermediates by others (e.g. Li), which would lead to dimerisation or 

also to reduction of the nitro moiety. A synthesis of bis(nitromethyl)dimethylsilane is 

mentioned by Urbanski et al. using sodium nitromethanide, dichlorodimethylsilane in 

pyridine.[16] Reproduce the reaction by Urbanski did not lead to the desired product. Only 

sodium chloride, siloxanes (mainly poly-dimethylsiloxane) and other undefined products 

were obtained from this reaction. Using different synthetic methods (changing order, 

temperature, concentration, lithium nitromethanide, potassium nitromethanide) never 

showed a clear hint for formation of a Si–CH2NO2 moiety. The reactions of chlorosilanes 

with M[CH2NO2] (M = Li, Na, K)[17,18] at −30 – −78 ° and multible lithiated nitromethanide 

(LinCH3−nNO2, n = 1, 2, 3) result in brown-reddish suspensions with no affirmation of the 

formation of Si–CH2NO2 moieties. It is known from literature that the corresponding carbon 

derivatives can be obtained in good yields using this methods.[19] It is supposed, that the  

Scheme 8.2. Synthetic pathways for synthesizing (azolylmethyl)trimethylsilanes (1a/b and 2a–c) and the 

two most efficient synthetic routs to obtain E-(nitroethylenyl)trimethylsilane (3) via (1-chloromercapto-2-

nitroethyl)-1-trimethylsilane (6) or (1-chloro-2-nitroethyl)trimethylsilane (7).  
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reason for that can be found in the oxophilicity of silicon itself. The first metallation step at 

nitromethane results in metal nitronate species and a C=N-double bond.[17,18,20] The 

bonding of the Me3Si–moiety (or other silicon species) to one of the NO2 oxygens will 

stabilize the nitronate species. Consequently, if a nuclephile takes part during the reaction, 

the unwanted nucleophilic attack at the C=N double bond and the decomposition of the 

nitro moiety occurs (see Scheme 8.3). In our case by using chlorosilanes, the chloride anion 

should be nucleophilic enough to attack at the double bond as proposed by Urbansky.[16] 

Using other substituents, like thiophenolated silanes or methanolated silanes, lead to the 

same results. The same observation of colour and decomposition products are also an 

evidence for a less important role of the Si-substituents themself (Cl, OMe, SPh etc.) as 

possible nuclephiles during the decomposition mechanism (lack of Cl, OMe, SPh side 

products). An explanation could be given by a decomposition pathways follow steps to 

generate methanzonate derivatives, which would explain the intensive colour change to 

brown-reddish during the reaction.[21] Further metallations with lithium leads to 

lithiations at the former methyl carbon and will increase the nucleophilicity of the 

nitromethanide carbon. It is known from literature, that multible lithiations increases the 

yields of products which follow a nucleophilic attack to an carbon center.[19,22] This result 

for carbon centers could not be found in the case of nucleophilic attacks to a silicon centre 

for the silicon compounds discussed inhere.  

It was tried to synthesize ortho-silicates starting from 1,1,1-trinitroethanol and silicon 

tetrachloride. Also in this case a fast decomposition to silicates and dark brownish 

decomposition products were observed without any verified hint for formation of the 

desired product. Even thiophenylated and methoxylated silanes were tested to obtain the 

desired tetrakis(1,1,1-trinitroethanolyl)-ortho-silicate. Reactions using trimethylsilyl and 

other higher substitutional silanes, like trichloromethylsilane, give the same results of 

decomposition. In contrast the reaction of 1-fluoro-1,1-dinitroethanol with silicon 

tetrachloride (also lower substitutional chlorosilanes) yielded the tetrakis(1-fluoro-1,1-

dinitroenthanolyl)-ortho-silicate which is already known in literature and intensively 

discussed in terms of energetic properties.[23] The reason for the decomposition of the 

trinitro species will be probably similar to that of the nitromethane reaction descript before. 

silver nitrite (NaNO2 + AgNO3 → ↓AgNO2) in acetonitrile. [24,25] 
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Scheme 8.3. The Reaction mechanisms of nitromethanides with C-based electrophiles (El+) (upper reaction) 

and follow separation of the used metal ion (M+) by yielding the corresponding salt. The reaction pathways by 

using oxophilic silicon derivative as electrophile (“R3Si”, bottom reaction) are dominated by the nuclephilic 

attack of an additional nitromethanide anion to produce methazonic acid derivatives and siloxanes. 

Scheme 8.4. Reaction of (iodomethyl)trimethylsilane and silver nitrite and the main products of the addition 

of NO2Cl and N2O4 at vinyltrimethylsilane. 
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In the case of the trinitromethyl moiety one nitro groups can be substituted by nucleophiles, 

cleaving a nitrite anion and creating a C=N double bond intermediate. In the case of the 

fluoro derivative, the less sterical hindrance, the stabilication of a C=N double bonded 

species by the electron withdrawing character of the fluorine atom and stronger C–F bond 

(compared to C–NO2 bond), prevents the cleavage of a nitro or the fluoro group. Nitro 

alkanes also can be obtained by halogen exchange reaction using silver nitrite and a 

haloalkane. In the similar manner it was tried to obtain the desired 

nitromethyltrimethylsilane by treating iodomethyltrimethylsilane with freshly prepared 

and the corresponding chloromethyl silane with sodium nitrite.[24] After purification 

hydroxymethyltrimethylsilane and nitratomethyltrimethylsilane were obtained as main 

products and large amounts of elemental silver obtained out of the reduction of silver salts. 

The first idea was that the Ag+ oxidized the nitro into a nitrato moiety by an unknown 

reaction mechanism. But to prevent the occurrence of an Ag/Ag+ redox reaction, sodium 

nitrite and the corresponding chloromethyl silane were mixed and stirred for several 

hours/days at ambient and increased temperature (up to 40 °C). The reaction is slow and 

again only a nitrato- and hydroxylmethyl silanes were obtained, but in this case with higher 

amount of the hydroxyl derivative in comparison to the reaction with AgNO2. In addition, 

there was no analytical evidence for a nitromethyl species in all tested reactions. 

The literature known (2-nitrovinyl)trimethylsilane (3) is easily available by different 

synthetic routes.[26] The first synthetic route via the mercury derivative (6)[27] and later 

elimination leads to compound 3 in high yield and high purity of the E-isomer (Scheme 8.2). 

The use of organic mercury compounds is economically uninteresting. The synthesis via the 

1-chloro-2-nitro derivative 6 and elimination gives 3, but with yields lower than using the 

first route. The reason is found in the isomers created by chloronitriation of the vinyl 

moiety. It is not as sterioselective as the nitromercurysation (in contrast to common 

organo-mercurations[28] the reaction favoured the anti-Markovnikov products[27]). In 

addition, by-products like the 1-nitro-2-chloro derivative, are formedt by using 

nitrylchloride (NO2Cl synthesized via ref. [29], Scheme 8.4). The synthetic efforts to obtain 

(1,2-dinitroethyl)trimethylsilane by reacting vinyltrimethylsilane with dinitrogen tetroxide 

in CCl4 lead to (1-nitrito-2-nitroethyl)trimethylsilane as main product which readily 

decomposes to the 1-hydroxy-2-nitro derivative during purification. The pure nitrite-nitro 
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derivative was not studied in more detail, because of the low stability of nitrite esters in 

general,[30] and even the oxidation to obtain the presumed highly sensitive nitrato-nitro 

derivative was not performed due to safety reasons (see below). The 1-nitro-2-hydroxy 

isomer is the less preferred product in comparison to the 2-nitro-1-hydroxy 

derivative.[30,31] The nitration of the hydroxyl group by the non-oxidizing nitration agent 

acetyl nitrate (from acetic acid, acetic anhydride and 100 % HNO3) and typical purification 

procedure,[1] leads to a compound which ignited during evaporation off the solvent n-

pentane (Caution!). No analytical data were obtained from this compound, but it is likely 

that the presumably formed (1-nitrato-2-nitroethyl)trimethylsilane decomposes 

spontaneously. Even the synthesis efforts of trimethylvinylsilane with N2O5 in CCl4 lead to 

the same result during purification. Reactions of neat N2O4 (as liquid at 0 °C) and neat 

trimethylvinylsilane, tetravinylsilane and bis(allyl)dimethylsilane reacts spontaneously by 

ignition. Out of these results and for safety reasons the efforts to obtain pure compounds 

were changed in the way of using the high reactivity of the vinyl and allyl silanes as fuel for 

(hypergolic) propulsion mixtures with N2O4 (NTO) or red fuming nitric acid in a similar 

manner as known from NTO/MMH (monomethyl hydrazine) propulsion mixtures.[32] 

Theoretical studies to this issue together with propulsion mixtures of the compounds 

mention in Scheme 8.1 are given below. 

Analytics: 1H, 13C{1H}, 14N, 29Si{1H} and 199Hg/199Hg{1H} NMR experiment were performed 

and the most important resonances of the compounds 1a/b, 2a–c, 3, 5, 6, 8–10 are listed in 

Table 8.1. 

Comparing the 1H resonances of the tetrazole and triazole isomers 1a/b and 2a/b almost 

no changing in the shifting are observed for the trimethylsilayl proton resonances 

(~0.10 ppm). 1N-substituted compounds 1/2a seem to be marginal more shifted to lower 

field than the 2N-substituted ones. The (azidomethyl)trimethylsilane 10 shows resonances 

of the methyl protons slightly shifted to higher field in comparison (0.08ppm) to the former 

ones. In the case of the methylene protons a significant discrepancy in their shifting is 

observed for the 1N- and 2N-substituted compounds, where 2N-substituted derivatives are 

shifted to lower field (1b: 4.18 ppm, 2b: 4.05 ppm) compared to their 1N-substituted 

analogues (1a: 3.91 ppm, 2a: 3.90 ppm). The signal of the azidomethyl moiety of 10 was 

observed significantly shifted to higher field (2.72 ppm) in comparison to all other 
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Figure 8.1. The 1H, 29Si and 199Hg NMR resonance pattern of compound 6 are shown with the corresponding coupling frequencies. The 199Hg{1H} NMR 

spectrum is indicated in red and the resonances of the isomere are marked in blue. In addition, the molecular structure and the corresponding Newman 

projection of the (R)-enantiomer are illustrated exemplarily on top. 
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tetrazolyl- and triazolylmethyl methylene protons discussed inhere. Comparing the 13C 

NMR resonances of the 1N-substituted 1,2,3-triazolyl 2a and the azide 10, they are found 

similar for the CH2 and CH3 moieties. The 13C resonances of CH2 and CH3 are shifted high-

field for the 1N-substituted isomers in comparison to the resonances of the corresponding 

isomer 2a and 2b. In contrast to the compounds 1/2b the CH2 moieties performing 13C 

NMR experiments always shift to higher field for the 1N-substituted isomers 1/2a. The 29Si 

resonances are similar for all azole derivatives, without the exception of the 1,2,4-triazole 

isomer analogue 2c, which is shifted to higher field in comparison to the other N-

heterocyclic compounds. In general, the 1JC–Si coupling frequencies of all discussed 

compounds are just below 50 Hz for the coupling to the methylene moiety and slightly 

above 50 Hz for the methyl moiety. In the case of the nitrovinyl derivative 3 the 1JC–Si 

coupling between Si and the vinyl CH moiety is also found above 50 Hz. The 29Si resonance 

is shifted to higher field for compound 3 in comparison to all other discussed trimethylsilyl 

derivatives. An interesting molecule in NMR experiments is found to be compound 6. Due to 

the manifold NMR active nuclei and the chirality, it shows a complex coupling pattern (see 

Figure 8.1). The couplings between 1H and 199Hg, 13C and 199Hg were ascertained by 

literature known frequency values.[33–36] Only one coupling with 106 Hz, which was 

observed in 29Si NMR experiments could not be assigned to any known possible coupling 

frequency. Many references were found for 1J29Si–199Hg (~900–2000 Hz)[34], 2J29Si–199Hg 

(~40–70 Hz)[35] and 3J29Si–199Hg (~180–190 Hz)[36] coupling frequencies and any of these 

fits to the observed coupling frequency. Nevertheless it is more likely that the 106 Hz assign 

to the 2J29Si–199Hg spin-spin coupling. The in literature described 2J29Si–199Hg coupling values 

seem not to be the assigned spin-spin coupling frequencies, rather the 1J29Si–13C couplings, 

which have the same tendencies by changing the substituents at the silicon described in the 

publication.[35] Unfortunately, it is not known if the coupling was observed in the 199Hg 

NMR experiment (unlikely, because of the signal half width) or only in the 29Si experiment. 

Consequently, to the best of our knowledge this is the first described 2J29Si–199Hg coupling of 

its kind. Due to the vicinal H-H and 3JH-199Hg coupling frequencies observed for compound 6 

the orientation of the substituents is likely with anti-orientation of the sterical hinderence 

of Me3Si and NO2 the moieties (Newman projection in Figure 8.1). In addition, the most 

acidic proton Hb (strongest shift to lower field) is consequently also in anti-position  
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Table 8.1. NMR resonances of the compounds 1a/b, 2a–c, 3, 5, 6 and 8–10. Values are given in ppm and the 
1JC–Si, respectively 1JSi–C, couplings are given in parentheses in Hz (due to the resolution of the spectra small 

deviations can occur); Notation of the nitrogen atoms are defined with the alkylated nitrogen N1 and common 

further labelling. 

 1H [a] 13C{1H} [a] 29Si{1H} 14N{1H} 
1a[a] 3.91 

0.11 
38.7 (47.0) 
−3.5 (52.7) 

2.5 (47.9, 53.5) N1 N2 N3 N4 
−150 −12 9 −54 

1b[a] 4.18 
0.10 

43.9 (47.9) 
−3.5 (53.7) 

2.8 (48.5,  
54.7) 

N1 N2 N3 N5 
−100 −5 −53 −77 

2a[a] 3.90 
0.10 

41.9 (47.0) 
−2.5 (52.7) 

2.5 (47.4, 53.5) N1 N2/N3 
−140 −20 – −33 

2b[a] 4.05 
0.10 

46.9 (48.9) 
−2.3 (52.7) 

2.5 (48.6, 53.5) N1 N2/N5 
−127 −55 

2c[a] 3.69 
0.10 

40.0 (47.9) 
−3.1 (55.6) 

1.6 (49.1, 53.5) N1 N2 N4 
−83 −170 −132 

3 7.31 
6.94 
0.20 

146.2 
137.3(53.7) 
−2.8 (54.6) 

−4.0 (54.7) −8.9 

5[a] 1.57 
0.20 

4.9 (37.8) 
−1.9 (53.8) 

4.8 (53.8, 36.0)  

6 4.85 
4.64 
2.17 
0.18 

77.4 
36.7 (42.2) 
0.0 (53.7) 

4.0 (53.5) 10.8 

8[b] 4.43 
0.12 

--- --- --- 

9[c] 4.56 
0.10 

66.8 (48.2) 
−2.8 (53.0) 

0.1 (48.2, 53.3) −34.3 

10[d] 2.72 
0.08 

42.1 (51.8) 
−2.6 (51.8) 

3.2 (52.0) N1 N2 N3 
-321 -131 -174 

[a] Resonances of the heterocylce and the cyanide moieties are given in experimental section; [b] ref. [14] in 

C6D6; [c] ref. [1]; [d] ref. [2] 

towards the HgCl moiety, which leads to the observed trans-/E-product 3 by elimination. As 

can be seen in Figure 8.1 (blue circles) there are signals of at least three more compounds 

which are structurally highly similar to the main product. Due to their 1H-1H, 1H-29Si, 1H-
199Hg spin-spin coupling patter and the strongest differences found in the CH2 moiety 

signals in 1H and 13C NMR experiments, they likely belong to compounds with the back-

bone of 6, but with different substituents R at the CH2 moiety (Me3Si(HgCl)CH–CH2R, e.g. R 

= Cl, ONO, OH). In addition, at the RHgCl moiety the chlorine can also be substituted by a 

nitrite anion which leads to an additional NMR resonance pattern of a RHgONO species. The 

type of substituent on the mercury atom is in equilibrium between Cl and ONO 
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substitution.[27] After β-elimination no further side products of the type Me3SiCH=CH2R 

with R ≠ NO2 were observed (created by Me3Si(HgCl)CH–CH2R species as starting material). 

Figure 8.2. Computed molecular gas phase structure and the atom labelling of the (R)-enantiomer of 6 on 

MP2 level of theory (C,H,N,O,Si: cc-pVTZ method, Hg: quasi relativistic ab initio pseudopotential ECP-60-MWB 

method and adopt the optimized [8s 7p 6d 2f 1g]/(6s 5p 2d 2f 1g)-GTO valence basis set). The intramolecular 

Hg-O1 interaction is signed as red dashed line. 

The gaseous structure of the (R)-enantiomer of 6 was calculated at the MP2 level of 

theory (see Figure 8.2) with Gaussian 09 revision C.01.[37] For the atoms H, C, N, O and Si 

the cc-pVTZ method was used. In the case of mercury the quasi relativistic ab initio 

pseudopotential ECP-60-MWB was set and adopt the optimized [8s 7p 6d 2f 1g]/(6s 5p 2d 

2f 1g)-GTO valence basis set.[38] In comparison to other computed and experimentally 

determined structures of trimethylsilyl derivatives (see ref. 1 and Chapter IX), the structure 

of (R)-6 shows several differences (see Table 8.2). First of all the Si–C bonds are almost 

similar in length (d(Si,C): 1.85–1.86 Å), whereas the bond between the silicon and the 

methyl moiety of C2 (anti-orientaion towards the mercurychloride moiety) is computed to 

be the longest. As expected, the shortest length is found for the C1–Si bond. The differences 

are too small to take them into account, but the differences did not fit with the experience of 

other computed silane structures, where the longest Si–CH3 bond is always found at the 

methyl moiety, which is in anti-position towards the substituent R (θ(CH3–Si–C–R): ~180 °, 

see Chapter IX).This result leads to the conclusion that the HgCl substituent is dominate 

towards the substituent CH2NO2 by influencing the bonding situations at the Me3Si moiety. 

The average length of the CH3-Si bonds (d(Si,C): 1.85 Å) is significant shorter in comparison 
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to the measured gas phase structure of 9 by gas electron diffraction experiments (GED: 

d(Si,C): 1.88 Å, MP2: d(Si,C): 1.88 Å)[1] and other computed trimethylsilyl compounds. The 

CH2–Si bond is elongated (d(Si,C): 1.89 Å) in comparison to the CH3–Si bonds, but not as 

much as computed for other trimethylsilyl compounds (d(Si,C): 1.90–1.93 Å). The angles 

α(C4–Si–C1/3): 108.0/108.3 ° are more acute in addition with the obtuse angle of α(C1–Si–

C3): 111.7 ° in comparison with the C2–Si–C angles (α(C2–Si–C1/3/4): 

110.0/109.7/109.1 °). These results of the CH3SiCH2 moiety show a bending of the α(C–Si–

C) angles, which pointing to a Hg---SiC1/3H3 attraction, the same is true observing the 

α(C5–C4–Si): 111.1 °, α(C5–C4–Hg): 113.0 ° and α(Si–C4–-Hg): 104.8 ° angles. But the 

distances compared with the van der Waals radii does not even show a weak attraction 

between the Hg and any SiCH3 moiety, although the distance of Si and Hg is for structural 

reasons shorter than the van der Waals radii (d(Si,Hg): 3.12 Å, ΣvdW(Si,Hg): 3.65 Å[39]). 

Inaddition the slight deviation of the C–Hg–Cl angle (α(C4–Hg–Cl): 177.3 °, expected 180 °), 

does also not agree with an Si---Hg attraction. But the bending of this α(C4–Hg–Cl) angle, 

together with the short distance between Hg and the O1 of the nitro group (d(O1,Hg): 

2.82 Å, ΣvdW(O,Hg): 3.07 Å[39]) and the twisting of the NO2 group support the appearance 

of a Hg---O1 interaction (θ(C4–C5–N–O1): −44.7 °, θ(Hg–C4---N–O1): 13.2 °). This 

intramolecular attraction does not result in a significant elongation of the Hg bond lengths 

to its neighbours (d(C4,Hg): 2.046 Å, d(Hg,Cl): 2.287 Å) compared to other C–Hg and Hg–Cl 

bonds found in literature.[40]  

Sensitivities and physical properties: The thermal stabilities were determined by DSC 

experiments (onset points). All studied compounds 1a/b, 2a–c and 3 seem to be rather 

thermally stable. In contrast to known nitrato- and azidomethyl silanes, which decompose 

at app. 100 °C (some also at ambient temperature)[1] and 135 °C, respectively,[2] they are 

much better candidates for application. Compounds 1b and 2b are highly volatile. The 

approximate boiling points of these two substances (~175 °C) could not observed by DSC 

and hardly with a Büchi apparatus, because of the rapid evaporation. 

The sensitivities towards mechanical stimuli (friction and impact) were measured by BAM 

methods.[41] The impact sensitivities (IS) of all measured compounds 1a/b, 2a–c are 

classified as insensitive (>40 J) according to UN Recommendation on the Transport of 

Dangerous Goods.[42] The nitro compound 3 is classified as less sensitive material (<40 J). 
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The friction sensitivities (FS) of the compounds 1a/b, 2a–c and 3 are in the range of less 

sensitive materials (see Table 8.3).  

Table 8.2. Bond lengths, angles and selected torsion angles of compound (R)-6 obtained by calculated data on 

MP2 level of theory and cc-pVTZ (C, H, N, o, Si) and ECP-60-MWB basis sets (Hg, pseudopotental optimized [8s 

7p 6d 2f 1g]/(6s 5p 2d 2f 1g)-GTO valence basis set). 

MP2/cc-pVTZ (C, H, N, O, Si), MP2/ECP-60-MWB (Hg) 
Bond length [Å]  Angles [°]  
C1―Si 1.851 C1―Si―C2 110.0 
C2―Si 1.856 C1―Si―C3 111.7 
C3―Si 1.854 C1―Si―C4 108.0 
C4―Si 1.889 C2―Si―C3 109.7 
C4―C5 1.498 C2―Si―C4 109.1 
C5―N 1.504 C3―Si―C4 108.3 
N―O1 1.229 C5―C4―Si 111.1 
N―O2 1.229 C4―C5―N 114.4 
C4―Hg 2.046 C4―Hg―Cl 177.3 
Hg―Cl 2.287 C5―N―O1 119.0 
O1---Hg 2.817 C5―N―O2 116.5 
Torsion angles [°]  C5―C4―Hg 113.0 
C1―Si―C4―C5 -173.6 Si―C4―Hg 104.8 
C1―Si―C4―Hg -51.4 N―O1---Hg 102.6 
C2―Si―C4―Hg -170.8 O1---Hg―C4 112.5 
C3―Si―C4―Hg 69.7 O1---Hg―Cl 70.2 
Si―C4―C5―N 172.2   
Si―C4―Hg―Cl 19.9   
C4―C5―N―O1 -41.7   
C4―C5―N―O2 139.8   
C5―C4―Hg―Cl 141.0   
N―C5―C4―Hg 54.8   
C5―N―O1---Hg 11.3   
N―O1---Hg―C4 12.9   
O2―N―C5―Hb 16.0   
Hg―C4―C5―Hb 172.1   

Energetic properties: The energetic properties of the compounds 1a/b, 2a–c, and 3 

were calculated by the EXPLO5 version 6.01 computer code.[43] The input enthalpy of 

formation were calculated from the computed heats of formation, which were obtained by 

calculations on CBS-4M level of theory. The heat of formations were computed by the 

atomization method (Equation (1)) by using the program Gaussian09 revision C.01.[37] The 

obtained enthalpies of formation in the gas phase ΔHm(g) were converted into their 

enthalpies of formation in solid state ΔHm(s) by using the Trouton’s rule.[44] The molar 
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standard enthalpies of formation were converted into the molar solid state energies of 

formation by using Equation (2).  

ΔfH°M(g) = H°M(g)  −  ∑H°atoms   +   ∑ΔfH°atoms  (1) 

ΔUM = ΔHM  −  ΔnRT         (2) 

Δn = changes of moles of gaseous components 

Because of the deficiency of some concrete data of the densities, the energetic values were 

estimated with a density of 1.0 g/cm3 (worsed case estimation). It is mainly focused on the 

influences of the types of energetic moieties substituted on the trimethylsilyl group.  

Figure 8.3. Calculated specific impulse Isp of the compounds 1a/b, 2a–c, 3/3C, 41H/2H and 8/8C by using the 

EXPLO5 computing code (Model 1, advanced run). The Isp of AP/Al (83/17 %w/w) is given as bench mark (red 

dashed line). Additionally the Isp with the oxidizers NTO and ADN were calculated for 3 and 3C. The green bars 

with numbers representing the percent amount of fuel for the optimal mixture. 

More detailed studies are given in Chapter IX. In addition, for an independency of 

intermolecular interactions to the calculated energies of all compounds discussed inhere, 

the boiling- or decomposition point, respectively, were fixed at 100 °C, which show only 

slightly discrepancies to the values computed with the experimental physical data (ref. [3] 

and see Chapter IX). If certain values are known, the computed values based on the real physical 

properties are additionally given in parentheses in Table 8.3. The influence of the Tm, Tb or Tdec is 

insignificant and consequently almost negligible. As the first result of the computed data is 

the inferiority of the triazole derivatives 2a–c in comparison to their tetrazole analogues
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Table 8.3. Energetic properties of the compounds 1a/1b, 2a-c, 3, 41H/42H and 8. 
 1a 1b 2a 2b 2c 3 41H/42H 8 
formula C5H12N4Si C5H12N4Si C6H13N3Si C6H13N3Si C6H13N3Si C5H11NO2Si C5H12N4Si C4H11NO2Si 
FW /g·mol−1 156.26 156.26 155.27 155.27 155.27 145.23 156.26 133.22 
IS /J [a] >40 >40 >40 >40 >40 <40 n.n. n.n. 
FS /N [b] 120 108 92 92 144 120 n.n. n.n. 
N /% [c] 35.85 35.85 27.06 27.06 27.06 9.64 35.85 10.51 
ΩCO2 (ΩCO)/% [d] −184 (−133) −184 (−133) −211 (−149) −211 (−149) −211 (−149) −171 (−116) −176 (−124) −162 (−114) 
Tm, Tb, Tdec /°C [e] -, 208, 208 -, 175,- -, 216, 230 -, 175, - -, 101, - -, 70, 195 n.n. n.n. 
∆fH°M /kJ·kg−1 [f,g]  −104,2 (−166.4) −233,4 (−414.5) −630.5 (−697.7) −730.8 (−774.3) −965.8 (−966,4) −2053.8 (−2035.2) −299.2/ −375.9 −3026.4 
∆fU° /kJ·kg−1 [g,h]  −22,7 (−39.5) −106,5 (−287.6) −502.7 (−570.0) −603.1 (−646.5) −838.1 (−838,6) −1934.3 (−1915.7) −172.3/ −249.0 −2896.2 
EXPLO5 6.01 values (detonation)[i, o]: 
−∆exU° /kJ·kg−1 [j] 2705 (2649) 2588 (2425) 2392 (2330) 2300 (2260) 2085 (1889) 5011 (5026) 2529/2460 4783 
Tdet /K [k] 1792 (1770) 1746 (1679) 1590 (1568) 1555 (1541) 1469 (1450) 2605 (2610) 1723/1693 2487 
pCJ /kbar [l] 49.6 (49.1) 48.6 (46.7) 45.0 (44.6) 44.2 (44.0) 41.7 (41.6) 62.4 (62.5) 48.0/47.0 66.7 
Vdet /m·s−1 [m] 4360 (4339) 4315 (4251) 4314 (4289) 4277 (4260) 4186 (4021) 5002 (5006) 4292/4265 5181 
V0 /L·kg−1 [n] 666 (664) 662 (658) 630 (629) 628 (627) 623 (629) 659 (659) 660/659 689 
EXPLO5 6.01 values  AN mixtures (detonation)[i, p]: 
AN/fuel w/w% 90/10 90/10 91/9 91/9 91/9 89/11 90/10 89/11 
−∆exU°/kJ·kg−1 [j] 4119 4102 4059 4050 4029 4208 4126/4126 4193 
Tdet /K [k] 2783 2795 2762 2758 2749 2845 2785/2785 2801 
pCJ /kbar [l] 223 229 231 231 230 226 223/223 250 
Vdet /m·s−1 [m] 7956 7947 7987 7984 7975 7883 7959/7959 8174 
V0 /L·kg−1 [n] 1025 1025 1026 1026 1026 1012 1025/1025 1017 
EXPLO5 6.01 values (isobaric combustion)[q, i]: 
Isp[r] (neat) 166 163 153 151 145 215 162/160 213 
Tc[s] (neat) 1255 1228 1152 1133 1087 1904 1215/1199 1797 

[a] The impact sensitivity tests according to STANAG 4489[45] modified instruction[46] using a BAM drophammer[BAM]; [b] The friction sensitivity 

tests according to STANAG 4487[47] modified instruction[48] using a BAM friction tester; [c] nitrogen content; [d] oxygen balance calculated for CO2 

and CO; [e] melting, boiling and decomposition temperature (Tm, Tb and Tdec) measured by DSC (onset point, heating rate of 5 °C/min); [f] calculated 

heat of formation (CBS-4M); [g] for computing ∆H°M decomposition temperature are used with 100 °C; additionally the calculated values with the 

experimental temperature values are given in parentheses below the estimated values; [h] energy of formation; [i] all values were computed with a 

density of 1.0 g/cm3 and Tdec = 100 °C; [j] energy of explosion; [k] detonation temperature; [l] detonation pressure at the Chapman-Jouguet point; [m] 

detonation velocity; [n] assuming volume of gaseous combustion products; [o] detonation settings: BKW EOS constants and co-volumes of BKWG-S, 

initial temperature 3600 K, Model 4, reaction products standard run; [p] detonation parameters of mixtures with ammonium nitrate (AN) with an 

almost equal oxygen balance (−1–0%); [q] isobaric combustion settings: chamber pressure 7 MPa, initial temperature 3300 K, ambient pressure 

0.1 MPa, expansion through the nozzle, reaction products standard run, [r] specific impulse Isp of the neat compound; [s] combustion chamber 

temperature Tc. 
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1a/b concerning the produced gas volume V0, detonation pressure pCJ and the detonation 

velocity. The detonation temperature Tdet is expectedly higher for the tetrazoles as for the 

triazoles. Oxygen containing molecules like the nitro derivatives 3 and 8 are highly superior 

to the oxygen deficient compounds 1a/b, 2a–c and 41H/42H, as expected. In general, these 

compounds are not suitable candidates for purpose without any oxygen source. Calculated 

fuel/oxidizer mixtures with ammonium nitrate (AN) as oxygen source show much better 

results. In the case of triazole or tetrazole derivatives, the computed values are relatively 

equal and even for the nitrovinyl compound 3. Exceptions are the hypothetic results for the 

carbon substituted tetrazole derivatives 41H and 42H, which show the lowest results for 

their detonation parameters. In contrast the result for the nitromethyl derivative 8 is the 

best of all discussed compounds. But nevertheless the values are lower and not as good for 

completion of established common explosives, in addition to the still laborious synthesis of 

silanes. Consequently the focus will be given mainly onto the propellant parameter (specific 

impulse Isp and the chamber temperature Tc).  

In Table 8.3 the values of the neat compounds and in the histogram in Figure 8.3 the 

formulations for the optimized fuel/oxidizer (oxidizer: ammonium perchlorate, AP) mixture 

are shown. As bench mark the standard formulation aluminium/AP 17/83 w/w% is 

computed with Isp of 250 s. In the case of 3 and its carbon analogue 3C additionally Isp values 

with different oxidizers (AP, dinitrogen tetraoxide NTO, ammonium dinitramide ADN) were 

computed with the EXPLO5 computing code. In the case of the neat compounds, excluding 

the oxygen containing compounds 3 and 8, compound 1a has the most promising results 

(166 s), which is also the case for the AP formulation (253 s). It can be seen that the oxidizer 

has an important influence on the Isp results for carbon versus silicon derivatives. 

Comparing the isomers 1a/b and 2a–c, there are only slightly differences are found, but not 

as much that it should be consider to use the isomeric mixtures obtained straight out of the 

reaction without further chromatically purification and consequently without losing great 

amounts of the products. 

Conclusion 

The two isomers 1N-1,2,3-triazolylmethyl)trimethylsilane and (2N-1,2,3-triazolylmethyl)-

trimethylsilane were synthesized and characterized for the first time. In addition, the 
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syntheses of (1/2H-tetrazol-5-ylmethyl)trimethylsilane and silanes with higher content of 

N-rich heterocycles (triazoles, tetrazoles) were attempted, but failed for several reasons. 

The syntheses of nitromethyl silanes and also the synthesis of trinitroethanoxy siloxanes 

were not successful and the decomposition pathways were postulated and discussed. (2-

Nitrovinyl)trimethylsilane was obtained by several methods and other unsaturated silanes 

were tried to be synthesized. The high reactivity of vinyl and allyl silanes with N2O4 and 

other oxidizers leads to the result to study them as propellant for hypergolic mixtures. All 

obtained compounds were fully characterized in terms of their energetic parameters. 

Additionally, theoretical studies of the energetic properties were determine for several 

compounds, whether experimentally obtained or not. The detonation values are all highly 

inferior towards common carbon based explosives. Calculations of the specific impulses for 

application as propellants are become the major scope of studying these compounds. They 

show similar and often better results as its carbon analogues and almost all tested mixtures 

show higher specific impulse values than the bench mark (Al/AP mixture). 

Experimental Section 

The 1H, 13C{1H}, 14N, and 29Si{1H} NMR spectra were recorded in CDCl3 at 25 °C using a Jeol 

400 Eclipse FT-NMR spectrometer operating at 400.2 MHz (1H), 100.6 MHz (13C), 79.5 MHz 

(29Si), 40.6 MHz (15N), and 28.9 MHz (14N). Chemical shifts (ppm) are given with respect to 

TMS (1H, 13C, 29Si) and MeNO2 (14N and 15N). Infrared (IR) spectra were recorded on a 

Perkin-Elmer Spectrum BXII FT-IR instrument equipped with a Diamant-ATR Dura Sampler 

at 25 °C. Raman spectra were recorded on a Bruker RAMII Raman instrument (λ = 1064 nm, 

200 mW, 25 °C) equipped with D418-T Detector at 200 mW at 25 °C. Melting, boiling, and 

decomposition points (Tonset) were determined by differential scanning calorimetry (DSC; 

Perkin-Elmer Pyris 6 DSC, calibrated by standard pure indium and zinc). Measurements 

were performed at a heating rate of β = 5 °C in closed aluminum containers with a hole 

(1 μm) on the top for gas release with a nitrogen flow of 5 mL/min. The reference sample 

was a closed aluminum container with air. Friction and impact sensitivity experiments were 

performed with a friction device and a drophammer setup according to BAM standards 

(Bundesanstalt für Materialforschung und -prüfung). Elemental analyses of the azidomethyl 

and nitratomethyl compounds were not performed because of their explosive properties 
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and the risk of damage the analyzer. Mass spectrometric data were obtained from a Jeol 

Mstation JMS 700 spectrometer.  

(1N-Tetrazolylmethyl)trimethylsilane (1a) and (2N-tetrazolylmethyl)trimethyl-

silane (1b): (Chloromethyl)trimethylsilane (2.12 g, 15.7 mmol, 1.0 eq) was stirred with 1H-

tetrazole (1.10 g, 17.3 mmol, 1.1 eq) and potassium carbonate (1.60 g, 18.8 mmol, 1.2 eq) in 

DMSO (15 mL) at ambient temperature for three days. The solvent was poured into 50 mL 

of ice-water. Raw product was extracted by diethyl ether (2x 50 mL). The organic phases 

were combined, dried with sodium sulphate, filtered and the solvent was evaporated off. 

The raw product containing the two isomers 1a and 1b (total yield: 44.0 %, 1a: 24 %, 1b: 

20 %, estimated out of 1H NMR integrals) were purified by column chromatography. The 

first (1b) and the second fraction (1a) were obtained as colourless oil in 9 % (0.22 g, 

1.41 mmol) and colourless crystalline solid in 24 % (0.59 g, 3.77 mmol) total yield 

(calculated to chloromethyl silane), respectively. 

1a: 1H NMR (CDCl3): δ = 8.49 (s, 1H, CH), 3.91 (s, 2H, 2JH–29Si = 4.5 Hz, CH2), 0.11 (s, 9H, 2JH–

29Si = 6.6 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 141.9 (s, CH), 38.7 (s, 1JCH2–29Si = 47.0 Hz, CH2), 

−3.5 (s, 1JCH3–29Si = 52.7 Hz, CH3) ppm. 14N NMR (CDCl3): δ = 9 (N3), −12 (N2), −54 (N4), −150 

(N1). 29Si{1H} NMR (CDCl3): δ = 2.5 (1J29Si–CH3 = 47.9 Hz, 1J29Si–CH2 = 53.5 Hz,) ppm. IR: ν~  = 

3097, 2959, 2918, 2852, 2360, 1730, 1482, 1420, 1378, 1300, 1266, 1248, 1236, 1178, 

11117, 1096, 1029, 973, 898, 843, 772, 732, 722, 705, 677 cm−1. Raman: ν~  = 3102, 2977, 

2963, 2935, 2902, 1484, 1421, 1280, 1261, 1235, 1180, 1118, 1024, 862, 733, 708, 644, 596, 

328, 237, 186 cm−1. B.p./Tdec: 208 °C. MS(EI+): m/z = 157.2 [M+H]+. Impact: >40 J. Friction: 

<108 N. 

1b: 1H NMR (CDCl3): δ = 8.38 (s, 1H, 2JH–29Si = 5.2 Hz, CH), 4.18 (s, 2H, CH2), 0.10 (s, 9H, 2JH–

29Si = 6.6 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 151.6 (s, CH), 43.9 (s, 1JCH2–29Si = 47.9 Hz, CH2), 

−3.5 (s, 1JCH3–29Si = 53.7 Hz, CH3) ppm. 14N NMR (CDCl3): δ = −5 (N2), −53 (N3), −77 (N4), 

−100 (N1). 29Si{1H} NMR (CDCl3): δ = 2.8 (1J29Si–CH3 = 48.5 Hz, 1J29Si–CH2 = 54.7 Hz,) ppm. IR: ν~  

=3140, 2960, 2902, 1450, 1417, 1356, 1280, 1252, 1178, 1138, 1093, 1025, 1008, 845, 773, 

749, 708, 695 cm−1. Raman: ν~  =3146, 2963, 2903, 1417, 1357, 1282, 1236, 1180, 1026, 

1008, 704, 600, 234, 185 cm−1. M.p. 56 °C. MS(EI+): m/z = 157.2 [M+H]+. Impact: >40 J. 

Friction: <120 N. 
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(1N-1,2,3-Triazolylmethyl)trimethylsilane (2a) and (2N-1,2,3-triazolylmethyl)-

trimethylsilane (2b): (Chloromethyl)trimethylsilane (2.12 g, 15.7 mmol, 1.0 eq) was 

stirred with 1H-1,2,3-triazole (1.10 g, 17.3 mmol, 1.1 eq) and potassium carbonate (1.60 g, 

18.8 mmol, 1.2 eq) in DMSO at ambient temperature for three days. The solvent was poured 

into 50 mL of ice-water. Raw product was extracted by diethyl ether (2x 50 mL). The 

organic phases were combined, dried with sodium sulphate, filtered and the solvent was 

evaporated off. The raw product containing the two isomers 2a and 2b (total yield: 63 %, 

2a: 42 %; 2b: 21 %, estimated out of 1H NMR integrals) were purified by column 

chromatography. The first fraction (2b) and the second fraction (2a) were obtained as 

colourless oil in 9 % (0.22 g, 1.41 mmol) and 16 % (0.39 g, 2.51 mmol) yield, respectively. 

2a: 1H NMR (CDCl3): δ = 7.62 (d, 1H, 1JH–H = 1.7 Hz, C4H), 7.39 (d, 1H, 1JH–H = 1.7 Hz C5H), 

3.90 (s, 2H, 2JH–29Si = 4.9 Hz, CH2), 0.09 (s, 9H, 2JH–29Si = 6.6 Hz, CH3) ppm. 13C NMR (CDCl3): δ 

= 133.6 (CH), 123.9 (CH), 41.9 (1JCH2–29Si = 47.0 Hz, CH2), −2.5 (1JCH3–29Si = 52.7 Hz, CH3) ppm. 
14N NMR (CDCl3): δ = −20 – −33 (br, N2/1), −140 (N3),. 29Si{1H} NMR (CDCl3): δ =2.5 (1JSi–CH2 

= 47.4 Hz, 1JSi–CH3= 53.5 Hz) ppm. IR: ν~  = 3126, 2956, 2903, 1740, 1419, 1357, 1298, 1250, 

1095, 1047, 971, 963, 844, 808, 770, 753, 699, 678, 652, 621, 608 cm−1. Raman: ν~  = 3143, 

3128, 2960, 2902, 1421, 1361, 1242, 1191, 1081, 973, 858, 772, 752, 702, 653, 600,366, 

323, 232 cm−1. B.p. 216 °C. Tdec 230 °C. MS(EI+): m/z = 155.2 [M]+. MS(FAB−): m/z = 154.1 

[M−H]+. Impact: >40 J. Friction: <92 N. 

2b: 1H NMR (CDCl3): δ = 7.50 (d, 2H, C3/4H), 4.05 (s, 2H, 2JH–29Si = 4.9 Hz, CH2), 0.10 (s, 9H, 
2JH–29Si = 6.6 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 133.4 (CH), 46.9 (1JCH2–29Si = 48.9 Hz, CH2), 

−2.3 (1JCH3–29Si = 52.7 Hz, CH3) ppm. 14N NMR (CDCl3): δ = −55 (N1/3), −127 (N2). 29Si{1H} 

NMR (CDCl3): δ = 2.5 (1JSi–CH2 = 48.6 Hz, 1JSi–CH3= 53.5 Hz) ppm. IR: ν~  =2930, 2897, 1384, 

1262, 1110, 1081, 1020, 774, 755, 738, 697, 643, 531 cm−1. Raman: ν~  = 2981, 2938, 1382, 

1163, 1082, 1000, 789, 748, 543, 512, 489 cm−1. Raman: ν~  = 3147, 3132, 2962, 2901, 1481, 

1460, 1416, 1395, 1270, 1240, 1212, 1119, 1075, 1028, 949, 850, 769, 737, 703, 640, 595, 

359, 325, 234 cm−1. MS(EI+): m/z = 156.2 [M+H]+. MS(FAB+): m/z = 156.2 [M+H]+. Impact: 

>40 J. Friction: <92 N. 

(1N-1,2,4-Triazolylmethyl)trimethylsilane (2c): (Chloromethyl)trimethylsilane (1.10 g, 

10.6 mmol, 1.50 mL, 1.1 eq) was stirred with 1H-tetrazole (0.67 g, 10.0 mmol, 1.0 eq) and 

potassium carbonate (1.60 g, 11.6 mmol, 1.2 eq) in DMSO (15 mL) at ambient temperature 
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for two days. The solvent was poured into 50 mL of ice-water. Raw product was extracted 

by diethyl ether (2x 50 mL). The organic phases were combined, washed twice with water 

(20 mL), dried with sodium sulphate, filtered and the solvent was evaporated off. The 

product was obtained as colourless oil in 75 % (1.12 g, 7.20 mmol). 

1H NMR (CDCl3): δ = 7.87 (s, 1H, C5H), 7.77 (s, 1H, C3H), 3.69 (s, 2H, 2JH–29Si = 5.5 Hz, CH2), 

0.10 (s, 9H, 2JH–29Si = 6.6 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 150.5 (s, C3H), 142.0 (C5H), 

40.0 (s, 1JCH2–29Si = 47.9 Hz, CH2), −3.1 (s, 1JCH3–29Si = 55.6 Hz, CH3) ppm. 14N NMR (CDCl3): δ = 

−83 (N1), −132 (N4), −170 (N2). 29Si{1H} NMR (CDCl3): δ = 1.6 (1J29Si–CH2 = 49.8, 1J29Si–CH3 = 

53.5 Hz,) ppm. IR: ν~  =3417, 3119, 2957, 2902, 1503, 1418, 1346, 1290, 1272, 1250, 1208, 

1140, 1011, 958, 843, 768, 739, 701, 680, 661 cm−1. Raman: ν~  =3123, 2960, 2901, 1445, 

1417, 1346, 1291, 1141, 1013, 702, 598, 355, 233, 184 cm−1. B.p. 101 °C. MS(EI+): m/z = 

155.2 [M]+. MS(FAB+): m/z = 156.2 [M+H]+. Impact: >40 J. Friction: <144 N. 

E-(2-Nitrovinyl)trimethylsilane (3): Method A: Compound 6 (6.88 g, 18.0 mmol, 1.0 eq) 

was stirred in dichloromethane (40 mL) and a solution of sodium hydroxide (0.72 g, 

18.0 mmol, 1.0 eq) in water (7.2 mL) was added at ambient temperature. After 5 min the 

suspension was poured onto 1 M HCl (20 mL) and the precipitate was filtered through 

Celite. The organic phase was washed with water (3x 20 mL), was tried with magnesium 

sulphate and the solvent was evaporated off. The residue was diluted with n-pentane and 

filtered. The Solvent was evaporated off and the product was obtained as bright yellow solid 

in 42 % (1.08 g, 7.47 mmol).  

Method B: Similar to the method described in the literature. [nitrovinyl] Concentrated nitric 

acid (2.21 g, 1.46 mL, 35 mmol, 2.5 eq) was flown gently into a solution of chlorosulphuric 

acid (3.67 g, 2.09 mL, 31.4 mmol, 2.2 eq), diluted with conc. sulphuric acid (1 mL), under 

dry argon atmosphere, at 0 °C and vigorous stirring. The mixture of acids is monitored to be 

always cooler than 5 °C during the addition of nitric acid and afterwards. The generated 

NO2Cl was passed through conc. sulphuric acid and a stirred solution of vinyltrimethylsilane 

(2.86 g, 4.18 mL, 28.5 mmol, 2.0 eq) in CCl4 (40 mL) by dry argon gas flow. After the 

complete addition of the nitric acid, the argon gas was still bubbling through the vinyl 

solution for one hour. Afterwards the gas flow was stopped; the vinyl solution was poured 

onto ice and was extracted with n-pentane (3x 40 mL). After washing the organic solution 

with water (2x 20 mL) and an aqueous solution of sodium carbonate (20 mL, 2.1 g Na2CO3, 
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~1 M,), the solvent was evaporated off and the row product was taken up in THF and mixed 

with sodium acetate (2.57 g, 31.0 mmol, 1.1 eq).The solution was refluxed for 15 min and 

afterwards poured into a stirred mixture of 1 M HCl (20 mL) and diethyl ether (40 mL). The 

water phase was washed twice with diethyl ether (2x 20 mL). The ether phase was 

combined and the solvent was evaporated off to obtain the product in 25 % (1.52 g, 

1.05 mmol) yield. 

1H NMR (CDCl3): δ = 7.31 (d, 1H, 3JHb–Ha = 15.8 Hz, CHb), 6.94 (d, 1H, 3JHa–Hb = 15.8 Hz, 2JH–29Si 

= 4.4 Hz, CHa), 0.20 (s, 9H, 2JH–29Si = 6.8 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 146.2 (CHb), 

137.3 (1JC–29Si = 53.7 Hz, CHa), −2.8 (1JCH3–29Si = 54.6 Hz, CH3) ppm. 14N NMR (CDCl3): δ = −8.9 

(NO2). 29Si{1H} NMR (CDCl3): δ = −4.0 (1JSi–CH3 = 54.7 Hz) ppm. IR: ν~  = 3089, 2960, 2902, 

2865, 1602, 1524, 1418, 1349, 1295, 1252, 1187, 965, 924, 836, 790, 758, 735, 701 cm−1. 

Raman: ν~  =3089, 3000, 2902, 2690, 2269, 1845, 1620, 1604, 1530, 1415, 1349, 1295, 1265, 

1187, 925, 848, 792, 735, 703, 618, 498, 320, 206 cm−1. M.p. 70 °C. Tdec 195 °C. MS(EI+): m/z 

= 147.2 [M+2H]+. MS(FAB−): m/z = 145.2 [M]−. Impact: >40 J. Friction: <120 N. 

(Cyanomethyl)trimethylsilane (5): Zinc granules (153 mmol, 10.0 g, 2.0 eq) were stirred 

with dry sand for two hours to activate the metal surface. After adding dry THF (100 mL) 

and chloromethylsilane (87.4 mmol, 9.50 g, 11.0 mL, 1.1 eq), chloroacetonitrile (76.5 mmol, 

5.77 g, 4.85 mL, 1.0 eq) was slowly stropped into the reaction mixture. The solution was 

refluxed for 24 h and quenched with water (100 mL). Mixture was extracted with diethyl 

ether (3x 100 mL) and washed once with water (100 mL). The organic phase was dried 

with anhydrous sodium sulphate, filtered and the organic solvent was evaporated off. The 

pure product 5 was obtained by distillation (70 °C, 29 mbar) in 59 % (5.11 g, 45.1 mmol) 

yield. 

1H NMR (CDCl3): δ = 1.57 (s, 2H, 2JH–29Si = 7.1 Hz, CH2), 0.20 (s, 9H, 2JH–29Si = 6.8 Hz, CH3) ppm. 
13C NMR (CDCl3): δ = 119.1 (CN), 4.9 (1JC–29Si = 37.8 Hz, CH2), −1.9 (1JCH3–29Si = 53.8 Hz, CH3) 

ppm. 14N NMR (CDCl3): δ = −139 (CN). 29Si{1H} NMR (CDCl3): δ = 4.8 (1JSi–CH3 = 53.8 Hz, 1JSi–

CH2 = 36.0 Hz) ppm. IR: ν~  = 2960, 2904, 2232, 1418, 1396, 1311, 1253, 1149, 952, 843, 793, 

767, 702, 669, 608 cm−1. Raman: ν~  = 2963, 2903, 2232, 1417, 1151, 704, 609 cm−1. B.p. 

165 °C. MS(EI+): m/z = 113.2 [M]+.  
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(2-nitro-1-(trimethylsilyl)ethyl)mercury(II) chloride (6): Trimethylvinylsilane (4.00 g, 

29.9 mmol, 4.34 mL, 1.0 eq) was added into a solution containing sodium nitrite (4.96 g, 

71.8 mmol, 2.4 eq) and mercury(II) chloride (9.75 g, 35.9 mmol, 1.2 eq) in THF/water 

(0.61 mL/70 mL). The suspention was stirrwed for four days. The suspension was filtered, 

washed with water (200 mL) and dried on air for 6 h. The residue was extracted with 

dichloromethane (200 mL) for 20 h. The solid was filtered through Celite and the organic 

phase was dried with sodium sulphate. Evaporating off the solvent leads to a white 

crystalline solid in 61 % (6.96 g, 18.2 mmol) yield.  

1H NMR (CDCl3): δ = 4.85 (dd, 1H, 2JHb–Hc = 14.6 Hz, 3JHb–Ha = 5.0 Hz, 3JHb–Hg199 = 444 Hz, 

CHcHb), 4.64 (dd, 1H, 2JHc–Hb = 14.6 Hz, 3JHc–Ha = 12.6 Hz, 3JHc–Hg199 = 143 Hz, CHcHb), 2.17 (dd, 

1H, 2JHa–Hg199 = 237 Hz, 2JHa–29Si = 6.6 Hz, 3JHa–Hb = 5.2 Hz, 3JHa–Hc = 12.4 Hz, CHa), 0.18 (s, 9H, 
2JH–29Si = 6.3 Hz, CH3) ppm. 13C NMR (CDCl3): δ = 77.4 (CH2NO2), 36.7 (1JCH–29Si = 42.2 Hz, 1JCH–

199Hg = 1390 Hz), 0.0 (1JCH3–29Si = 53.7 Hz, CH3) ppm. 14N NMR (CDCl3): δ = 10.8 (NO2) ppm. 
29Si{1H} NMR (CDCl3): δ = 4.0 (1JSi–CH3 = 53.5 Hz, 2JSi–199Hg = 106 Hz) ppm. 199Hg{1H} NMR 

(CDCl3): −1025 ppm. 199Hg NMR (CDCl3): δ = −1025 (3JHg–Hc = 143 Hz, 2JHg–Ha = 233 Hz, 3JHg–Hb 

= 445 Hz)  ppm. IR: ν~  = 2951, 1546, 1415, 1370, 1328, 1248, 1181, 1062, 1017, 962, 832, 

754, 685 cm−1. Raman: ν~  =2955, 2898, 1549, 1429, 1414, 1372, 1279, 1265, 1064, 1016, 

892, 774, 756, 689, 618, 534, 511, 294 cm−1. Impact: >40 J. Friction: <120 N. 
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Abstract: Several trimethylsilyl 
substituted nitrogen-rich 
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compounds. In general, mixtures 
of different silanes with several 
common oxidizers (AP, ADN, 
N2O4) were calculated by using 
EXPLO5 version 6.01, computer 

codes. The results are compared 
with the calculations of other 
computing codes (ICT-Code, 
CHEETAH 2.0). The energies of 
formation were computed by 
Gaussian version C3 and on CBS-
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computed on MP2 level of theory 
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structural characteristics are 
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Introduction 

Recently, the computational chemistry and physics become more important, on the one 

hand due to the advance in computing power and precise computing codes and the 

laborious, time-consuming and relative expensive experiments for new compounds on the 

other hand.[1] In the case of hazard materials like explosive material the factory of safety is 

weightily. Therefore, several computing codes were written and upgraded to predict 

performance parameters of thought molecules and to estimate the cost-benefit ratio to start 

synthesizing a new compound. 

One modern computer code used for this 

research is EXPLO5 version 6.01.[14] Other 

programmes, like CHEETAH 2.0 and the ICT 

computing code, are also common, whereas 
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the first one is old-fashioned, but due to government regulation there is no newer 

computing code available outside the U.S.. The second one is up-to-date but only slightly 

information are available about its program code and also its calculation methods. The 

EXPLO5 programme is based on the chemical equilibrium state of detonation. For gaseous 

detonation products the Becker-Kistiakowski-Wilson state equations (BKW EOS, Becker-

Kistiakowski-Wilson equilibrium of state) are used and for solid carbon the Cowan-Fickett-

equation is applied as given below. Composition of the equilibrium is based on the modified 

minimizing technique of the free energy by White, Johnson and Dantzig. Calculation of the 

respective detonation parameter is performed at the C-J-point (Chapman-Jouguet point, 

explenation see in the following).[14] The BKW EOS allow for the ideal gas law to be 

modified from (1) to (2) with the aberration from ideal gases being major.[1] 

pV = nRT          (1) 

pV/RT = 1 + xeβx with x = k/VTα   (2) 

At extremely low temperatures the pressure would rise to infinity, so Cowan and Fickett 

modified the equation by changing the factor x: 

pV/RT = 1 + xeβx  with x = κΣXiki/V(T + Θ)α (3) 

Solid products are calculated using the Cowan-Fickett equation for solids, whereas the 

parameters for solid carbon (graphite) are given below:[1] 

p = p1(V) + a(V)T’ + b(V)T’2 

T’ = T/11605.6 K  

p1(V) = −2.467 + 6.769η – 6.956η2 + 3.040η3 – 0.3869η4  

a(V) = −0.2267 + 0.2712η 

b(V) = 0.08316 – 0.07804η-1 + 0.03068η-2  

and material compaction η  

η = V°T°/V = p/p° 
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The resulting p(V) graph has the form of a parabola cut-out, also known as Hugoniot-

curve[15] and represents all allowed states which can be assumed by the shock adiabatic 

curve. The C-J-point, in which the Chapman-Jouguet condition is fulfilled, is the contact 

point of the shock adiabatic curve of the reaction products with the Rayleigh line, 

characterized through the following equation:  

p − p0 = p02 · U2(V0 − V) 

At the contact point the slope of the Rayleigh line and the shock adiabatic curve of the 

reaction products are equal and thus can be described through the following correlation:[1] 

δp/δV = D2/V2 = U2/V2 

EXPLO5 version 6.01, as well as for CHEETAH 2.0[16] and ICT-Code, calculates the 

detonation parameters and the chemical composition at the C-J-point with the 

implementation of the steady state detonation model.[11] For gases the BKW EOS is applied, 

using formula (3) with the parameters  

α = 0.5  

β = 0.176  

κ = 14.71 

θ = 6620  

for EXPLO5 version 6.01[1] and 

α = 0.5 

β = 0.40266 

κ = 10.864 

θ = 5441  

for CHEETAH 2.0[16], whereas the exact formulas for the ICT computing code are unknown. 

Identification of the composition of detonation products at the equilibrium state is 

allowed using the minimizing internal energy according to the White-Johnson-Dantzig 

technique. Thermodynamic functions of the components of the system, such as enthalpy, 

entropy, free enthalpy and free energy, can be derived based on the state equations. These 

can be calculated using the following formula for reaction products at standard conditions 

from the enthalpy:[1] 
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(HT° − H°0) = c0 + c1 · T + c2 · T2 + c3 · T3 + c4 · T4  

EXPLO5 calculates the Hugoniot-curve and state parameters at the shock front for 

reaction products between specific volumes V0, at the moment of explosion, and V1 for 

various Vi. The C-J-point is the minimum of detonation velocity and is shown as the 

minimum in the derivative of the p(V)-function, depicted as the Hugoniot-curve. Detonation 

parameters can be calculated according to the hydrodynamic detonation theory, using the 

conservation of mass, impulse and energy dependent on p and V, which provides the 

correlation for detonation velocity and impact speed:[15] 

D = V0 √(p − p0/V0 − V) and  U = V0 − V√(p − p0/V0 − V) 

Additionally EXPLO5 and also the other mentioned computing codes CHEETAH and ICT, 

calculates the combustion parameters Isp and TC. For the calculation of rocket fuels p = const. 

which leads to calculating the isobaric combustion. The following assumptions are made:[1] 

1. pressure in the combustion chamber and the nozzle throat is constant, 

2. conservation of energy and moment is applied, 

3. velocity of the combustion products within the combustion chamber is zero, 

4. temperature and velocity of the gaseous and condensed combustion products are 

the same, 

5. the expansion into the nozzle is isentropic 

In addition to the specific impulse the isobaric combustion temperature is also calculated 

due to the fact that according to the temperature the products and their frequency may vary, 

especially those of carbon monoxide, carbon dioxide and carbon as the Boudouard reaction 

is temperature sensitive. The water-gas shift reaction in contrast has only slightly influence 

to the propulsion values, because the entropy can be described as constant at the normally 

observed reaction conditions in the reaction chamber (CO(g) + H2O(g) → CO2(g) + 

H2(g)).[3] 

In the following the main focus will be by using the EXPLO5 version 6.01 computing code. 

Differences of the handling and the obtained values between the three codes will be 

discussed. The small trimethylsilyl back-bone structure connected with methylene bridged 
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energetic moieties was used as comparable model structures (see Scheme 9.1). They are 

easy to calculate and the structural influences should be manageable. In addition the 

physical parameters are expected to be comparable and experimental values are often 

easily obtainable by experiments or already known in literature. In some cases also the 

carbon analogues were computed and discussed.  

Scheme 9.1. Moleculare structures and labels of the discussed silanes and some of their carbon analogues 

((nitratomethyl)trimethylsilane 1,[7] neopentenyl nitrate 1C,[7] (azidomethyl)trimethylsilane 2, [8] 1-azido-

2,2-dimethylpropane 2C, (nitromethyl)trimethylsilane 3, 2,2-dimethyl-1-nitropropane 3C, (E)-(2-

nitrovinyl)trimethylsilane 4, (E)-3,3-dimethyl-1-nitrobut-2-ene 4C, 1-((trimethylsilyl)methyl)-1H-1,2,4-

triazole 5a, 1-((trimethylsilyl)methyl)-2H-1,2,3-triazole 5b, 1-((trimethylsilyl)methyl)-1H-1,2,3-triazole 5c, 1-

((trimethylsilyl)methyl)-1H-tetrazole 6a, 2-((trimethylsilyl)methyl)-2H-tetrazole 6b, 5-

((trimethylsilyl)methyl)-1H-tetrazole 6c, 5-((trimethylsilyl)methyl)-2H-tetrazole 6d, trimethyl(vinyl)silane 7, 

allyltrimethylsilane 8, tetravinylsilane 9). 
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Results and Discussion 

To the best of our knowledge no structural information is given for most of the 

compounds in literature except for the gas-phase structures of 1 and 1C by electron 

diffraction experiments.[7] Therefore to get an idea of the structures and its intramolecular 

interactions of all compounds (except 7–9) theoretical calculation were computed on 

MP2/cc-pVDZ level of theory. The liquid and solid states may differ from those calculated as 

intermolecular interactions are present and may alter the structures, but some inferences 

can be possibly done. All silicon containing substances used for this research are liquid at 

ambient temperature and did not crystallize in a good measurable shape in the freezer. 

Therefore no crystal structures were obtained. The calculated structures are given in Figure 

9.1 (azido derivatives), Figure 9.2 (nitro derivatives), Figure 9.3 (triazole derivatives) and 

Figure 9.4 (tetrazole derivatives). In addition the corresponding bond distances, angels and 

intramolecular interactions are given in Table 9.1 (azido dierivatives), Table 9.2 (nitro 

derivatives), Table 9.3 (triazole derivatives) and Table 9.4 (tetrazole derivatives). 

The calculated gas phase structure of the compounds 2 and 2C are highly similar and 

typical for other known computed structures of mono-substituted tetramethylsilanes and 

neopentyl derivatives. Also both structure show only slightly but important differences. The 

Si-CH3 and C-CH3 bond lengths are in a typical range of these types of bonding (1.888–

1.892 A, 1.534–1.535 A respectively). In these cases the Si-C1H3 and C-C1H3 bond lengths 

are computed as slightly elongated in comparison to the other methyl bonding, whereas the 

elongation in structure 2C is more insignificant than for Si-C1H3 bond elongation. The main 

difference between 2 and 2C is found in the bonding of the substituent. In the case of 2 the 

Si–CH2 bond is elongated compared to all Si–CH3 bond lengths (1.913 A towards 1.888 A in 

average). The bond length differences between C–CH2 and C–CH3 bond in 2C is almost 

negligible, but taking a closer look the inverse situation is found for the computation of 2C 

(1.533 A towards 1.535 A in average). The N3–N2–N1–C4–Si/C–C1 chains are absolutely in-

plane (torsion angles of always ±180 °) in both cases. Comparing the N3CH2– moieties of 2 

and its carbon analogue 2C, the C–N bond is longer in the silicon derivative in contrast to the 

bond of its carbon analogue (1.491 A towards 1.484 A). The same is true for the N1–N2 

bond lengths (1.246 A towards 1.244 A). N2–N3 bond lengths are almost equal in both cases 



IX. Theoretical Approach of Energetic Silanes    

 202 

with 1.164 A). To conclude the results till this point the bond length and the bond strength 

at N1 (C4–N1 and N1–N2) are both elongated, weaker respectively, for the computation of 

the silicon derivative compared to the situation of N1 in structure 2C. It can be derive from 

this situation that the ionic character is increased at N1 or intramolecular interactions 

degenerate the bond orders of the C4–N1 and N1–N2 bonds. The distances of possible 

intramolecular N1---H3C2/3 or N1---C2/3 interactions are quite long and unlikely (d(N---

H3C): 2.966 A, ΣvdW(N,H): 2.75 Å[18]; d(N---C2/3): 3.332 A, ΣvdW(N,C): 3.25 Å[18]), 

consequently a N1---Si interaction become most likely (d(N1---Si): 2.733 A, ΣvdW(N,Si): 

3.65 Å[18]). This is result is affirmed by the elongation of the Si–C1 bond, due to electron 

donation of N1 to the anti-bonding orbital of the Si–C1 bond orbital. Similar situations are 

expected for the following structures. 

Figure 9.1. Calculated molecular gas phase structures of the compounds 2 and 2C on the MP2/cc-pVDZ level 

of theory (intramoleculare interactions are given in red dashed lines). 

The calculated molecular structure of 3 reveals a slightly longer bond between Si and C1 

(1.889 Å, lit.: 1.88 Å[17]) than Si and C2 or C3 (1.885 Å). In contrast the bond length 
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between Si and C4 is elongated (1.929 Å), due to the electron withdrawing substituent at C4. 

In the same way the Si–C4 bond becomes longer and the C4–R bond (in this case R = NO2, 

d(C4–N1): 1.486 Å, but this is also the case for other electron withdrawing substituents) is 

typically shortened. In comparison with its carbon analogue 3C the bonding situation is vice  

Figure 9.2. Calculated molecular gas phase structures of the compounds 3, 3C, 4 and 4C on the MP2/cc-pVDZ 

level of theory (intramoleculare interactions are given in red dashed lines). 

versa. The carbon analogue 3C shows a shorter bond for C–C1 (1.536 Å) compared to C–

C2/C3 (1.540 Å) and the bond length C–C4 (1.531 Å) is also shortened compared to C–

C2/C3 (1.531 Å). The C–C4 bond distance is shortened in the structure of 3C and therefore 

the C4–N1 bond is expected to be elongated, which is the case (d(C4–N1): 1.508 Å). The 

main reason is found in the different orientation of the nitro moiety in these two analogues. 

For the silicon analogue 3 the nitro moiety is twisted out of the C1–Si–C4–N1 plane 

(θ(O1/2–N1–C4–Si): ±88.3 °), which is fixed in position by a symmetrical intramolecular 

electrostatic interaction between each oxygen atom toward a hydrogen atom of two methyl 

groups (H2a and H3a: d(O---H2/3a): 2.739 Å, ΣvdW(O,H): 2.72 Å[18]). In the second case of 

the corresponding carbon analogue the oxygen atoms are in the plane of C1–C–C4–N1 

(θ(O1/2N1–C4C): 0/180 °) This orientation is fixed by strong interactions of O1 to the two 

hydrogen atoms H2a and H3a of two methyl moieties (d(O1---H2a/3a): 2.392 Å), much  
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Figure 9.3. Calculated molecular gas phase structures of the compounds 5a, 5b and 5c on the MP2/cc-pVDZ 

level of theory (intramoleculare interactions are given in blue dashed lines). 

stronger as found for the silicon analogue, and to the central carbon atom C (d(C---O1): 

2.852 Å, ΣvdW(O,C): 3.22 Å[18]), pointing almost vertically to the C–C1 bond (α(C1–C---O1): 

161.4 °). The twisting in plane of R–C4–El–C1 is found for most carbon and also silicon 

analogues of a similar kind.[7,9] The twisting out of plane in compound 3 cannot lead to a 

commonly found intramolecular interaction between the substituent R and the central atom 

Si, but was surprisingly found for compound 3C. In the case of 3C the structural differences 

seem to be mainly influenced by sterical reasons, in the case of 3 it seems to be 

electronically (bond orbitals, electrostatic attractions etc.). The angles of the C4–Si–CH3 

moiety become more obtuse (α(C4–Si–CH3): 106.8 and 107.3 °) in comparison with its ideal 

tetrahedral Me4Si (α(C–Si–C): 109 °), and in contrast to the situation for 3C (α(C4–C–CH3): 

110.9 ° and 111.6 °). Consequently, the SiMe3 trigonal pyramid becomes more flatted, which 

indicates in addition to the elongated C4–Si bond an increased ionic character of the Si–C 

bonds. Chemically it indicates a good possibility for nucleophilic attacking at the central 

silicon atom (not the case for 3C) and easy cleaving of the RCH2–Si or a Si–CH3 bond. Bond 

lengths for the nitro moieties of 3 and 3C are almost equal and within the expected range for 

bond lengths between single and double bonds (d(N1–O1/2): 1.232–1.235 Å). The 

intramolecular interactions of the nitro moieties to hydrogen atoms of the methyl groups 

insignificantly influence the bonding situation of N1 to O1/2 in its lengths in 3 and 3C. 
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Table 9.1. Bond lengths [Å], angles [°] and torsion angles [°] of the calculated gas phase structures of the nitro derivatives 1 and 1C on RI-MP2/TZVPP 

level of theory[7] (in parentheses at the bottom), the values of the computed gas phase structures 2 and 2C on MP2/cc-pVDZ level of theory, in addition 

the experimental GED values of the structures 1 and 1C[7] (value at the top with standard deviation in parentheses). 
MP2/cc-pVDZ         
Bond length 
d [Å] 

1 (El = Si) 1C (El = C) 2 (El = Si) 2C (El = C) Angles α [°] 1 (El = Si) 1C (El = C) 2 (El = Si) 2C (El = C) 

GED[a,b](calc.[a]) GED[a,b](calc.[a])   GED[a,b](calc.[a]) GED[a,b](calc.[a])   

El–C1 
1.883(1) (1.879) 1.539(1) (1.525) 

1.892 1.535 C1–El–C2 

110.9(4) (111.2) 109.2(2) (109.9) 

111.1 109.9 
El–C2 1.888 1.534 C1–El–C3 111.1 109.9 
El–C3 1.888 1.534 C1–El–C4 108.3 107.6 
El–C4 1.906(5) (1.905) 1.536(4) 1.913 1.533 C2–El–C3 110.9 110.1 
C4–O1 1.447(5) (1.433) 1.446(3) (1.422)   C2–El–C4 107.6 109.6 
C4–N1   1.491 1.484 C3–El–C4 107.6 109.6 
O1–N 1.426(4) (1.425) 1.411(2) (1.422)   El–C4–O1 107.1(3) (105.4) 106.3(3) (106.9)   
N–O2/3 1.208(1) (1.206) 1.211(1) (1.208)   El–C4–N1   106.2 108.9 
N1–N2   1.246 1.244 C4–O1–N1 113.0(4) (113.4) 113.6(3) (113.2)   
N2–N3   1.164 1.164 C4–N1–N2   115.4 115.1 
El---O1 2.729(4)(2.671) 2.392(2)   O2–N1–O3 131.2(7) (130.6) 132.0(6) (130.0)   
El---N1   2.733 2.455 N1–N2–N3   172.7 173.0 
N1---C2/3   3.332 2.908 C1–El---N1   139.9 142.5 
N1---H2a/3a   2.966 2.556 El---N1–N2  157.6 151.4  
Torsion angles θ [°]         
C1–El–C4–O5 180 (180) 180 (180)        
C1–El–C4–N1   180 180      
El–C4–N1–N2   180 180      
C4–N1–N2–N3   180 180      

[a] ref. [7]; [b] values are taken from the vibrational averaged structure. 
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Table 9.2. Bond lengths [Å], angles [°] and torsion angles [°] of the calculated gas phase structures of the nitro derivatives 3, 3C, 4 and 4C on MP2/cc-pVDZ 

level of theory. 
MP2/cc-pVDZ         
Bond length 
d [Å] 

3 (El = Si) 3C (El = C) 4 (El = Si) 4C (El = C) Angles α [°] 3 (El = Si) 3C (El = C) 4 (El = Si) 4C (El = C) 

El–C1 1.889 1.536 1.890 1.541 C1–El–C2 111.8 108.7 110.7 109.2 
El–C2 1.885 1.540 1.888 1.541 C1–El–C3 111.8 108.7 110.3 109.7 
El–C3 1.885 1.540 1.888 1.533 C1–El–C4 106.8 105.0 108.0 107.8 
El–C4 1.929 1.531 1.895 1.508 C2–El–C3 111.4 110.9 110.7 109.7 
C4–C5   1.344 1.343 C2–El–C4 107.3 111.6 109.0 107.8 
C4–N1 1.486 1.508   C3–El–C4 107.3 111.6 108.0 112.6 
C5–N1   1.479 1.468 C5–C4–El   123.3 125.9 
N1–O1 1.235 1.233 1.236 1.236 El–C4–N1 109.0 117.9   
N1–O2 1.235 1.232 1.230 1.231 C4–C5–N1   121.8 120.8 
O1---H2a 2.739 2.392   O1/2–N1–C4 117.2/117.2 119.8/114.9   
O1---H3a  2.392   O1/2–N1–C5   115.2/118.8 115.2/119.1 
O2---H3a 2.739    O1–N1–O2 125.5 125.3 125.9 125.7 
O1---H4a   2.396 2.404 C1–C---O1  161.4   
O2---H5a   2.392 2.387      
O1---C  2.852        
Torsion angles θ [°]         
C1–El–C4–C5   −120.3 121.1      
C1–El–C4–N1 180.0 180.0        
C2–El–C4–C5   0.0 −121.2      
C2–El–C4–N1 −59.9 −62.4        
C3–El–C4–C5   120.3 0.0      
C3–El–C4–N1 59.9 62.4        
O1–N1–C4–El 88.3 0 180 180      
O2–N1–C4–El −88.3 180 0 0      
N1–C5–C4–El   180 180      



IX. Theoretical Approach of Energetic Silanes    

 207 

Table 9.3. Bond lengths [Å], angles [°] and torsion angles [°] of the calculated structures of the nitro 
derivatives 5a–c on MP2/cc-pVDZ level of theory. 

MP2/cc-pVDZ       
Bond length d 
[Å] 

5a 5b 5c Angles α [°] 5a 5b 5c 

Si–C1 1.894 1.892 1.897 C1–Si–C2 110.8 111.0 109.4 
Si–C2 1.887 1.886 1.885 C1–Si–C3 110.2 111.6 109.8 
Si–C3 1.885 1.888 1.886 C1–Si–C4 105.7 107.9 103.3 
Si–C4 1.929 1.926 1.931 C2–Si–C3 111.9 107.9 112.8 
C4–N1 1.460 1.462 1.461 C2–Si–C4 107.5 109.2 111.4 
C5–C6  1.402 1.364 C3–Si–C4 110.5 105.7 109.8 
C5–N2 1.350 1.361  C5–N2–N1 102.1   
C5–N3 1.362  1.393 C5–N3–N2  102.8 108.0 
C6–N1 1.362  1.352 C5–C6–N1  108.8 103.8 
C6–N3 1.338 1.360  C5–C6–N3    
N1–N2 1.350 1.337 1.331 C5–N3–C6 102.0   
N1–N3  1.336  C6–N1–N2 110.0 102.7 111.0 
N2–N3   1.364 C6–C5–N3  108.7 109.3 
Si---N2 3.144  3.144 N1–C6–N3 110.5   
N2---H2a 2.860 2.790 2.860 N1–N2–N3  116.9 107.9 
N2---H3a 2.760  2.760 N2–C5–N3 115.4   
N1---H3a  3.142  Si–C4–N1 112.3 109.8 113.9 
Torsion angles θ [°]   C4–N1–C6 129.4  129.3 
C1–Si–C4–N1 −163.1 160.7 173.0 C4–N1–N2 120.6 121.5 119.7 
C2–Si–C4–N1 −44.7 −78.5 −69.7 C4–N1–N3  121.3  
C3–Si–C4–N1 77.7 41.1 56.0 C1–Si---N2 156.5  157.3 
C6–N1–C4–Si −44.8  −165.7     
Si–C4–N1–N2 135.3 −104.1 15.9     
Si–C4–N1–N3  68.8      

In the case of 4 and 4C two interactions are found for each molecule (O1---H4 and O2---

H5). They are significantly below the sum of the van der Waals radius (ΣvdW(O,H): 

2.72 Å[18]; d(O1---H4): 2.392/2.396 Å and d(O2---H5): 2.387/2.404 Å). It is doubtful 

whether the interaction O2---H5 is a noteworthy one, because the distance is structurally 

rigid and has no significant influence on the N1–O2 bond distance (d(O2---H5): 1.230 Å (4) 

and 1.231 Å (4C)) in contrast to the O1---H4 interaction. The O1---H4 distance is longer 

(d(O1---H4): 2.396/2.404 Å) compared to d(O2---H5), but it shows a significant bond 

elongation, due to reduced bond order by the O1---H4 interaction, which additionally creates 

an energetically favoured five-membered ring. In contrast to compound 3, compound 4 has 

only slightly elongated Si–C4 and Si–C1 bonds. The tendencies concerning bond lengths are 

the same as described for compound 3. In addition the situation is also vice versa for the 

carbon analogue 4C and consequently the same as in 3C (shown in Table 9.1). Both double 

bonds of 4 and 4C have almost the same distance and are in the range of typical C=C double 

bonds. In contrast to the N1–C4 bond lengths of 3 and 3C (d(C4–N1): 1.486/1.508 Å) the  
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Table 9.4. Bond lengths [Å], angles [°] and torsion angles [°] of the calculated structures of the tetrazole 
derivatives 6a–d on MP2/cc-pVDZ level of theory. 

MP2/cc-pVDZ *         
Bond length d 
[Å] 

6a 6b 6c 6d Angles α [°] 6a 6b 6c 6d 

Si–C1 1.893 1.894 1.892 1.892 C1–Si–C2 110.3 109.9 111.3 110.9 
Si–C2 1.883 1.885 1.884 1.887 C1–Si–C3 111.0 110.2 110.8 110.7 
Si–C3 1.886 1.886 1.891 1.892 C1–Si–C4 104.8 103.5 108.1 108.6 
Si–C4 1.933 1.929 1.927 1.920 C2–Si–C3 112.2 112.5 110.9 110.4 
C4–C5   1.489 1.489 C2–Si–C4 110.5 110.9 108.5 108.9 
C4–N1 1.462 1.459   C3–Si–C4 107.7 109.5 107.0 107.3 
N1–N2 1.347 1.331 1.346 1.326 Si–C4–N1 112.7 114.1   
N2–N3 1.327 1.346 1.322 1.340 Si–C4–C5   110.0 110.5 
N3–N4 1.358 1.333 1.361 1.331 C4–C5–N1   127.1 123.6 
N4–C5 1.333 1.353 1.337 1.363 C4–C5–N4   126.0 124.1 
C5–N1 1.356 1.350 1.358 1.356 C4–N1–N2 121.0 122.1   
Si---N1   3.357 3.384 C4–N1–C5 130.8    
Si---N2 3.113 3.052   C4–N1–N4  123.5   
N2---H2/3a 2.761/ 

2.807 
2.756/ 
2.775 

  C5–N1–N2 108.1 100.6 110.3 100.5 

N1---H2a   2.723 2.769 C5–N4–N3 105.7 105.5 106.7 106.9 
Torsion angles θ [°]   N1–C5–N4 109.0 113.6 106.8 112.2 
C1–Si–C4–C5   165.8 164.1 N1–N2–N3 106.5 114.4 105.3 116.0 
C1–Si–C4–N1 164.9 173.6   N2–N3–N4 110.7 105.9 111.0 104.5 
C2–Si–C4–C5   −73.4 −75.1 C1–Si---N1   155.7 155.0 
C2–Si–C4–N1 −76.2 −68.5   C1–Si---N2 156.5 157.0   
C3–Si–C4–C5   46.4 44.5 C2–Si---N1   76.6 77.0 
C3–Si–C4–N1 46.7 56.1   C2–Si---N2 80.9 81.5   
Si–C4–C5–N1   −114.0 −109.7 C3–Si---N1   85.8 87.1 
Si–C4–C5–N4   61.0 66.6 C3–Si---N2 81.6 81.8   
Si–C4–N1–N2 37.9 15.6   C4–Si---N1   48.5 47.5 
Si–C4–N1–C5 −142.1    C3–Si---N2 51.8 53.5   
Si–C4–N1–N4  −166.1        

bond distance for the silicon analogue 4 (d(C5–N1): 1.479  Å) is not shorter than for 4C 

(d(C5–N1): 1.468 Å). Angles in the molecules 4 and 4C show exactly the same bending 

tendencies as already described for 3 and 3C. To summarize, based on the results of the 

computed data, for compounds 4 and 4C, there is no clear evidence for structural/chemical 

instability as found for compound 3. 

The three triazole isomers 5a–c show an almost similar bonding situation for the 

Me3SiCH2R moieties and also comparable to the structure of 3. In all cases the Si–C1 and 

even more the Si–C4 bond lengths are elongated (d(Si–C1): 1.892–1.897 Å, d(Si–C4): 1.926–

1.931 Å) in comparison to the Si–C2/3 bond distances (d(Si–C2/3): 1.885–1.887 Å). The 

C4–N1 bond distances are in all three cases rather similar (d(C4–N1): 1.460–1.462  Å), but 

significantly shorter than those in compound 3 (d(C4–N1): 1.460 Å) and 4 (d(C5–N1): 

1.460 Å). The bond lengths of the ring are for all isomers typical for triazole derivatives 

between the length of single and double C–C, C–N and N–N bonds (d(C–C): 1.364–1.402 Å , 

d(C–N): 1.338–1.393 Å, d(N–N): 1.331–1.364 Å) and the rings are all planar. The angles of  
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Figure 9.4. Calculated molecular gas phase structures of the compounds 6a–d on the MP2/cc-pVDZ level of 

theory (intramoleculare interactions are given in blue dashed lines). 

the Me3SiCH2R moieties are similar to the situation in 3 and 4 and also mainly influenced by 

N–H interactions. The main difference in the structures is found in the torsion angles and 

orientation of the triaziole moiety. The substituent R is mostly in one plane with C1–Si–

C4for each of the computed structures. In the case of 5c the weakest (θ(Si–C4–N1–N2): 

15.9 °) and for 5b the strongest (θ(Si–C4–N1–N2): −104.1 °) anomaly was calculated. The 

out of plane bending results from the N---H3C intramolecular attractions (d(N---H): 2.760 – 

2.860 Å, ΣvdW(N,H): 2.75 Å[18]). The structure of 5b with the strongest out of plane 

bending (θ(Si–C4–N1–N2): −104.1 °) has no Si---N interaction, which is found in all other 

structures, but a H3a interaction with N1 (d(N1---H3a): 2.897 Å). The Si---N2 interactions of 

5a and 5c (d(Si---N): both 3.144 Å, ΣvdW(Si,N): 3.65 Å[18]) are not vertically orientated 

towards the Si–C1 bond, due to the sterically demanding methyl groups (α(C1–Si---N2): 

156.5 ° and 157.3 °). The Si–C4–N1 angle is obtuse by this repulsion (α(Si–C4–N1): 112.3 

(5a) and 113.9 ° (5c)) in contrast to 5b without the repulsion between the C2/3H3 moieties 

and the ring (α(Si–C4–N1): 109.8 °). 

The tetrazole derivatives 6a–d show the same bond elongations as the nitro and the 

triazole derivatives. The bond lengths and angles computed show no anomaly compared to 

other common substituted tetrazole derivatives. The main difference between the 
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structures of nitrogen substituted 6a/b and carbon substituted isomers 6c/d is found in the 

stronger out of plane bending of the tetrazole moieties in the case of 6c/d (6a/b: θ(Si–C4–

C5–N1): 37.9/15.6 °, 6c/d: θ(Si–C4–N1–N2):−114.0/−109.7 °). This is a result of the 

missing N---H3a interaction, which is commonly created in N-substituted triazole and 

terazole derivatives (5a–c and 6a/b). Pointing to the results of the triazole derivatives 5a–c, 

N1---Si/H2a interactions (N2---Si/H2a interactions respectively) were found in the 

structures of all tetrazole derivatives as expected (see Table 9.3) in contrast to azido- and 

nitratomethyl silanes[7,9], where mostly an electrostatic attraction from an electron-rich 

atom at β-position to the silicon is formed. In the case of the triazole and tetrazole 

derivatives 5a–c and 6a–d and the nitro carbon analogue 3C an interaction between an 

electron rich atom in γ-position to the central atom C or Si seems to be more common. The 

interpretation of these results about the chemical behaviour of the triazole and tetrazole 

derivatives should be rather similar. In more detail it is expected that after an attack of a 

nucleophile, like F− or HO−, the highly probable following Si–C bond cleavage will be more 

likely to happen at the RCH2–Si bond and the H3C1–Si moiety. This is in good agreement 

with observed chemical behaviour (decomposition during column chromatography). 

Furthermore, the weakening of the Si–C4 and also the Si–C1 bond will be enforced by 

additional bonded triazolyl and tetrazolyl moieties. This is in good agreement with the 

results and identified decomposition products (methylated heterocycles, siloxane and 

silsequioxane polymers) obtained by reacting bis(chloromethyl)diemthyl silane and 

tris(chloromethyl)methylsilane in the same and in many different manners as described for 

5a and 5b in the experimental section. The reasons for the unfulfilled synthetic efforts to 

obtain 6c and 6d are probably based on the reactivity of created 6c/d towards nucleophiles, 

like the azide anion. In addition the starting material trimethylsilylacetonitrile is known to 

be not inert towards nucleophiles. The observed decomposition products (mainly 

acetonitrile, minor 5-methyltetrazole) point to both results. 

When calculating energetic properties with EXPLO5 (or even for ICT and CHEETAH 2.0) 

the only input apart from the molecular formula is the density and the enthalpy of 

formation, ΔfH°. The data for the enthalpy of formation can either be measured via bomb 

calorimetry or obtained by theoretical calculations on CBS-4M level of theory. Generating 

data through bomb calorimetry requires larger amounts of the substances and, for more 
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sensitive substances, the danger involved should not be neglected. These are the reasons 

why, for this research, calculated data was used. The results from the CBS-4M calculation 

are for the gaseous phase only and therefore it was required to convert them for the liquid 

substances that were analysed. The conversion for liquid and solid substances can be seen 

in Scheme 9.2. 

Scheme 9.2. Conversion of calculated CBS-4M enthalpy of formations to valuable input data for computing 

code (EXPLO5, CHEETAH and ICT) in liquids and solids state. 

The ΔfH°(gaseous) is obtained by atomization method, which is in detail the sum of 

ΣH°(atoms) and ΔfH°(CBS-4M), followed by the subtraction of ΣfH°(atoms). The values 

ΣH°(atoms) (sum of the computed value out of each single atom) and ΔfH°(CBS-4M) 

(computed out of the whole molecule) were both computed on CBS-4M level of theory. The 

ΣfH°(atoms) can be obtained from databases.[10] For liquids the ΔHvap is calculated using 

the boiling temperature Tb or temperature of decomposition Tdec and the Trouton’s rule 

[19], according to the following formula: 

ΔHvap  =  90 ∙ TM[K]/1000 
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Figure 9.5. Molare enthalpy of formation ΔfH°M in dependency of Tdec exemplarily shown of the values from 

the liquid compound 6a (see Supporting Information for the values of all other compounds). 

According the formula the influence of the boiling point or decomposition point to ΔHvap 

(same for ΔHsub) and ΔfH°(s,l) respectively, is linear inversely proportional (see Figure 9.5). 

The Trouton’s rule states that entropy of vaporization for various kinds of liquids has the 

almost same value of about 90 JK−1 mol−1[19] and can be applied for all liquids with low 

intermolecular interaction, whereas for example the high amount of hydrogen bonds within 

H2O leads to wrong values for the entropy. ΔfH°(l) is then calculated by subtracting the 

ΔHvap from the ΔfH°(g). Based on the ΔfH°(l) the internal energy ΔfU (l) is acquired by 

subtracting ΔnRT (Δn as mols of gaseous products, R as the gas constant and T the ambient 

temperature in Kelvin) from ΔfH°(l). In the case of silicon containing compounds the 

formula for CHNO derivatives can be easily be used without any restrictions (C→C(s), 

H→H2(g), N→N2(g) and O→O2(g)), because the bonded silicon is formal converted to Si(s) 

and therefore the amount of gaseous products Δn is not influenced.  

In the case of solid compounds the Trouton’s rule is not suitable, but a variation of the 

formula can be used instate using the melting point Tm (the decomposition point 

respectively, if the compound decompose before melting). The mathematical dependency of  
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Figure 9.6. The 3D plot of the computed results of the heat of explosion ΔexU° in dependency of Tdec (Tb and Tm 

respectively) and the density ρ of the neat compound 4 (top) and 6a (bottom) is shown exemplarily. Blue line 

crossings define specific computed values. The interpolated colour distributions just illustrate the shape and 

gradient of the plane (yellow means lower values and blue higher values; shiny means high gradient and 

strong low gradient).  

Tm and Tdec towards ΔHsub, ΔfH°(s) respectively, is equivalent as already shown in Scheme 

9.2 for the Trouton’s formula and in Figure 9.5, but due to the multiplication factor 90 

towards 188 for ΔHsub more than twice as much as for ΔHvap. In our cases all compounds are 

liquids and consequently the Trouton’s rule is adequate and therefore only this one 

discussed in the following. 

Based on the results of the calculations using the MP2 basic set, as previously discussed, 

all calculated molecules should only show few and weak intramolecular interactions, the 
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same is likely true for the condensed phase, which allows for the Trouton’s rule, used to 

calculate ΔfH°(l), to be applied.  

The ΔfH° is an indicator for the performance of a compound, because high ΔfH° indicates 

high energy difference between reactants and products. Comparison of different ΔfH° is 

only useful, if the products are similar, which is the case comparing different isomers. The 

isomers calculated are three triazoles, 5a, 5b and 5c as well as four tetrazoles 6a, 6b, 6c 

and 6d. When looking at the triazoles the one with the highest ΔfH° is 5c and the Vdet is also 

the highest for 5c with the other two following according to their ΔfH°. The difference in 

ΔfH° is as large as 330 kJ/kg between 5a and 5c. Of the tetrazoles 6a has the highest ΔfH° 

and the highest Vdet, but the differences between the tetrazoles in ΔfH° and Vdet are less 

visible, only up to 270 kJ/kg.  

An important aspect of the performed calculations is the influence of the melting and 

boiling point (for liquids and decomposition temperature Tdec, respectively) and density, 

because for most of the compounds used in the following calculations, out of various 

reasons, no reliable information is available for these properties. Through getting deeper 

information about the influences of these parameters it was still possible to carry out 

different calculations and estimate their value compared to experimental data. First the 

influence of the Tdec was characterized. For this purpose different temperatures were used 

to generate the input data for the EXPLO5 calculations (at 50 °C, 100 °C, 150 °C and 200 °C), 

like shown in Scheme 9.2. Then the detonation properties (heat of explosion, detonation 

velocity, detonation pressure, detonation temperature and gas volume) were calculated for 

all four temperatures. 

As seen in Figure 9.5, the correlation for ΔfHM is approximately linear in dependency 

referred to Tb, respectively Tdec. This is conclusive with the equations used for the EXPLO5 

code. In addition, the differences are insignificant compared to others, like errors that occur 

when using the Trouton’s approximation, and therefore negligible.  

The next step was to look at the influence of density. For these equations density was 

varied (1.0–1.5 g/cm3) and different decomposition temperatures were also applied to 

create a more general view. As it is known from similar liquid silanes the densities are 
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mainly below 1.0 g/cm3, but interacting substituents (electrostatic interactions, hydrogen 

bonding etc.) increase the density up to 1.0 g/cm3. Computation of neat compounds with 

density values below 1.0 g/cm3 leads often to inadequate results and consequently the  

Figure 9.7. Computed predictant Vdet (blue bar), V0 (green bar), pC-J (yellow bar) values of the compounds 1, 

1C, 2, 2C, 3, 3C, 4, 4C, 5a–c and 6a–d with the standard deviation of the input values of Tm/Tb/Tdec = 50, 100, 

150 and 200 °C and the density distribution of 1.0–1.5 g/cm3. 

computed series of density values use 1.0 g/cm3 as lowest input. The calculations showed 

density values below 1.0 g/cm3 leads often to inadequate results and consequently the 

computed series of density values use 1.0 g/cm3 as lowest input. The calculations showed 

that the dependency of detonation temperature, detonation pressure, detonation velocity 

and gas volume is, according to the EXPLO5 code, exponential. In contrast, the heat of 

explosion shows a different dependency, examples are shown in Figures 9.6. Accordingly a 

less laborious prediction regarding the heat of explosion cannot be made as the dependency 

of the heat of explosion and the volumetric work is complex. The inhomogeneous 

dependency of TM and density ρ towards the heat of explosion ΔexU° for the nitro and 

nitrato compounds 1, 1C, 3, 3C, 4 and 4C are conspicuous in contrast to the relatively 

homogenous plots of the azido, triazolyl and tetrazolyl derivatives 2, 2C, 5a–c and 6a–d. 

Consequently the standard deviation of the computed values is increased in the case of the 

first group of compound towards the deviation from the second group. Never the less the 

dependencies of the other values like detonation temperature Tdet and detonation velocity 
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Vdet, are comparable homogenious independently of the diviation of ΔexU°. According to 

these results all following calculations were executed using ρ = 1.0 g/cm3 and TM/TB/Tdec = 

100 °C. 

In the following it is focusing on the influence of the type of substituent. As already 

discussed above, the standard deviation of ΔexU° is higher for oxygen containing nitro or 

nitrato derivates compared to the oxygen deviant nitrogen rich derivatives. There are no 

tendencies visible comparing silicon and carbon derivatives in their standard deviation of 

ΔexU°, although the shapes of the plots can strongly differ between the two Si and C 

analogues. 

Figure 9.8. Histogram of the calculated specific impulses of the compounds 1, 1C, 2, 2C, 3, 3C, 4, 4C, 5a–c and 

6a–-d as fuel (% amount blue bar) and the oxidizer ammonium perchlorate (AP, % amount yellow bar). 

Aluminium/AP mixture (20/80 %w/w)is given as benchmark (250 s). 

The influence of the substituent for the energetic properties is shown exemplarily for the 

three of the most important values of explosive characteristics computed with EXPLO5 

version 6.01. The averaged values of variegating the density (1.0–1.5 g/cm3) and TB (Tdec 

respectively, 50–200 °C) are given as column (see Figure 9.7). The standard deviation is 

given as brackets on top of the columns. As it can be see it is very high in the case of pC-J, 

medium for Vdet and almost insignificant for V0. It is lowest for the tetrazole derivative, but 

highest for 1C. In the following the standard deviation should be not from interest and 

instate it should just be focused on the averaged values. Comparing Si and C analogues the 

carbon analogues are mostly higher values of Vdet, pC-J and V0, but in the case of 1 and 1C it is 
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the inverse situation. In the case of 3 and 4 in comparison to their carbon analogues Vdet 

and V0 are higher in the case of the carbon analogues, but in contrast pC-J is slightly higher 

for the silicon analogues. All calculated V0 values of the carbon derivatives are higher than 

the  

Figure 9.9. Computed Isp values with different fuel/oxiyizer ratios, using different computing codes (EXPLO5 

version 6.01, CHEETAH 2.0 and ICT) and in addition the computation using EXPLO5 Model 1 in comparison to 

Model 4 are exemplarily shown for compound 1. 

values of the silicon analogues, due to the increased CO/CO2 exhaust. The best result for the 

tested silanes is found for the oxygen containing silanes 1, 2 and 3. Due to the reaction of Si 

with N to Si3N4 under hypoxic conditions, low amount of gaseous N2 is formed, in contrast 

to the reaction in presents of oxygen and forming SiO2. In the later reaction the capturing of 

nitrogen by Si is highly suppressed (high difference in their enthalpy of formation of S3N4 

and SiO2, the burning of Si3N4 itself into SiO2). In the case of pC-J the best result is computed 

for the silane 3. In general the pC-J values are relatively low for all compounds. The 

detonation velocity is high for carbon derivatives, except in the case of 1/1C.  

The best results for a silicon compound are computed for the compound 3. It is known 

from other silanes, that the low values of mono substituted derivatives increases by 

increasing the content of substituent in one molecule. Therefore, di-, tri- or even tetra-

substituted derivatives should show much better results. Especially the nitro derivatives 

are highly promising, because of their physical stability and good energetic properties. In 
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addition due to the easy synthesis in high yield and the high performance in comparison 

with its isomers, the 1,2,4-triazolyl derivatives (5c analogues) are good candidates for 

reassure. The same is true for the multiple tetrazol-1-yl substituted derivatives (6a 

analogue). 

Pointing to the detonation temperature Tdet the silicon derivatives show higher 

temperatures than their carbon analogues. This can be problematic for using silanes as gun 

propellant, because of the risk of overheating (prolongs reloading time) or deformation of 

the muzzle. But the profit is seen in the reduced carbon content, which reduced the building 

of metal carbides, which makes the muzzle frail and prim (reduced the muzzle life). In 

addition the influences of SiO2 and other Si decomposition products are unknown and have 

to be investigated.  

Table 9.5. Comparison of the reaction products in the combustion chamber for Model 1 (EXPLO5 computing 

code) in normal run (left) and for Model 1 without the deleted products for 9 with nitrogen tetroxide (N2O4) 

as oxidizer (20% fuel and 80% oxidizer). 

Model 1 normal run (product under 10−35 mol% 
were not consider) 

Model 1 advanced run (product under 10−9 mol% 
were not consider) 
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Table 9.6. Comparison of the reaction products (consider products >10−35 mol%) in the combustion chamber 

for Model 1 (EXPLO5 computing code) in normal run of 4 (left) and 4C (right) with AP as oxidizer (20% fuel 

and 80% oxidizer). 

Products for reaction of 4 with AP 20/80 Products for reaction of 4C with AP 20/80 

 

 

Producing high amounts of gaseous products and high temperatures by burning are 

promising key data for the use as propellant. In this case the oxygen content is not as 

important as for computing detonation parameters, because of the addition of an oxygen 

source (oxidizer). For the first series of calculations ammonium perchlorate (AP) and the 

computing code EXPLO5 version 6.01 were used. The results for the ideal mixture of fuel 

(the compounds 1 through 6d) and oxidizer can be seen in Figure 9.8. When calculating 

silicon containing compounds the programme EXPLO5 in Model 1 has problems once the 

oxygen balance reaches the optimal value. These problems did not occur when calculating 

compounds without silicon, so the assumption is that the EXPLO5 computer code has 

problems with calculating silicon containing compounds. The calculated specific impulse 

reaches values of 400 s or higher, which are unrealistic for the compounds used (see Figure 

9.9). These problems can be prevented by using Model 4 for the calculations or by deleting a 

number of molecules from the list of products. Selection was carried out by deleting all 

products which were calculated in an amount of less than 10−9 mol per mol reactant. The 

fourteen most frequently occurring reaction products were consequently left for calculation 

(see Table 9.5). Additionally the free radicals were deleted, due to the consisting occurrence 
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of problems during the calculations. Chemically their existence as products is only of a very 

short period of time as they quickly react with other molecules or radicals and their 

existence is consequently arguable. 

Comparing the computed specific impulses indicated better values for silanes than for 

their carbon analogues (Figure 9.8). Due to less amount of oxidizer addition for optimized 

computation (high amount of fuel respectively) and high temperature in the combustion 

chamber boost the Isp values in comparison to their carbon analogues. Especially the 

compounds 1, 2 and 4 have promising results and whereas 4 is favourites, because of the 

less amount of expensive fuel.  

Another result of the performed calculations is that the maximum specific impulse is 

reached once the oxygen balance is slightly negative and not at the optimum value of zero. 

This mainly arises from the Boudouard reaction, which shows that at high temperatures 

carbon dioxide and graphite react to carbon monoxide. A slightly negative oxygen balance, 

meaning that more oxygen is in the system than theoretically needed, allows for the carbon 

monoxide produced reacting with the oxygen to carbon dioxide. The silicon analogues show 

the same reaction behaviours, as seen in the list of products for the exemplary reaction of 4 

and 4C with AP. An analogue of the carbon Boudouard equilibrium is also known from 

silicon, but as shown in Table 9.6 with highly inferior influences. This leads to the 

conclusion of extending the modified Springall-Roberts-Rules for silicon containing 

compounds. A seventh and primary rule is added and the new order is as follows: 

1. all silicon atoms are converted to SiO2 or, if no more oxygen   is present, to Si3N4  

2. if oxygen atoms remain, carbon atoms are converted to CO 

3. remaining oxygen atoms oxidize hydrogen to H2O 

4. if still oxygen atoms remain, they oxidize existing CO to CO2 

5. still remaining nitrogen is used to form N2 

6. one third of the generated CO is converted to C and CO2 

7. one sixth of the originally generated CO is converted to CO2   and H2O 
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Comparison of the silicon and carbon analogues also shows a difference in the calculated 

values of the chamber temperature TC. The chamber temperature for the silicon containing 

compounds is always higher than that of the carbon analogue which is conclusive with the 

higher combustion temperature reached when forming SiO2 (ΔfH°(s): −911 kJ/mol) in 

contrast to forming CO/CO2 (ΔfH°(g): −111/−394 kJ/mol).[10] Comparing the products in 

the combustion chamber with those at the nozzle exit it is seen that the Boudouard reaction 

is in place as well as its silicon analogue reaction, as seen in Table 9.7. 

To compare different oxidisers more calculations were performed using the molecules 

(2-E-nitroethylen)trimethylsilane (4), its carbon analogue 1-nitro-3,3-dimethyl-but-1-ene 

(4C), (vinyl)trimethylsilane (8), (allyl)trimethylsilane (7) and tetravinylsilane (9). These 

calculations revealed that for the silicon compounds and the carbon analogue nitrogen 

tetroxide is the best oxidizer with values of the specific impulse of up to 270 s (see Figure 

9.10). This is due to the fact that N2O4, in contrast to the other oxidizers, which all contain 

carbon and/or hydrogen and need the oxygen to react to CO/CO2 or H2O, only adds nitrogen, 

which reacts to N2, and oxygen to the reaction. The chamber temperature is dependent on 

the heat release (Q) and the heat capacity of the reaction products (Cv) (see Formula (3)). 

Production of a high amount of water, which will increase the mean heat capacity of the 

products, results in a relatively low TC compared to compounds with lower amount of 

hydrogen (low amounts of water should be without prejudice). When comparing the silicon 

compound and the carbon analogue the carbon compound has a slightly higher specific 

impulse. This leads to the results that the influence of the lower molar mass of carbon 

analogues in relation to the lower increased TC of silicon analogues are mainly superior. 

Other calculations with ammonium dinitramide (ADN) showed somewhat lower results of 

up to 265 s. Here also the carbon analogue gave slightly higher specific impulses, but the 

difference is less visible. The third tested oxidizer, red fuming nitric acid (RFNA), which is a 

common testing reactant for hypercolic mixtures (see Chapter VIII) gave lower results (in 

contrast to its low hydrogen content) and because of these values and the laborious 

handling of this acid further calculations, apart from the three, were not performed. As a 

reference the optimized composition of aluminium and ammonium perchlorate (AP) was 

used with a specific impulse of 250 s as common bench mark. The performed calculations 

allowed comparing different substances and giving a recommendation for further usage. 
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Compounds 8 and 9 have an almost similar specific impulse, but the production costs and 

the number of synthesis steps required are higher and more laborious for 9 which lead to 

the conclusion that 8 is the more promising compound as bipropellant liquid rocket fuel. 

Figure 9.10. Histogram of the calculated specific impulses of the compounds 4, 4C and 7–9 as fuel (% amount 

blue bar) and the oxidizers (% amount yellow bar) dinitrogen tetraoxide (NTO), ammonium dinitamide (ADN) 

and red fluming nitric acid (RFNA). Aluminium/AP mixture (20/80 %w/w) is given as benchmark (250 s). 

Figure 9.11. Computed Isp values with different fuel/oxiyizer ratios, using different computing codes (EXPLO5 

version 6.01, CHEETAH 2.0 and ICT) and in addition the computation using EXPLO5 Model 1 in comparison to 

Model 4 are exemplarily shown for compound 6c. 
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Table 9.7. Comparison of the reaction products (consider products >10−35 mol%) for Model 1 (EXPLO5 

computing code, normal run) at the nozzle exit (right) and in the combustion chamber (left) of 4 with AP as 

oxidizer (20% fuel and 80% oxidizer). 

Products for reaction of 4 with AP 20/80 in the 
combustion chamber  
 

Products for reaction of 4 with AP 20/80 at the 
nozzle exit 

  

Due to the already mentioned problems computing the optimized specific impulses using 

EXPLO5 version 6.01 different common computing codes were compared in the following. 

The programmes EXPLO5 version 6.01, CHEETAH 2.0 and ICT-code are tested. As seen in 

Figure 9.9 and 9.11 the values of EXPLO5 and ICT-Code do not differ much, whereas the 

results from CHEETAH show a different and lower curve. This trend was apparent in all the 

calculations performed, but the values of the CHEETAH calculations went as low as 141 s 

for some calculations where EXPLO5 and ICT-Code gave results of 269 s (see Figure 9.9). 

Especially, if calculating the non-silicon containing compounds the results given by 

CHEETAH were lower than those computed by the other two computing codes. However for 

the tetrazole and triazole compounds the results by EXPLO5, CHEETAH and ICT-Code are all 

within the same range and only differ by up to 10 s (see Figure 9.11). It is interesting to 

notice, that the difference between the EXPLO5 and CHEETAH results for 6c and 6d varies, 

although the molecular formula and other parameters, apart from a slight variation in the 
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ΔfH° are the same. ICT-Code does not give reliable data about the chamber temperatures 

and therefore the following discussion is done excluding ICT-Code computed data. A closer 

Figure 9.12. Specific impulse in correlation to chamber temperature computed with CHEETAH 2.0 (top left) 

and EXPLO5 version 6.01 (top right) of all discussed compounds (optimal mixtures, see Figure 9.8 and Figure 

9.10). The values of 4 are market with red circles (carbon analogue 4C without circles) and different oxidizers 

(blue: AP, green: ADN, black: NTO, orange RFNA). Combination of all Isp/TC relations are given of CHEETAH 

(blue) and EXPLO5 (red) data (bottom). The lines of best fit for Si and C derivatives are given in red and black 

lines in the two graphs on the top, and the line of best fit of overall data in the graph below (blue: CHEETAH 

data, red: EXPLO5 data) 

look at the chamber temperature differences between CHEETAH and EXPLO5 reveals a 

higher distribution for the CHEETAH calculated TC than EXPLO5. This is probably due to 

inaccuracy of the calculating code used for CHEETAH (as also seen in the passage above). In 

spite of the higher distribution the Isp values show the dependency established in Formula 

(2) (see Chapter I). The almost linear progress seen in this graph (Figure 9.12) allows this 
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formula to be modified for this research (see below). In addition, focusing to the gradient of 

the line of best fit of the silicon and carbon derivatives show two different gradients of the 

lines. As expected the gradient of the silicon containing compound is lower than for the 

carbon analogues, but the amount in mol% of silicon containing decomposition products is 

in the case of 4 for 3.7mol% (see Table 9.6) increased by approximately 1/3 (M(CO2): 

44.01 g/mol and M(CO): 28.01 g/mol / M(SiO2): 60.08 g/mol and M(SiO): 44.09 g/mol ≈ 

1/3). This approximation leads to the result that the influence of the increased averaged 

molare mass of the decomposition products of silicon derivatives is very low. The 

differences is mainly found in the different reaction conditions, means 

temperature/pressure, which strongly influence the exact composition of decomposition 

products by the Boudouard equilibrium and the water-gas shift reaction. As result the 

common used proportionality between Isp an TC and M can be in total for this research 

reduced to the following: 

Isp  ~  TC 

Comparison of silicon and carbon analogue gives lower TC values, calculated via 

CHEETAH, for the silicon compounds 1, 3 and 4 than for the carbon analogues, but for 2 the 

TC is higher than for 2C as it is expected and EXPLO5 results show higher TC values for the 

silicon compounds. The reason for this is the higher heat of formation for SiO2 than for 

CO/CO2 (see above). The specific impulse values show the same characteristics for 

CHEETAH calculations (1/1C: 181.8/193.8 s, 1864/2024 K; 2/2C: 255.6/222.9 s, 

3247/2574 K; 3/3C: 174.7/199.1 s, 1727/2124 K; 4/4C: 214.1/232.8 s, 2513/2764 K) 

whereas the EXPLO5 calculated Isp are higher for silicon containing compounds compared 

to the carbon analogues, corresponding to the results for TC (1/1C: 252.6/249.3 s, 

3132/2971 K; 2/2C: 252.8/252.7 s, 3127/3009 K; 3/3C: 250.5/251.0 s, 3101/2981 K; 4/4C: 

253.2/249.7 s,3141/2993 K). Compounds 7, 8 and 9 show for CHEETAH calculated values a 

wider spread than the EXPLO5 calculated values with 7 giving the lowest results for Isp, 8 

with slightly higher values of Isp and 9 gives the best results. This distribution cannot be 

seen for the EXPLO5 calculations (see Figure 9.9).The reaction products from the different 

computing codes also differ. For the exemplary reaction of 10 % 2C with 90 % AP was 

calculated with EXPLO5 and CHEETAH and the first five most frequent products are the 
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same, as seen in Table 9.7. The rest of the products not only differ in frequency but 10 out of 

19 products calculated by CHEETAH cannot be found in the list of degradation products in 

EXPLO5. 

This results in the conclusion that the programme CHEETAH 2.0, in the old-fashioned 

version that was available for the calculations, is unreliable whereas EXPLO5 and ICT-Code 

give more realistic, accurate and coincident results. Both the ICT-Code and EXPLO5 allow 

the user to easily erase certain degradation products manually from the product list or only 

allow products to be considered over a certain frequency threshold which is not possible 

with CHEETAH. In addition EXPLO5 is more variable as is allows different calculation 

models and it runs more stable in comparison to ICT-Code which often crashes in the 

middle of the calculation progress. Crashing during calculations is also happen using 

EXPLO5 version 6.01, but can be mostly easily solved by using another computing model 

(for example Model 4) or deleting unrealistic combustion products from the product list. 

Both CHEETAH and ICT-Code calculate way faster than EXPLO5, but the EXPLO5 output 

contains much more and more detailed data. For example the missing of reliable TC data of 

ICT calculations is enough, if ask for absolute data about Isp, but not for detail studies as 

discussed above. In conclusion, due to the transparency of the computation, the easy 

modifying of parameters and its flexibility favoured EXPLO5 version 6.01 as computational 

tool inhere.  

Conclusion 

The research discusses the use of silicon containing compounds as energetic materials. 

For the theoretical examination (nitromethyl)trimethylsilane, 2,2-dimethyl-nitropropane, 

(E)-(2-nitromethyl)trimethylsilane, 3,3-dimethyl-1-nitrobut-2-ene, 1-((trimethylsilyl)-

methyl)-1H-1,2,4-triazole, 1-((trimethylsilyl)methyl)-2H-1,2,3-triazole, 1-((trimethylsilyl)-

methyl)-1H-1,2,3-triazole, 1-((trimethylsilyl)methyl)-1H-tetrazole, 2-((trimethylsilyl)-

methyl)-2H-tetrazole, 5-((trimethylsilyl)methyl)-1H-tetrazole and 5-((trimethylsilyl)-

methyl)-2H-tetrazole gas phase structures are calculated using the MP2/cc-pVDZ level of 

theory. This allows investigating the chemical reactivity and stability of these compounds.  
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A theoretical approach along with no realistic decomposition or boiling temperatures 

and densities for the compounds used during this research made it indispensable to 

evaluate the influence of these characteristics on the calculation of the energetic 

parameters. Calculations revealed that the application of the Trouton’s rule with slight 

errors is possible. Influence of the boiling or decomposition temperature is minor whereas 

density has to some extent bigger influence on the energetic parameters. The heat of 

explosion is an exception as the influence of the varying properties is non-homogenous and 

varies for each compound. 

Different substituents and for some silicon containing compounds their carbon 

analogues were also compared. This revealed higher detonation parameters for carbon 

analogues compared to silicon containing compounds. Neopentenyl nitrate and 2,2-

dimethyl-nitropropane show the highest values but are still inferior to commercially 

available compounds. Tetrazole and triazole derivatives show almost identical values. 

Higher detonation temperature for the silicon containing compounds makes them unusable 

as gun propellants for various reasons. Especially the 1,2,4-triazol derivatives are the most 

promising compounds, because of its easy high yield synthesis and its chemical and physical 

stability. 

Possible application as rocket fuels is also discussed. Therefore three different 

computing codes (EXPLO5 version 6.01, CHEETAH 2.0 and ICT-Code), different oxidizers 

and silicon and carbon analogues are compared. Computing codes EXPLO5 and ICT-Code 

give comparable results whereas the outdated CHEETAH version shows unreliable results. 

Problems occurring with the EXPLO5 programme can be solved by changing the calculation 

model or adjusting the list of reaction products. This leads to the conclusion that EXPLO5 is 

the most user friendly programme and therefore the most suitable one. The silicon 

containing compounds show higher chamber temperatures and conclusively higher specific 

impulses compared to their carbon analogues. Nitrogen tetroxide is the best oxidizer 

compared to ammonium perchlorate, ammonium dinitramide and red fuming nitric acid 

which in addition to giving the lowest results is very laborious to handle. Cheap and 

commercially available compounds trimethylvinylsilane, allytrimethylsilane and 

tetravinylsilane show higher specific impulse values than all the newly synthesized and 

discussed silicon containing compounds. The cost benefit ratio is the highest for these 
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compounds and consequently the laborious and costly synthesis of new silicon containing 

compounds is not justified. 
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Figure S1. The crystallographic structures (top) and the calculated structures on MP2 level of theory (bottom) of 

4b (MP2/6-31G* level of theory) and 4c (MP2/3-21G level of theory); Electrostatic attraction in the crystal and 

calculated gas phase structures of 4b (X = Br) and 4c (X = I) are shown in blue dashed lines (solid state, 4b: Br2--

-H4a: 3.196(1) Ǻ; Br6---H1a/b: 3.259(1) Ǻ, 3.403(1) Ǻ; Br1---H2aC2: 3.123(1) Ǻ; Br1---H3b: 3.479(1) Ǻ; Br2---

H1b: 3.410(1) Ǻ; Br3---H3b: 3.293(1) Ǻ; Br4---H5b: 3.354(1) Ǻ; Br4---H6aC6: 3.239(1) Ǻ; Br5---H4aC4: 

3.174(1) Ǻ; Br6---H4bC4: 3.267(1) Ǻ; 4c: I2---H4a: 3.415(1) Ǻ; I6---H1a: 3.371(1) Ǻ; I1---H2a: 3.541 Ǻ; I1---H3b: 

3.414(1) Ǻ; I2---H1b: 3.399(1); I3---H1a: 3.407(1) Ǻ; I4---H6aC6: 3.283(1) Ǻ; I5---H4a: 3.329(1) Ǻ; I6---H4b: 

3.501(1) Ǻ; calculated gas phase, 4b: Br3---H5a: 2.980Ǻ; Br3---H6b: 3.109 Ǻ; Br5---H2b: 3.061 Ǻ; Br5---H3a: 

2.973 Ǻ; Br1---H2aC2: 3.179 Ǻ; Br1---H3bC3: 3.115 Ǻ; Br2---H1b: 3.279 Ǻ; Br3---H1a: 3.330 Ǻ; Br4---H5bC5: 

3.117 Ǻ; Br4---H6aC6: 3.196 Ǻ; Br5---H4a: 3.315 Ǻ; Br6---H4b: 3.257 Ǻ; 4c: I3---H5a: 3.635 Ǻ; I3---H6b: 3.757 Ǻ; 

I5---H2b: 3.709 Ǻ; I5---H3a: 3.618 Ǻ; I1---H2a: 3.425 Ǻ; I1---H3b: 3.388 Ǻ; I2---H1b: 3.524 Ǻ; I3---H1a: 3.577 Ǻ; 

I4---H5b: 3.389 Ǻ; I4---H6b: 3.428 Ǻ; I5---H4a: 3.572 Ǻ; I6---H4b: 3.520 Ǻ; ΣvdW(Br,H) and ΣvdW(Br,C) radii: 

3.05 Ǻ and 3.55 Ǻ; ΣvdW(I,H) and ΣvdW(I,C) radii: 3.12 Ǻ and 3.68 Ǻ)[27]. In addition, the Newman projection 

along the Si---Si axes is shown of each structure (Ri = CH2Cl, attractions between the two RSi(CH2Cl)3 moieties in 

blue dashed lines, the position of the bridging oxygen is marked with O). 
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Table S1. The X---H interactions in the crystal structures of 4a–4c (d(D,A) in Ǻ). 

Compound  4a:  
ΣvdW(Cl,H): 2.90 Ǻ, 
ΣvdW(Cl,C): 3.45 Ǻ, 
ΣvdW(Cl,Cl): 3.50 Ǻ. 

Compound  4b:  
ΣvdW(Br,H): 3.05 Ǻ,  
ΣvdW(Br,C): 3.55 Ǻ,  
ΣvdW(Br,Br): 3.70 Ǻ. 

Compound  4c:  
ΣvdW(I,H): 3.12 Ǻ,  
ΣvdW(I,C): 3.68 Ǻ,  
ΣvdW(I,I): 3.96 Ǻ. 

D---A d(D,A) D---A d(D,A) D---A d(D,A) 
Cl1---H6a 3.015 Br1---H6b 3.016 I1---H6b 3.190 
Cl2---H1b 2.916 Br2---H6a 3.070 I2---H6a 3.245 
Cl2---H6b 2.996 Br2---H1a 3.114 I3---H2a 3.334 
Cl3---H4b 2.874 Br3---H5b 2.893 I3---H4a 3.106 
Cl3---H5a 2.823 Br3---H4a 2.914 I3---H5b 3.178 
Cl4---H5b 2.845 Br3---H2a 3.019 I4---H2b 3.197 
Cl4---H2a 2.995 Br1---H5a 3.176 I4---H3a 3.325 
Cl6---H2b 2.938 Br4---H5a 2.935 I4---H5a 3.191 
Cl6---H3a 2.909 Br4---H2b 2.994   
  Br6---H3a 3.193   
  Br6---H3b 3.028   
  Br6---H2a 3.074   
  Br5---H3b 3.190   
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Table S2. Calculated structural data of 4a and 4b on MP2/6-31G* and B3LYP/cc-pVDZ, and 4c on MP2/3-21G 

and B3LYP/3-21G level of theory. 

MP2/6-31G* (X = I: MP2/3-21G ): 
Bond [Å] X = Cl X = Br X = I Angles [°] X = Cl X = Br X = I 
C1―X1 1.796 1.970 2.214 X1―C1―Si1 109.5 105.7 111.8 
C2―X2 1.793 1.968 2.212 X2―C2―Si1 110.4 106.3 112.5 
C3―X3 1.799 1.974 2.215 X3―C3―Si1 110.3 106.7 112.2 
C4―X4 1.796 1.970 2.214 X4―C4―Si2 109.5 105.7 111.9 
C5―X5 1.799 1.974 2.215 X5―C5―Si2 110.3 106.6 112.2 
C6―X6 1.793 1.969 2.212 X6―C6―Si2 110.4 106.2 112.5 
Si1―C1 1.880 1.873 1.907 C1―Si1―O1 107.2 108.5 108.8 
Si1―C2 1.885 1.880 1.910 C2―Si1―O1 109.9 107.6 110.2 
Si1―C3 1.891 1.888 1.915 C3―Si1―O1 110.5 109.3 109.8 
Si2―C4 1.880 1.873 1.907 C4―Si2―O1 107.2 108.3 108.6 
Si2―C5 1.891 1.888 1.915 C5―Si2―O1 110.5 109.1 109.8 
Si2―C6 1.885 1.881 1.910 C6―Si2―O1 109.9 107.9 110.4 
Si1―O1 1.651 1.645 1.675 C1―Si1―C2 110.9 110.9 111.0 
Si2―O1 1.651 1.645 1.674 C2―Si1―C3 108.2 110.5 106.7 
Torsion angles [°] C3―Si1―C1 110.1 110.0. 110.4 
X1―C1―Si1―O1 179.5 179.9 −179.7 C4―Si2―C5 110.9 109.9 110.4 
X2―C2―Si1―O1 −58.4 −53.2 −58.7 C5―Si2―C6 108.2 110.9 106.7 
X3―C3―Si1―O1 51.2 51.0 53.8 C6―Si2―C4 110.1 110.7 111.0 
X4―C4―Si2―O1 179.6 180.0 −179.7 Si1―O1―Si2 151.1 154.1 167.8 
X5―C5―Si2―O1 51.3 49.4 53.2     
X6―C6―Si2―O1 −58.3 −51.4 −58.5     
C1―Si1---Si2―C4 −93.3 −95.0 −91.4     
B3LYP/cc-pVDZ (X = I: B3LYP/3-21G) 
Bond [Å] X = Cl X = Br X = I Angles [°] X = Cl X = Br X = I 
C1―X1 1.826 1.983 2.223 X1―C1―Si1 109.1 109.9 111.7 
C2―X2 1.822 1.981 2.222 X2―C2―Si1 110.6 111.2 112.7 
C3―X3 1.828 1.986 2.226 X3―C3―Si1 110.7 111.5 112.5 
C4―X4 1.826 1.983 2.223 X4―C4―Si2 109.1 109.9 111.6 
C5―X5 1.828 1.985 2.225 X5―C5―Si2 110.7 111.5 112.3 
C6―X6 1.822 1.981 2.222 X6―C6―Si2 110.6 111.2 112.7 
Si1―C1 1.892 1.889 1.900 C1―Si1―O1 107.3 107.2 109.0 
Si1―C2 1.898 1.896 1.904 C2―Si1―O1 109.4 109.1 109.9 
Si1―C3 1.903 1.900 1.909 C3―Si1―O1 110.6 110.4 109.7 
Si2―C4 1.892 1.889 1.901 C4―Si2―O1 107.2 107.1 109.1 
Si2―C5 1.903 1.900 1.909 C5―Si2―O1 110.6 110.3 109.6 
Si2―C6 1.898 1.900 1.904 C6―Si2―O1 109.5 109.2 109.8 
Si1―O1 1.671 1.669 1.653 C1―Si1―C2 110.9 111.5 111.1 
Si2―O1 1.671 1.669 1.652 C2―Si1―C3 108.0 107.4 106.6 
Torsion angles [°] C3―Si1―C1 110.6 111.3 110.6 
X1―C1―Si1―O1 −179.9 −179.9 −178.4 C4―Si2―C5 110.6 111.3 110.3 
X2―C2―Si1―O1 −57.3 −57.4 −62.4 C5―Si2―C6 108.0 107.4 106.8 
X3―C3―Si1―O1 53.5 55.2 52.0 C6―Si2―C4 110.9 111.5 111.2 
X4―C4―Si2―O1 −179.9 −179.8 179.6 Si1―O1―Si2 155.5 160.0 170.4 
X5―C5―Si2―O1 53.1 54.9 50.6     
X6―C6―Si2―O1 −57.1 −57.4 −60.7     
C1―Si1---Si2―C4 −95.0 −94.5 −89.2     
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Table S3. Calculated structural data of 4d and 4e on B3LYP/cc-pVDZ level of theory. 

Compound 4d on B3LYP/cc-pVDZ level of theory: 
Bonds [Å]   Angles [°]    
C1―Nα1 1.495 Nα1―Nβ1 1.248 X1―C1―Si1 104.7 Nα1―Nβ1―Nγ1 173.1 
C2―Nα2 1.489 Nα2―Nβ2 1.247 X2―C2―Si1 103.8 Nα2―Nβ2―Nγ2 171.8 
C3―Nα3 1.494 Nα3―Nβ3 1.250 X3―C3―Si1 110.9 Nα3―Nβ3―Nγ3 173.2 
C4―Nα4 1.491 Nα4―Nβ4 1.247 X4―C4―Si2 108.4 Nα4―Nβ4―Nγ4 172.9 
C5―Nα5 1.493 Nα5―Nβ5 1.243 X5―C5―Si2 104.9 Nα5―Nβ5―Nγ5 171.6 
C6―Nα6 1.487 Nα6―Nβ6 1.249 X6―C6―Si2 107.9 Nα6―Nβ6―Nγ6 172.8 
Si1―C1 1.891 Nβ1―Nγ1 1.164 C1―Si1―O1 112.4 C1―Nα1―Nβ1 115.0 
Si1―C2 1.896 Nβ2―Nγ2 1.165 C2―Si1―O1 107.2 C2―Nα2―Nβ2 115.0 
Si1―C3 1.892 Nβ3―Nγ3 1.163 C3―Si1―O1 109.9 C3―Nα3―Nβ3 116.3 
Si2―C4 1.892 Nβ4―Nγ4 1.164 C4―Si2―O1 112.3 C4―Nα4―Nβ4 115.0 
Si2―C5 1.889 Nβ5―Nγ5 1.167 C5―Si2―O1 109.8 C5―Nα5―Nβ5 115.3 
Si2―C6 1.890 Nβ6―Nγ6 1.163 C6―Si2―O1 104.1 C6―Nα6―Nβ6 117.4 
Si1―O1 1.663   C1―Si1―C2 108.3 Torsions angles [°] 
Si2―O1 1.668   C2―Si1―C3 109.6 X1―C1―Si1―O1 −174.7 
    C3―Si1―C1 109.3 X2―C2―Si1―O1 −54.5 
    C4―Si2―C5 111.0 X3―C3―Si1―O1 −129.8 
    C5―Si2―C6 111.5 X4―C4―Si2―O1 179.7 
    C6―Si2―C4 107.9 X5―C5―Si2―O1 −153.3 
    Si1―O1―Si2 143.2 X6―C6―Si2―O1 −57.3 
      C1―Si1---Si2―C4 −28.8 
Compound 4e on B3LYP/cc-pVDZ level of theory: 
Bonds [Å]   Angles [°]    
C1―Oα1 1.441 N1―Oβ/γ1 1.217/1.214 X1―C1―Si1 100.7 C1―Oα2―N1 113.1 
C2―Oα2 1.444 N2―Oβ/γ2 1.218/1.218 X2―C2―Si1 101.3 C2―Oα3―N2 113.3 
C3―Oα3 1.453 N3―Oβ/γ3 1.217/1.225 X3―C3―Si1 111.6 C3―Oα4―N3 112.9 
C4―Oα4 1.442 N4―Oβ/γ4 1.217/1.214 X4―C4―Si2 100.3 C4―Oα5―N4 113.1 
C5―Oα5 1.460 N5―Oβ/γ5 1.224/1.217 X5―C5―Si2 107.5 C5―Oα6―N5 113.3 
C6―Oα6 1.459 N6―Oβ/γ6 1.225/1.224 X6―C6―Si2 109.9 C6―Oα7―N6 112.2 
Si1―C1 1.891 N1―Oα1 1.462 C1―Si1―O1 108.7 Oα2―N1―Oβ/γ2 116.4/111.6 
Si1―C2 1.893 N2―Oα2 1.450 C2―Si1―O1 106.6 Oα3―N2―Oβ/γ3 116.8/111.8 
Si1―C3 1.903 N3―Oα3 1.422 C3―Si1―O1 108.8 Oα4―N3―Oβ/γ4 117.1/112.5 
Si2―C4 1.890 N4―Oα4 1.462 C4―Si2―O1 108.9 Oα5―N4―Oβ/γ5 116.4/111.6 
Si2―C5 1.897 N5―Oα5 1.429 C5―Si2―O1 112.3 Oα6―N5―Oβ/γ6 117.5/112.1 
Si2―C6 1.911 N6―Oα6 1.411 C6―Si2―O1 107.6 Oα7―N6―Oβ/γ7 117.7/112.5 
Si1―O1 1.664   C1―Si1―C2 110.1 Oβ2―N1―Oγ2 132.0 
Si2―O1 1.660   C2―Si1―C3 107.4 Oβ3―N1―Oγ3 131.4 
Torsions angles [°]  C3―Si1―C1 115.3 Oβ4―N1―Oγ4 130.4 
X1―C1―Si1―O1  168.5 C4―Si2―C5 111.6 Oβ5―N1―Oγ5 132.0 
X2―C2―Si1―O1  54.9 C5―Si2―C6 109.6 Oβ6―N1―Oγ6 130.3 
X3―C3―Si1―O1  140.6 C6―Si2―C4 106.7 Oβ7―N1―Oγ7 129.8 
X4―C4―Si2―O1  166.1 Si1―O1―Si2 150.0   
X5―C5―Si2―O1  −172.6     
X6―C6―Si2―O1  8.8     
C1―Si1---Si2―C4  −50.2     
X1―C1―Si1―O1  168.5     
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Table S4. Calculated structural data of 4d and 4e on MP2/6-31G* level of theory. 

Compound 4d on MP2/6-31G* level of theory: 
Bonds [Å]   Angles [°]    
C1―Nα1 1.495 Nα1―Nβ1 1.248 X1―C1―Si1 104.7 Nα1―Nβ1―Nγ1 173.1 
C2―Nα2 1.489 Nα2―Nβ2 1.247 X2―C2―Si1 103.8 Nα2―Nβ2―Nγ2 171.8 
C3―Nα3 1.494 Nα3―Nβ3 1.250 X3―C3―Si1 110.9 Nα3―Nβ3―Nγ3 173.2 
C4―Nα4 1.491 Nα4―Nβ4 1.247 X4―C4―Si2 108.4 Nα4―Nβ4―Nγ4 172.9 
C5―Nα5 1.493 Nα5―Nβ5 1.243 X5―C5―Si2 104.9 Nα5―Nβ5―Nγ5 171.6 
C6―Nα6 1.487 Nα6―Nβ6 1.249 X6―C6―Si2 107.9 Nα6―Nβ6―Nγ6 172.8 
Si1―C1 1.891 Nβ1―Nγ1 1.164 C1―Si1―O1 112.4 C1―Nα1―Nβ1 115.0 
Si1―C2 1.896 Nβ2―Nγ2 1.165 C2―Si1―O1 107.2 C2―Nα2―Nβ2 115.0 
Si1―C3 1.892 Nβ3―Nγ3 1.163 C3―Si1―O1 109.9 C3―Nα3―Nβ3 116.3 
Si2―C4 1.892 Nβ4―Nγ4 1.164 C4―Si2―O1 112.3 C4―Nα4―Nβ4 115.0 
Si2―C5 1.889 Nβ5―Nγ5 1.167 C5―Si2―O1 109.8 C5―Nα5―Nβ5 115.3 
Si2―C6 1.890 Nβ6―Nγ6 1.163 C6―Si2―O1 104.1 C6―Nα6―Nβ6 117.4 
Si1―O1 1.663   C1―Si1―C2 108.3 Torsions angles [°] 
Si2―O1 1.668   C2―Si1―C3 109.6 X1―C1―Si1―O1 −174.7 
    C3―Si1―C1 109.3 X2―C2―Si1―O1 −54.5 
    C4―Si2―C5 111.0 X3―C3―Si1―O1 −129.8 
    C5―Si2―C6 111.5 X4―C4―Si2―O1 179.7 
    C6―Si2―C4 107.9 X5―C5―Si2―O1 −153.3 
    Si1―O1―Si2 143.2 X6―C6―Si2―O1 −57.3 
      C1―Si1---Si2―C4 −28.8 
Compound 4e on MP2/6-31G* level of theory: 
Bonds [Å]   Angles [°]    
C1―Oα1 1.441 N1―Oβ/γ1 1.217/1.214 X1―C1―Si1 100.7 C1―Oα2―N1 113.1 
C2―Oα2 1.444 N2―Oβ/γ2 1.218/1.218 X2―C2―Si1 101.3 C2―Oα3―N2 113.3 
C3―Oα3 1.453 N3―Oβ/γ3 1.217/1.225 X3―C3―Si1 111.6 C3―Oα4―N3 112.9 
C4―Oα4 1.442 N4―Oβ/γ4 1.217/1.214 X4―C4―Si2 100.3 C4―Oα5―N4 113.1 
C5―Oα5 1.460 N5―Oβ/γ5 1.224/1.217 X5―C5―Si2 107.5 C5―Oα6―N5 113.3 
C6―Oα6 1.459 N6―Oβ/γ6 1.225/1.224 X6―C6―Si2 109.9 C6―Oα7―N6 112.2 
Si1―C1 1.891 N1―Oα1 1.462 C1―Si1―O1 108.7 Oα2―N1―Oβ/γ2 116.4/111.6 
Si1―C2 1.893 N2―Oα2 1.450 C2―Si1―O1 106.6 Oα3―N2―Oβ/γ3 116.8/111.8 
Si1―C3 1.903 N3―Oα3 1.422 C3―Si1―O1 108.8 Oα4―N3―Oβ/γ4 117.1/112.5 
Si2―C4 1.890 N4―Oα4 1.462 C4―Si2―O1 108.9 Oα5―N4―Oβ/γ5 116.4/111.6 
Si2―C5 1.897 N5―Oα5 1.429 C5―Si2―O1 112.3 Oα6―N5―Oβ/γ6 117.5/112.1 
Si2―C6 1.911 N6―Oα6 1.411 C6―Si2―O1 107.6 Oα7―N6―Oβ/γ7 117.7/112.5 
Si1―O1 1.664   C1―Si1―C2 110.1 Oβ2―N1―Oγ2 132.0 
Si2―O1 1.660   C2―Si1―C3 107.4 Oβ3―N1―Oγ3 131.4 
Torsions angles [°]  C3―Si1―C1 115.3 Oβ4―N1―Oγ4 130.4 
X1―C1―Si1―O1  168.5 C4―Si2―C5 111.6 Oβ5―N1―Oγ5 132.0 
X2―C2―Si1―O1  54.9 C5―Si2―C6 109.6 Oβ6―N1―Oγ6 130.3 
X3―C3―Si1―O1  140.6 C6―Si2―C4 106.7 Oβ7―N1―Oγ7 129.8 
X4―C4―Si2―O1  166.1 Si1―O1―Si2 150.0   
X5―C5―Si2―O1  −172.6     
X6―C6―Si2―O1  8.8     
C1―Si1---Si2―C4  −50.2     
X1―C1―Si1―O1  168.5     
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1. Nitratomethyl)trimethylsilane (1) 

Table S1: Detonation parameter (heat of explosion ΔexU°, detonation temperature Tdet, detonation 
pressure pCJ, detonation velocity Vdet and gas volume V0) of 1 in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -5407.232 2876.152 6.92017 5140.971 747.0042 

 1.1 -5471.625 2869.367 8.444506 5542.092 722.0688 
 1.2 -5523.917 2856.900 10.28971 5977.626 699.3983 
 1.3 -5566.975 2835.382 12.45399 6454.446 679.2231 
 1.4 -5604.012 2812.682 15.26069 6969.907 658.9127 
 1.5 -5632.726 2781.642 18.59138 7511.304 638.6118 

100 1.0 -5379.654 2861.76 6.832355 5133.142 747.0168 
 1.1 -5444.753 2859.666 8.422148 5534.592 721.4100 
 1.2 -5496.644 2847.019 10.25652 5970.375 698.8741 
 1.3 -5539.561 2824.195 12.37468 6447.328 678.9189 
 1.4 -5576.566 2803.428 15.22961 6963.129 658.4948 
 1.5 -5605.446 2772.474 18.55383 7504.635 638.2442 

150 1.0 -5353.170 2851.958 6.810142 5125.599 746.3171 
 1.1 -5417.877 2849.928 8.399351 5527.074 720.7548 
 1.2 -5469.492 2837.183 10.22881 5962.941 698.2823 
 1.3 -5512.167 2813.457 12.31114 6440.177 678.5532 
 1.4 -5549.355 2787.906 14.96904 6956.110 658.9550 
 1.5 -5578.074 2763.429 18.52142 7498.078 637.9177 

200 1.0 -5326.755 2842.211 6.789841 5117.954 745.5834 
 1.1 -5390.976 2840.302 8.376722 5519.623 720.0961 
 1.2 -5442.334 2827.629 10.20373 5955.627 697.6653 
 1.3 -5484.852 2803.984 12.28426 6432.976 678.004 
 1.4 -5521.996 2778.577 14.93812 6949.115 658.4823 
 1.5 -5550.750 2754.319 18.48842 7491.390 637.5585 

 

Figure S1: Graph of heat of explosion of 1 in dependency to Tdec and density 
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Table S2: Propulsion parameters (chamber temperature TC, specific impulse Isp and oxygen balance) 
of 1 computed with EXPLO5 (Model 1) with AP (ammonium perchlorate) 
 
 
 
 
 
 
 
 
Table S3: Propulsion parameters (TC, Isp and oxygen balance) of 1 computed with EXPLO5 (Model 4) 
with AP 
 
 
 
 
 
 
 

Figure S2: Specific impulse values versus different amounts of AP calculated of 1 with different 
computer codes 
 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 1 / AP 
100 2553.1 218.72 17.23593 10 / 90 

 3111.4 407.81 0.4294036 20 / 80 
 3127.3 409.90 -1.251252 21 / 79 
 2738.6 247.03 -33.18365 40 / 60 
 2412.1 238.13 -49.99018 50 / 50 
 2065.7 228.30 -66.79671 60 / 40 
 1980.5 225.76 -83.60325 70 / 30 
 1983.6 225.34 -100.4098 80 / 20 
 1986.2 224.96 -117.2163 90 / 10 
 1988.1 224.22 -134.0228 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 1 / AP 
100 2109.5 195.97 24.23395 5 / 95 

 2668.3 225.05 14.42544 10 / 90 
 3146.2 254.83 -5.191571 20 / 80 
 3084.8 252.66 -13.03838 24 / 76 
 3055.1 251.89 -15.00008 25 / 75 
 2865.3 247.34 -24.80858 30 / 70 
 2421.3 235.04 -44.42559 40 / 60 
 2414.0 236.90 -49.99018 50 / 50 
 2118.0 228.50 -66.79671 60 / 40 
 2109.5 195.97 24.23395 5 / 95 
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2. Neopentyl nitrate (1C) 

Table S4: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 1C in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -3705.157 2190.299 6.70376 5157.994 930.3107 

 1.1 -3744.499 2188.554 8.27274 5568.620 911.1451 
 1.2 -3772.464 2178.093 10.08087 6010.008 895.0609 
 1.3 -3792.295 2157.562 12.11142 6493.208 883.1689 
 1.4 -3806.537 2132.486 14.55836 7027.729 875.3260 
 1.5 -3817.914 2103.66 17.53731 7610.552 870.1565 

100 1.0 -3735.507 2201.595 6.734016 5169.621 931.1776 
 1.1 -3775.731 2199.749 8.307166 5580.195 911.8658 
 1.2 -3804.227 2189.381 10.12053 6021.818 895.6771 
 1.3 -3824.427 2168.775 12.15596 6505.139 883.6784 
 1.4 -3838.897 2143.40 14.60742 7039.560 875.7438 
 1.5 -3850.301 2114.484 17.59340 7622.712 870.5486 

150 1.0 -3674.800 2179.035 6.673613 5146.383 929.4363 
 1.1 -3713.188 2173.926 8.180056 5556.526 910.6812 
 1.2 -3740.722 2166.616 10.04048 5997.954 894.4347 
 1.3 -3760.172 2146.335 12.06675 6481.225 882.6547 
 1.4 -3774.257 2121.302 14.50795 1477.122 874.8793 
 1.5 -3785.394 2095.207 17.57950 7598.315 869.7626 

200 1.0 -3644.444 2167.655 6.643251 5134.641 928.5592 
 1.1 -3682.035 2162.438 8.144853 5544.556 909.9279 
 1.2 -3708.935 2155.358 10.00079 5986.087 893.8197 
 1.3 -3728.017 2135.216 12.02245 6469.316 882.1497 
 1.4 -3741.951 2110.234 14.45796 7003.454 874.4409 
 1.5 -3753.028 2084.327 17.52149 7586.046 869.3630 

 

 
Figure S3: Graph of heat of explosion of 1C in dependency to Tdec and density 
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Table S5: Propulsion parameters (TC, Isp and oxygen balance) of 1C computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 

Figure S4: Specific impulse values versus different amounts of AP calculated of 1C with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 1C / AP 
100 2532.7 220.00 15.61771 10 / 90 

 3028.8 254.28 -2.807043 20 / 80 
 2719.4 244.52 -21.23179 30 / 70 
 2190.4 228.80 -39.65654 40 / 60 
 1679.0 214.21 -58.08129 50 / 50 
 1374.7 207.63 -76.50602 60 / 40 
 1318.8 204.30 -94.93079 70 / 30 
 1290.5 200.98 -113.3555 80 / 20 
 1264.0 197.54 -131.7803 90 / 10 
 1238.9 193.62 -150.205 100 / 0 
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3. (Azidomethyl)trimethylsilane (2) 

Table S6: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 2 in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -3212.035 1926.87 5.469373 4635.399 685.2399 

 1.1 -3229.000 1917.042 6.697492 5014.087 664.3095 
 1.2 -3244.853 1901.531 8.083555 5432.719 647.6891 
 1.3 -3261.084 1884.815 9.790883 5904.353 634.8713 
 1.4 -3277.639 1866.393 11.90223 6431.465 625.3456 
 1.5 -3292.469 1847.797 14.62634 7004.545 617.9815 

100 1.0 -3181.070 1915.688 5.443464 4624.406 684.1684 
 1.1 -3197.332 1906.751 6.68541 5002.688 663.2688 
 1.2 -3212.807 1890.591 8.052132 5420.930 646.9203 
 1.3 -3228.771 1871.631 9.68405 5892.233 634.4371 
 1.4 -3245.022 1852.545 11.75076 6419.067 625.0180 
 1.5 -3259.536 1837.006 14.57109 6991.998 617.6323 

150 1.0 -3150.081 1904.478 5.417492 4613.361 683.1016 
 1.1 -3166.020 1893.652 6.616944 4991.128 662.6533 
 1.2 -3180.778 1879.161 8.01421 5408.830 646.1777 
 1.3 -3196.297 1860.656 9.644089 5880.063 633.8369 
 1.4 -3212.305 1841.517 11.7084 6406.259 624.5268 
 1.5 -3226.587 1826.083 14.51604 6979.208 617.2827 

200 1.0 -3119.379 1891.385 5.362605 4602.042 682.3291 
 1.1 -3134.283 1883.624 6.612127 4979.539 661.5535 
 1.2 -3148.724 1867.453 7.963302 5396.975 645.5172 
 1.3 -3163.864 1849.356 9.602858 5867.480 633.2217 
 1.4 -3179.516 1830.412 11.66061 6393.514 624.0606 
 1.5 -3193.607 1815.258 14.46445 6966.364 616.9290 

 

 
Figure S5: Graph of heat of explosion of 2 in dependency to Tdec and density 
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Table S7: Propulsion parameters (TC, Isp and oxygen balance) of 2 computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 
 
Table S8: Propulsion parameters (TC, Isp and oxygen balance) of 2 computed with EXPLO5 (Model 4) 
with AP 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 2 / AP 
100 2213 201.5 22.74623 5 / 95 

 2828 233.8 11.45001 10 / 90 
 3097 248.6 4.672271 13 / 87 
 3174 257.2 -4.364708 17 / 83 
 3173 256.9 -6.623952 18 / 82 
 3163 256.5 -8.883196 19 / 81 
 3143 255.9 -11.14244 20 / 80 
 2962 251.8 -22.43867 25 / 75 
 2725 246.0 -33.73489 30 / 70 
 2252 232.4 -56.32734 40 / 60 
 2132 230.0 -78.91978 50 / 50 
 2090 230.3 -101.5122 60 / 40 

Figure S6: Specific impulse values versus different amounts of AP calculated of 2 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 2 / AP 
100 1327 176.5 -191.882 100 / 0 

 2821 233.6 11.45001 10 / 90 
 3127 252.8 2.413026 14 / 86 
 3119 256.2 -11.14244 20 / 80 
 2694 246.5 -33.73489 30 / 70 
 2226 237.7 -56.32734 40 / 60 
 2090 230.4 -78.91978 50 / 50 
 2025 230.2 -103.7715 61 / 39 
 1983 229.7 -112.8085 65 / 35 
 1920 226.5 -124.1047 70 / 30 
 1744 210.6 -146.6971 80 / 20 
 1518 193.8 -169.2896 90 / 10 
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4. 1-Azido-2.2-dimethylpropane (2C) 

Table S9: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 2C in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2714.503 1672.897 7.213625 5383.795 826.4415 

 1.1 -2703.933 1651.466 8.757018 5806.551 802.4953 
 1.2 -2697.510 1622.944 10.44672 6288.547 785.1631 
 1.3 -2696.105 1589.381 12.38975 6852.030 773.8521 
 1.4 -2699.236 1557.329 14.92453 7509.980 767.3096 
 1.5 -2704.864 1532.402 18.56689 8245.302 763.6699 

100 1.0 -2677.126 1660.248 7.171792 5368.162 825.6667 
 1.1 -2666.581 1636.559 8.656734 5789.711 802.2217 
 1.2 -2659.929 1606.257 10.27291 6270.866 785.1512 
 1.3 -2657.710 1574.261 12.22865 6833.754 773.6462 
 1.4 -2660.349 1545.131 14.84927 7491.020 767.0261 
 1.5 -2665.917 1516.265 18.26468 8225.700 763.4908 

150 1.0 -2639.733 1647.619 7.129661 5352.502 824.9022 
 1.1 -2628.569 1624.008 8.607354 5773.175 801.6035 
 1.2 -2621.520 1593.471 10.21426 6252.938 784.6436 
 1.3 -2618.940 1562.352 12.17925 6815.382 773.2322 
 1.4 -2621.435 1533.136 14.77496 7472.254 766.7505 
 1.5 -2626.871 1504.361 18.17694 8205.918 763.2880 

200 1.0 -2602.708 1633.760 7.068012 5336.497 824.3434 
 1.1 -2590.595 1611.138 8.553533 5756.335 801.0128 
 1.2 -2583.214 1580.24 10.13661 6235.296 784.2385 
 1.3 -2580.272 1549.239 12.09459 6796.563 772.8837 
 1.4 -2582.554 1520.378 14.68465 7452.622 766.4735 
 1.5 -2587.806 1492.415 18.08847 8185.926 763.0887 

Figure S7: Graph of heat of explosion of 2C in dependency to Tdec and density 
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Table S10: Propulsion parameters (TC, Isp and oxygen balance) of 2C computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 
 

Figure S8: Specific impulse values versus different amounts of AP calculated of 2C with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 2C / AP 
100 2818.4 237.45 8.724093 10 / 90 

 3009.0 252.70 1.128586 13 / 87 
 2850.1 248.45 -16.59426 20 / 80 
 2132.3 227.07 -41.91262 30 / 70 
 1487.8 211.83 -67.23098 40 / 60 
 1392.5 207.28 -92.54933 50 / 50 
 1346.4 202.39 -117.8677 60 / 40 
 1302.9 197.31 -143.1861 70 / 30 
 1259.5 191.77 -168.5044 80 / 20 
 1213.8 185.68 -193.8228 90 / 10 
 1163.2 178.32 -219.1411 100 / 0 
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5. (Nitromethyl)trimethylsilane (3) 

Table S11: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 3 in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -4809.745 2496.136 6.684980 5188.783 690.4351 

 1.1 -4854.194 2486.478 8.414590 5661.070 663.0180 
 1.2 -4894.190 2474.450 10.45244 6173.049 639.0287 
 1.3 -4919.660 2457.861 13.15273 6719.829 617.6514 
 1.4 -4924.349 2429.785 16.38670 7291.763 600.7849 
 1.5 -4896.457 2391.000 20.35979 7880.988 588.5481 

100 1.0 -4782.684 2486.779 6.665058 5181.045 689.2043 
 1.1 -4827.061 2480.075 8.391241 5653.211 661.9019 
 1.2 -4866.769 2465.311 10.42721 6165.431 638.0964 
 1.3 -4892.147 2448.883 13.12462 6712.645 616.9193 
 1.4 -4896.530 2421.402 16.36941 7285.291 600.2166 
 1.5 -4869.339 2382.439 20.33404 7875.029 588.1137 

150 1.0 -4755.807 2477.152 6.644516 5173.055 687.9322 
 1.1 -4800.737 2467.589 8.289252 5645.197 661.3295 
 1.2 -4839.323 2456.146 10.40134 6157.781 637.1688 
 1.3 -4866.269 2437.361 12.99383 6705.298 616.5284 
 1.4 -4807.062 2411.727 16.29768 7278.537 599.7311 
 1.5 -4842.306 2373.949 20.29889 7869.193 587.6995 

200 1.0 -4729.563 2463.938 6.547935 5165.291 687.4155 
 1.1 -4773.469 2458.267 8.266134 5637.320 660.2229 
 1.2 -4811.762 2447.100 10.37576 6150.204 636.2548 
 1.3 -4838.640 2428.416 12.97312 6697.890 615.7583 
 1.4 -4843.742 2401.86 16.21621 7271.747 599.2632 
 1.5 -4815.334 2365.358 20.26428 7863.280 587.2905 

 

Figure S9: Graph of heat of explosion of 3 in dependency to Tdec and density 
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Table S12: Propulsion parameters (TC, Isp and oxygen balance) of 3 computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 
 
Table S13: Propulsion parameters (TC, Isp and oxygen balance) of 3 computed with EXPLO5 (Model 4) 
with AP 
 
 
 
 
 
 
 
 

Figure S10: Specific impulse values versus different amounts of AP calculated of 3 with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 3 / AP 
100 2671.1 225.17 14.42544 10 / 90 

 3101.0 250.50 2.655234 16 / 84 
 3112.1 412.86 -5.19157 20 / 80 
 2825.4 247.46 -24.80858 30 / 70 
 2421.8 236.27 -44.42559 40 / 60 
 2289.5 232.64 -50.3107 43 / 57 
 1870.3 221.04 -73.85112 55 / 45 
 1866.4 219.69 -83.65962 60 / 40 
 1860.5 218.38 -103.2766 70 / 30 
 1855.3 216.61 -122.8937 80 / 20 
 1850.6 215.36 -142.5107 90 / 10 
 1796.8 213.14 -162.1277 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 3 / AP 
100 2109.5 195.98 24.23395 5 / 95 

 2668.3 225.06 14.42544 10 / 90 
 2760.0 230.00 12.46374 11 / 89 
 2845.0 234.30 10.50204 12 / 88 
 3146.0 254.80 -5.19157 20 / 80 
 3055.1 251.89 -15.00008 25 / 75 
 2865.3 247.34 -24.80858 30 / 70 
 2421.8 235.07 -44.42559 40 / 60 
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6. 2.2-Dimethyl-1-nitropropane (3C) 

Table S14: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 3C in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -3057.299 1826.578 6.556330 5259.490 909.1172 

 1.1 -3076.359 1811.785 8.088911 5754.658 894.7487 
 1.2 -3095.281 1797.436 10.04974 6310.754 883.9421 
 1.3 -3115.076 1781.545 12.50967 6922.992 875.3912 
 1.4 -3134.378 1768.038 15.75366 7578.803 867.7184 
 1.5 -3152.062 1747.934 19.59596 8270.752 860.5371 

100 1.0 -3022.867 1814.37 6.521162 5245.365 907.8935 
 1.1 -3041.433 1799.631 8.047442 5739.888 893.6717 
 1.2 -3059.954 1785.577 10.00159 6259.618 883.0089 
 1.3 -3079.426 1769.867 12.45297 6907.284 874.5883 
 1.4 -3098.450 1756.568 15.68643 7562.613 867.0410 
 1.5 -3115.773 1737.676 19.56539 8254.156 859.9936 

150 1.0 -2988.336 1802.415 6.486740 5231.481 906.6975 
 1.1 -3006.450 1787.745 8.006809 5725.379 892.6092 
 1.2 -3024.612 1773.688 9.953199 6280.368 882.0786 
 1.3 -3043.781 1758.157 12.39592 6891.442 873.7795 
 1.4 -3062.461 1745.104 15.61906 7546.357 866.3817 
 1.5 -3079.874 1722.032 19.27254 8237.254 859.5007 

200 1.0 -2953.912 1790.124 6.451223 5217.162 905.4670 
 1.1 -2971.464 1775.683 7.965512 5710.595 891.5465 
 1.2 -2989.537 1758.757 9.819589 6265.080 881.1758 
 1.3 -3008.112 1746.287 12.33496 6875.447 872.9791 
 1.4 -3026.585 1732.53 15.50980 7529.769 865.7032 
 1.5 -3043.605 1710.733 19.19305 8220.248 858.9715 

 

Figure S11: Graph of heat of explosion of 3C in dependency to Tdec and density 
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Table S15: Propulsion parameters (TC, Isp and oxygen balance) of 3 computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 

Figure S12: Specific impulse values versus different amounts of AP calculated of 3 with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 3 / AP 
100 2671.4 228.14 12.20051 10 / 90 

 2981.0 251.00 1.279546 15 / 85 
 2957.9 250.67 -9.641418 20 / 80 
 2372.4 233.56 -31.48337 30 / 70 
 1733.6 214.07 -53.32529 40 / 60 
 1354.0 205.31 -75.16723 50 / 50 
 1295.6 200.85 -97.00917 60 / 40 
 1259.2 196.23 -118.8511 70 / 30 
 1224.0 191.37 -140.6931 80 / 20 
 1188.9 186.25 -162.535 90 / 10 
 1153.2 180.46 -184.3769 100 / 0 
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7. (E)-(2-Nitrovinyl)trimethylsilane (4) 

Table S16: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 4 in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -5036.388 2613.815 6.255987 5008.981 659.6226 

 1.1 -5080.407 2606.947 7.836051 5462.429 632.5917 
 1.2 -5120.853 2594.907 9.754629 5954.721 607.5617 
 1.3 -5150.946 2581.164 12.27678 6484.089 584.1964 
 1.4 -5164.842 2555.329 15.24636 7041.699 564.8605 
 1.5 -5148.485 2520.398 18.97596 7620.235 549.8001 

100 1.0 -5011.492 2604.979 6.239705 5002.137 658.5135 
 1.1 -5055.411 2598.116 7.816329 5455.528 631.5881 
 1.2 -5095.746 2586.285 9.732494 5947.961 606.6656 
 1.3 -5126.197 2571.844 12.22150 6477.576 583.6024 
 1.4 -5139.622 2547.151 15.22009 7035.828 564.2882 
 1.5 -5123.466 2512.336 18.94979 7614.979 549.3793 

150 1.0 -4962.116 2596.099 6.222857 4995.257 657.4103 
 1.1 -5030.450 2589.416 7.796676 5448.665 630.5522 
 1.2 -5070.607 2577.548 9.710148 5941.128 605.7876 
 1.3 -5101.036 2563.386 12.19704 6471.091 582.8463 
 1.4 -5114.266 2538.933 15.19555 7029.957 563.7478 
 1.5 -5098.787 2504.05 18.9096 7609.688 548.9791 

200 1.0 -4962.419 2584.861 6.161718 4988.369 656.7926 
 1.1 -5005.350 2580.488 7.770629 5441.866 7.311259 
 1.2 -5045.435 2568.953 9.688007 5934.352 604.8975 
 1.3 -5075.767 2554.84 12.17258 6464.598 582.1323 
 1.4 -5089.482 2530.188 15.15101 7023.870 563.2106 
 1.5 -5075.789 2494.717 18.80191 7604.355 548.6776 

 

Figure S13: Graph of heat of explosion of 4 in dependency to Tdec and density 
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Table S17: Propulsion parameters (TC, Isp and oxygen balance) of 4 computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 
 
Table S18: Propulsion parameters (TC, Isp and oxygen balance) of 4 computed with EXPLO5 (Model 4) 
with AP 
 
 
 
 
 

Figure S14: Specific impulse values versus different amounts of AP calculated of 4 with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4 / AP 
100 2732.4 227.88 13.56291 10 / 90 

 3141.0 253.20 1.275186 16 / 84 
 3126.6 412.77 -6.916627 20 / 80 
 2823.3 247.66 -27.39617 30 / 70 
 2415.8 235.87 -47.87571 40 / 60 
 1985.6 224.08 -68.35525 50 / 50 
 1989.0 222.24 -88.83479 60 / 40 
 1993.1 221.27 -109.3143 70 / 30 
 1995.8 219.94 -129.7939 80 / 20 
 1993.3 218.19 -150.2734 90 / 10 
 1903.6 215.49 -170.7529 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 3 / AP 
100 1403.3 157.26 34.04245 0 / 100 

 2149.9 197.84 23.80269 5 / 95 
 2730.8 227.79 13.56291 10 / 90 
 3169.8 255.35 -6.916627 20 / 80 
 3065.6 252.14 -17.15639 25 / 75 
 2870.9 242.70 -27.39617 30 / 70 
 2419.1 234.42 -47.87571 40 / 60 
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Table S19: Propulsion parameters (TC, Isp and oxygen balance) of 4 computed with EXPLO5 (Model 1) 
with ammonium dinitramide (ADN) 
 
 
 
 
 
 
 
 
 
 
 

Figure S15: Specific impulse values versus different amounts of ADN calculated of 4 with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4 / ADN 
100 2620 232.8 15.96509 5 / 95 

 2997 419.7 6.137828 10 / 90 
 3013 255.5 6.137828 10 / 90 
 3099 262.7 2.106923 12 / 88 
 3149 266.5 -3.689443 15 / 85 
 3067 263.2 -13.5167 20 / 80 
 2908 258.4 -23.34397 25 / 75 
 2718 252.7 -33.17124 30 / 70 
 2324 238.9 -52.82576 40 / 60 
 1979 229.1 -72.48029 50 / 50 
 1985 226.5 -92.13483 60 / 40 
 1990 224.4 -111.7894 70 / 30 
 1993 222.0 -131.4439 80 / 20 
 1989 219.4 -151.0984 90 / 10 
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Table S20: Propulsion parameters (TC, Isp and oxygen balance) of 4 computed with EXPLO5 (Model 1) 
with nitrogen tetroxide (N2O4) 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S16: Specific impulse values versus different amounts of N2O4 calculated of 4 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4 / N2O4 

100 1324 138.9 57.53656 5 / 95 
 2263 189.4 45.52132 10 / 90 
 2914 222.4 33.50608 15 / 85 
 3268 245.1 21.49085 20 / 80 
 3405 402.6 9.475603 25 / 75 
 3435 260.6 9.475603 25 / 75 
 3468 266.5 2.266463 28 / 72 
 3473 269.6 -2.539627 30 / 70 
 3400 273.0 -14.55486 35 / 65 
 3239 271.3 -26.57011 40 / 60 
 2811 260.2 -50.60058 50 / 50 
 2112 234.4 -74.63105 60 / 40 
 2159 237.1 -98.66153 70 / 30 
 2111 230.2 -122.692 80 / 20 
 2036 223.2 -146.7225 90 / 10 
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8. (E)-3.3-Dimethyl-1-nitrobut-2-ene (4C) 

Table S21: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 4C in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -3422.502 1985.378 6.265391 5110.718 847.7492 

 1.1 -3446.648 1977.708 7.824596 5581.407 831.0560 
 1.2 -3468.283 1961.331 9.607153 6108.433 818.3571 
 1.3 -3489.406 1945.659 11.94083 6695.812 808.3416 
 1.4 -3510.649 1927.891 14.86832 7334.163 799.6210 
 1.5 -3530.759 1909.231 18.60737 8011.957 791.2239 

100 1.0 -3391.458 1974.211 6.236392 5098.877 846.6405 
 1.1 -3415.050 1966.706 7.790931 5569.387 830.0790 
 1.2 -3436.371 1950.303 9.567838 6095.921 817.4861 
 1.3 -3457.167 1934.938 11.89344 6683.260 807.6008 
 1.4 -3478.244 1917.345 14.81559 7321.145 798.0618 
 1.5 -3498.243 1898.011 18.5034 7998.604 790.6822 

150 1.0 -3360.328 1963.419 6.210557 5087.249 845.5271 
 1.1 -3383.534 1954.666 7.734657 5557.259 829.1667 
 1.2 -3404.400 1939.436 9.529027 6083.544 816.6311 
 1.3 -3424.969 1924.186 11.84811 6670.512 806.8414 
 1.4 -3445.822 1906.779 14.76261 7308.044 798.3065 
 1.5 -3465.540 1888.548 18.48217 7985.32 790.1292 

200 1.0 -3329.286 1952.028 6.178759 5075.262 844.4191 
 1.1 -3351.889 1943.609 7.700880 5545.087 828.2008 
 1.2 -3372.443 1928.507 9.489914 6071.046 815.7693 
 1.3 -3392.957 1910.710 11.71273 6657.679 806.1097 
 1.4 -3413.355 1896.872 14.73098 7295.056 797.6434 
 1.5 -3432.975 1877.245 18.37791 7971.705 789.5982 

 
Figure S17: Graph of heat of explosion of 4C in dependency to Tdec and density 
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Table S22: Propulsion parameters (TC, Isp and oxygen balance) of 4C computed with EXPLO5 (Model 1) 
with AP 
 
 
 
 
 
 
 
 

Figure S18: Specific impulse values versus different amounts of AP calculated of 4C with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4C / AP 
100 2734.1 230.71 11.43753 10 / 90 

 2993.0 249.70 2.39556 14 / 86 
 2985.9 250.97 -11.1674 20 / 80 
 2402.5 233.86 -33.772332 30 / 70 
 1756.8 214.49 -56.37725 40 / 60 
 1389.7 206.72 -78.98219 50 / 50 
 1349.9 202.39 -101.5871 60 / 40 
 1315.4 198.07 -124.192 70 / 30 
 1283.4 193.61 -146.797 80 / 20 
 1252.7 188.98 -169.4019 90 / 10 
 1222.5 183.74 -192.0068 100 / 0 
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Table S23: Propulsion parameters (TC, Isp and oxygen balance) of 4C computed with EXPLO5 (Model 1) 
with ADN 
 
 
 
 
 
 
 
 
 
 

Figure S19: Specific impulse values versus different amounts of ADN calculated of 4C with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4C / ADN 
100 2622 234.1 14.9024 5 / 95 

 2986 258.1 4.012443 10 / 90 
 3026 262.1 1.834449 11 / 89 
 3063 263.5 -6.877516 15 / 85 
 2874 256.8 -17.76748 20 / 80 
 2589 248.0 -28.65743 25 / 75 
 2288 237.9 -39.54739 30 / 70 
 1696 219.2 -61.32731 40 / 60 
 1397 211.1 -83.10722 50 / 50 
 1357 205.9 -104.8871 60 / 40 
 1320 200.5 -126.6671 70 / 30 
 1286 195.1 -148.447 80 / 20 
 1254 189.6 -170.2269 90 / 10 
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Table S24: Propulsion parameters (TC, Isp and oxygen balance) of 4C computed with EXPLO5 (Model 1) 
with N2O4 
 
 
 
 
 
 
 
 
 
 
 

Figure S20: Specific impulse values versus different amounts of N2O4 calculated of 4C with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 4C / N2O4 

100 1341 142.2 56.47387 5 / 95 
 2279 192.2 43.39594 10 / 90 
 2915 226.8 30.018 15 / 85 
 3250 251.6 17.24007 20 / 80 
 3418 268.3 4.162143 25 / 75 
 3438 270.7 1.546549 26 / 74 
 3472 276.3 -8.915784 30 / 70 
 3378 272.8 -21.99372 35 / 65 
 3083 263.6 -35.07165 40 / 60 
 2669 250.6 -48.14958 45 / 55 
 2232 235.6 -61.2275 50 / 50 
 1586 219.0 -87.38337 60 / 40 
 1449 210.8 -113.5392 70 / 30 
 1360 201.8 -139.6951 80 / 20 
 1288 193.0 -165.8509 90 / 10 
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9. 1-((Trimethylsilyl)methyl)-1H-1.2.4-triazole (5a) 

Table S25: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 5a in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2111.706 1481.138 4.223193 4197.194 623.6306 

 1.1 -2110.387 1472.375 5.285031 4589.61 609.5233 
 1.2 -2111.767 1457.738 6.472395 5029.817 599.1839 
 1.3 -2116.1 1447.783 8.105682 5532.559 591.6929 
 1.4 -2123.117 1428.406 9.891768 6093.277 587.2801 
 1.5 -2130.114 1412.45 12.33947 6702.893 583.9991 

100 1.0 -2085.474 1469.075 4.17072 4185.757 623.28 
 1.1 -2085.513 1451.738 5.050481 4579.335 610.4716 
 1.2 -2084.272 1447.364 6.438362 5016.576 598.6581 
 1.3 -2088.23 1437.518 8.06608 5519.027 591.4531 
 1.4 -2095.062 1418.225 9.843662 6078.442 586.869 
 1.5 -2101.825 1402.401 12.2834 6688.071 583.8954 

150 1.0 -2059.205 1457.033 4.118999 4174.514 623.0203 
 1.1 -2058.367 1441.457 5.023383 4567.034 609.9791 
 1.2 -2056.681 1436.985 6.405049 5003.581 598.3557 
 1.3 -2060.573 1423.008 7.904379 5503.841 591.2864 
 1.4 -2066.976 1405.453 9.70725 6063.805 586.7021 
 1.5 -2073.536 1391.968 12.21025 6672.844 583.6749 

200 1.0 -2031.555 1450.099 4.153948 4162.643 621.7319 
 1.1 -2031.192 1431.04 4.995902 4554.524 609.4584 
 1.2 -2029.177 1426.549 6.370231 4989.962 597.7106 
 1.3 -2032.697 1412.644 7.864013 5489.77 590.9529 
 1.4 -2038.86 1395.202 9.65984 6048.979 586.4402 
 1.5 -2045.224 1384.943 12.28317 6657.72 583.4337 

 
 

 
Figure S21: Graph of heat of explosion of 5a in dependency to Tdec and density 
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Table S26: Propulsion parameters (TC, Isp and oxygen balance) of 5a computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
Table S27: Propulsion parameters (TC, Isp and oxygen balance) of 5a computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 
 

Figure S22: Specific impulse values versus different amounts of AP calculated of 5a with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5a / AP 
100 1087.3 145.23 -211.2263 100 / 0 

 2235.2 202.37 21.77902 5 / 95 
 2746.4 229.40 11.96827 9 / 91 
 3079.0 249.80 2.15752 13 / 87 
 3035.1 400.67 2.157523 13 / 87 
 3081.3 406.33 -2.747854 15 / 85 
 2684.0 240.49 -27.27473 25 / 75 
 2377.1 230.93 -39.53817 30 / 70 
 1779.7 214.28 -64.06504 40 / 60 
 1755.7 210.05 -88.59191 50 / 50 
 1735.5 206.21 -113.1188 60 / 40 
 1718.3 202.53 -137.6456 70 / 30 
 1482.3 186.39 -162.1725 80 / 20 
 1262.8 166.30 -186.6994 90 / 10 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5a / AP 
100 2234.0 202.51 21.77902 5 / 95 

 2759.5 229.43 11.96827 9 / 91 
 3103.9 236.97 -2.747854 15 / 85 
 3160.0 253.70 -2.747854 15 / 85 
 2987.7 248.63 -15.01129 20 / 80 
 2699.5 240.16 -27.27473 25 / 75 
 2377.7 229.89 -39.53817 30 / 70 
 1889.9 215.20 -64.06504 40 / 60 
 1405.2 186.79 -162.1725 80 / 20 
 1079.6 156.86 -198.9628 95 / 5 



 Supporting Information   

S-34 

10. 1-((Trimethylsilyl)methyl)-2H-1.2.3-triazole (5b) 

Table S28: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 5b in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2326.755 1565.792 4.444797 4287.561 628.7264 

 1.1 -2329.863 1554.416 5.498380 4685.517 614.0948 
 1.2 -2334.266 1540.279 6.738401 5132.136 602.8441 
 1.3 -2341.343 1525.584 8.296886 5639.490 594.8527 
 1.4 -2350.209 1513.352 10.39642 6206.003 589.3545 
 1.5 -2358.766 1495.554 12.90718 6819.563 585.5807 

100 1.0 -2300.347 1555.349 4.417499 4276.523 628.0588 
 1.1 -2302.859 1544.461 5.471558 4674.075 613.5218 
 1.2 -2306.894 1530.26 6.706255 5119.879 602.3671 
 1.3 -2313.665 1515.656 8.260741 5626.542 594.4655 
 1.4 -2322.262 1503.463 10.35148 6192.574 589.0687 
 1.5 -2330.626 1485.805 12.85458 6805.653 585.3752 

150 1.0 -2273.813 1545.209 4.394776 4265.510 627.3668 
 1.1 -2275.859 1534.361 5.444331 4662.431 612.9481 
 1.2 -2279.524 1520.089 6.673230 5107.406 601.8904 
 1.3 -2285.932 1505.794 8.223094 5613.706 594.0957 
 1.4 -2294.312 1491.517 10.23411 6178.840 588.8326 
 1.5 -2302.468 1476.024 12.80163 6791.621 585.1719 

200 1.0 -2247.810 1532.802 4.332145 4254.498 627.0652 
 1.1 -2248.821 1524.271 5.417104 4650.758 612.3852 
 1.2 -2252.113 1509.981 6.641036 5094.922 601.4210 
 1.3 -2258.036 1499.751 8.307788 5601.108 593.5383 
 1.4 -2266.334 1481.143 10.17402 6165.119 588.5609 
 1.5 -2274.305 1466.137 12.75133 6777.230 584.9664 

 
Figure S23: Graph of heat of explosion of 5b in dependency to Tdec and density 
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Table S29: Propulsion parameters (TC, Isp and oxygen balance) of 5b computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
Table S30: Propulsion parameters (TC, Isp and oxygen balance) of 5b computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 

Figure S24: Specific impulse values versus different amounts of AP calculated of 5b with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5b / AP 
100 2241.6 202.78 21.77902 5 / 95 

 3087.0 250.30 2.157523 13 / 87 
 3089.3 406.77 -2.747854 15 / 85 
 2707.3 241.88 -27.27473 25 / 75 
 2411.1 232.92 -39.53817 30 / 70 
 1820.9 216.34 -64.06504 40 / 60 
 1803.0 212.60 -88.59191 50 / 50 
 1788.0 209.40 -113.1188 60 / 40 
 1775.0 206.30 -137.6456 70 / 30 
 1532.0 190.40 -162.1725 80 / 20 
 1307.0 171.30 -186.6994 90 / 10 
 1133.0 150.90 -211.2263 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5b / AP 
100 2240.0 202.76 21.77902 5 / 95 

 2769.0 229.92 11.96827 9 / 91 
 3082.8 251.66 -10.10592 18 / 82 
 3005.2 249.60 -15.01129 20 / 80 
 2726.8 241.59 -27.27473 25 / 75 
 2412.2 231.70 -39.53817 30 / 70 
 1925.9 217.22 -64.06504 40 / 60 
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11. 1-((Trimethylsilyl)methyl)-1H-1.2.3-triazole (5c) 

Table S31: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 5c in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2418.278 1600.825 4.533729 4324.566 631.0710 

 1.1 -2422.708 1591.187 5.634211 4725.178 615.8925 
 1.2 -2428.783 1575.799 6.875447 5173.901 604.4355 
 1.3 -2437.026 1560.992 8.458662 5683.565 596.1483 
 1.4 -2446.825 1547.491 10.55847 6251.543 590.3601 
 1.5 -2456.024 1531.028 13.17031 6866.747 586.2800 

100 1.0 -2392.057 1589.954 4.495187 4313.860 630.4982 
 1.1 -2395.803 1581.247 5.607606 4713.886 615.289 
 1.2 -2401.573 1564.937 6.817350 5162.112 604.0416 
 1.3 -2409.419 1550.858 8.413691 5670.96 595.7648 
 1.4 -2418.938 1537.817 10.51488 6238.626 590.0651 
 1.5 -2427.968 1521.192 13.11766 6853.008 586.0626 

150 1.0 -2365.567 1580.094 4.476856 4302.996 629.7357 
 1.1 -2369.282 1568.962 5.532076 4702.524 615.0060 
 1.2 -2374.276 1554.836 6.786098 5149.806 603.5388 
 1.3 -2381.785 1540.251 8.354288 5658.310 595.4154 
 1.4 -2391.038 1527.757 10.46166 6225.444 589.7781 
 1.5 -2399.862 1511.674 13.06655 6839.642 585.8549 

200 1.0 -2339.003 1570.419 4.455170 4292.562 629.0509 
 1.1 -2342.260 1559.336 5.511669 4691.155 614.3824 
 1.2 -2346.930 1544.885 6.753181 5137.760 603.0618 
 1.3 -2354.143 1530.26 8.316345 5645.446 595.0237 
 1.4 -2363.135 1515.068 10.31479 6212.116 589.5589 
 1.5 -2371.756 1500.042 12.93137 6825.950 585.6798 

 

Figure S25: Graph of heat of explosion of 5c in dependency to Tdec and density 
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Table S32: Propulsion parameters (TC, Isp and oxygen balance) of 5c computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
Table S33: Propulsion parameters (TC, Isp and oxygen balance) of 5c computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 
 

Figure S26: Specific impulse values versus different amounts of AP calculated of 5c with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5c / AP 
100 2244.4 202.91 21.77902 5 / 95 

 3090.0 250.60 2.157523 13 / 87 
 3092.5 406.95 -2.747861 15 / 85 
 2425.0 233.63 -39.53817 30 / 70 
 1838.7 217.29 -64.06504 40 / 60 
 1823.5 213.77 -88.59191 50 / 50 
 1810.0 210.83 -113.1188 60 / 40 
 1799.3 207.84 -137.6456 70 / 30 
 1553.9 192.25 -162.1725 80 / 20 
 1326.4 173.31 -186.6994 90 / 10 
 1152.4 153.23 -211.2263 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 5c / AP 
100 2242.6 202.99 21.77902 5 / 95 

 2772.6 230.14 11.96827 9 / 91 
 3111.5 252.97 -7.653229 17 / 83 
 3088.5 252.02 -10.10592 18 / 82 
 3054.6 250.91 -12.5586 19 / 81 
 3012.4 250.02 -15.01129 20 / 80 
 2738.2 242.19 -27.27473 25 / 75 
 2426.8 232.47 -39.53817 30 / 70 
 1941.2 218.07 -64.06504 40 / 60 
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12. 1-((Trimethylsilyl)methyl)-1H-tetrazole (6a) 

Table S34: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 6a in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2730.912 1803.024 4.999796 4369.813 666.1612 

 1.1 -2733.924 1793.314 6.103676 4695.063 644.2411 
 1.2 -2734.234 1780.167 7.359192 5040.299 625.1776 
 1.3 -2735.393 1759.411 8.691048 5420.626 610.3686 
 1.4 -2738.400 1735.312 10.22266 5852.321 599.3597 
 1.5 -2743.982 1710.034 12.09095 6346.617 591.7657 

100 1.0 -2704.91 1792.951 4.977321 4359.98 665.3474 
 1.1 -2707.426 1783.191 6.076963 4684.777 643.5532 
 1.2 -2707.371 1769.664 7.320209 5029.531 624.6598 
 1.3 -2708.111 1749.244 8.655010 5409.375 609.8864 
 1.4 -2710.868 1725.335 10.18244 5840.797 598.9612 
 1.5 -2716.270 1700.106 14.04555 6334.690 591.4448 

150 1.0 -2678.901 1782.859 4.954812 4350.110 664.5364 
 1.1 -2680.914 1773.043 6.050180 4674.442 642.8689 
 1.2 -2680.453 1759.427 7.287227 5018.719 624.0915 
 1.3 -2681.029 1738.021 8.590054 5398.101 609.5468 
 1.4 -2683.331 1715.271 10.14179 5829.128 598.5627 
 1.5 -2688.627 1688.578 11.94102 6322.623 591.1986 

200 1.0 -2652.816 1773.062 4.937140 4340.231 663.6609 
 1.1 -2654.972 1760.557 5.981135 4664.061 642.6337 
 1.2 -2653.463 1749.249 7.257136 5007.816 623.5130 
 1.3 -2653.752 1727.863 8.553971 5386.752 609.0594 
 1.4 -2655.783 1705.182 10.10097 5817.385 598.1663 
 1.5 -2660.886 1678.724 11.89585 6310.655 590.8828 

 

Figure S27: Graph of heat of explosion of 6a in dependency to Tdec and density 
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Table S35: Propulsion parameters (TC, Isp and oxygen balance) of 6a computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
 
Table S36: Propulsion parameters (TC, Isp and oxygen balance) of 6a computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 
 
 

Figure S28: Specific impulse values versus different amounts of AP calculated of 6a with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6a / AP 
100 2758.5 230.04 12.20901 10 / 90 

 2850.2 235.08 10.02567 11 / 89 
 3117.0 252.70 1.292289 15 / 85 
 2837.0 246.99 -22.72449 24 / 76 
 2793.0 245.79 -24.90784 27 / 73 
 2747.6 244.49 -27.09118 28 / 72 
 2654.0 241.73 -31.45787 30 / 70 
 2134.1 233.48 -53.29132 40 / 60 
 1969.9 220.67 -75.12475 50 / 50 
 1971.7 218.99 -96.9582 60 / 40 
 1895.7 217.37 -118.7916 70 / 30 
 1697.4 203.15 -140.6251 80 / 20 
 1547.3 192.14 -153.7251 86 / 14 
 1452.0 184.99 -162.4585 90 / 10 
 1255.2 166.14 -184.292 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6a / AP 
100 2167.4 198.99 23.12573 05 / 95 

 2772.3 230.12 12.20901 10 / 90 
 3114.0 253.32 -9.624429 20 / 80 
 2927.4 248.14 -20.54115 25 / 75 
 2673.0 241.21 -31.45787 30 / 70 
 2160.1 225.43 -53.29132 40 / 60 
 1989.3 220.54 -75.12475 50 / 50 
 1966.7 218.64 -96.9582 60 / 40 
 1916.0 217.34 -118.7916 70 / 30 
 1656.7 203.58 -140.6251 80 / 20 
 1373.2 185.52 -162.4585 90 / 10 
 1158.5 166.63 -184.292 100 / 0 
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13. 2-((Trimethylsilyl)methyl)-2H-tetrazole (6b) 

Table S37: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 6b in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2615.181 1753.799 4.838865 4325.168 663.3075 

 1.1 -2615.485 1745.495 5.941541 4648.597 641.6324 
 1.2 -2613.487 1733.538 7.200846 4991.403 622.7191 
 1.3 -2613.125 1712.699 8.500082 5369.757 608.3523 
 1.4 -2614.788 1690.131 10.03992 5799.779 597.5811 
 1.5 -2619.641 1663.582 11.82622 6292.158 590.4053 

100 1.0 -2588.353 1746.489 4.859123 4315.335 661.9699 
 1.1 -2588.950 1735.244 5.916710 4637.900 640.9186 
 1.2 -2587.040 1721.098 7.119509 4980.446 622.5410 
 1.3 -2585.800 1702.473 8.463670 5358.243 607.8779 
 1.4 -2587.296 1679.201 9.971338 5787.881 597.2708 
 1.5 -2591.850 1653.674 11.78050 6279.984 590.0995 

150 1.0 -2562.326 1736.17 4.836195 4305.142 661.1663 
 1.1 -2562.230 1725.448 5.897236 4627.389 640.1884 
 1.2 -2560.044 1710.82 7.087823 4969.351 621.9782 
 1.3 -2558.463 1692.219 8.427112 5346.658 607.4064 
 1.4 -2559.905 1667.362 9.884384 5775.485 596.9938 
 1.5 -2564.075 1643.570 11.73262 6267.559 589.7903 

200 1.0 -2536.217 1725.952 4.813489 4295.024 660.3867 
 1.1 -2535.657 1715.167 5.870157 4616.752 639.5222 
 1.2 -2533.035 1700.516 7.056030 4958.193 621.4191 
 1.3 -2531.138 1681.898 8.385442 5335.181 606.9708 
 1.4 -2532.292 1657.227 9.843175 5763.433 596.6105 
 1.5 -2536.301 1633.447 11.68684 6254.969 589.4755 

Figure S29: Graph of heat of explosion of 6b in dependency to Tdec and density 
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Table S38: Propulsion parameters (TC, Isp and oxygen balance) of 6b computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
 
Table S39: Propulsion parameters (TC, Isp and oxygen balance) of 6b computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 

Figure S30: Specific impulse values versus different amounts of AP calculated of 6b with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6b / AP 
100 2753.9 229.79 12.20901 10 / 90 

 2844.9 234.77 10.02567 11 / 89 
 3112.0 252.40 1.292289 15 / 85 
 3101.8 407.79 -3.074392 17 / 83 
 2865.9 247.49 -20.54115 25 / 75 
 2826.1 246.25 -22.72449 26 / 74 
 2638.9 240.83 -31.45787 30 / 70 
 2108.2 230.03 -53.29132 40 / 60 
 1943.4 219.18 -75.12475 50 / 50 
 1942.9 217.26 -96.9582 60 / 40 
 1880.5 215.38 -118.7916 70 / 30 
 1669.8 200.80 -140.6251 80 / 20 
 1422.0 182.39 -162.4585 90 / 10 
 1228.3 163.33 -184.292 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6b / AP 
100 2163.2 198.79 23.12573 5 / 95 

 2766.4 229.80 12.20901 10 / 90 
 3106.3 252.83 -9.624429 20 / 80 
 2914.2 247.43 -20.54115 25 / 75 
 2655.5 240.29 -31.45787 30 / 70 
 2136.7 224.21 -53.29132 40 / 60 
 1962.0 219.10 -75.12475 50 / 50 
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14. 5-((Trimethylsilyl)methyl)-1H-tetrazole (6c) 

Table S40: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 6c in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2554.865 1733.415 4.930059 4302.41 660.9557 

 1.1 -2554.677 1722.529 5.889552 4624.373 639.9996 
 1.2 -2552.370 1707.895 7.078799 4966.187 621.8189 
 1.3 -2550.692 1689.301 8.416697 5343.354 607.2729 
 1.4 -2552.069 1664.416 9.872419 5771.988 596.8817 
 1.5 -2556.182 1640.665 11.71789 6264.008 589.7039 

100 1.0 -2528.951 1722.554 4.799474 4292.090 660.2571 
 1.1 -2528.100 1712.24 5.862451 4613.721 639.3348 
 1.2 -2525.357 1697.583 7.049760 4955.011 621.2609 
 1.3 -2523.370 1678.921 8.374807 5331.797 606.8358 
 1.4 -2524.446 1654.322 9.831351 5759.970 596.5008 
 1.5 -2528.410 1630.487 11.67309 6251.290 589.3855 

150 1.0 -2503.485 1710.078 4.742301 4281.795 659.9229 
 1.1 -2501.497 1701.925 5.835285 4603.019 638.6780 
 1.2 -2498.711 1685.686 6.981759 4943.792 620.9693 
 1.3 -2496.030 1668.426 8.337285 5319.839 606.3629 
 1.4 -2496.885 1643.628 9.780354 5727.507 596.1342 
 1.5 -2500.597 1620.238 11.61676 6238.812 589.0978 

200 1.0 -2477.375 1699.804 4.719617 4271.542 659.1456 
 1.1 -2474.880 1691.582 5.808038 4592.260 638.0261 
 1.2 -2471.675 1675.322 6.949831 4932.476 620.4185 
 1.3 -2468.635 1658.134 8.300423 5308.066 605.9054 
 1.4 -2469.305 1633.049 9.724480 5735.347 595.7966 
 1.5 -2472.790 1610.08 11.56941 6226.082 588.7917 

 

Figure S31: Graph of heat of explosion of 6c in dependency to Tdec and density 
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Table S41: Propulsion parameters (TC, Isp and oxygen balance) of 6c computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
Table S42: Propulsion parameters (TC, Isp and oxygen balance) of 6c computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 
 

Figure S32: Specific impulse values versus different amounts of AP calculated of 6c with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6c / AP 
100 2163 198.6 23.12573 5 / 95 

 2751 229.7 12.20901 10 / 90 
 3110 252.2 1.292289 15 / 85 
 3066 402.7 1.292289 15 / 85 
 2860 247.1 -20.54115 25 / 75 
 2361 240.3 -31.45787 30 / 70 
 2095 224.0 -53.29132 40 / 60 
 1929 218.4 -75.12475 50 / 50 
 1928 216.5 -96.9582 60 / 40 
 1872 214.4 -118.7916 70 / 30 
 1655 199.6 -140.6251 80 / 20 
 1407 181.0 -162.4585 90 / 10 
 1215 161.8 -184.292 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6c / AP 
100 2162 198.8 23.12573 5 / 95 

 2759 229.9 12.20901 10 / 90 
 2863 234.6 10.02567 11 / 89 
 3121 253.4 7.441081 19 / 81 
 3102 252.6 -9.624429 20 / 80 
 2907 247.1 -20.54115 25 / 75 
 2646 239.8 -31.45787 30 / 70 
 2125 223.6 -53.29132 40 / 60 
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15. 5-((Trimethylsilyl)methyl)-2H-tetrazole (6d) 

Table S43: Detonation parameter (ΔexU, Tdet, pCJ, Vdet and V0) of 6d in dependency of Tdec and density 

Tdec [°C] density  [g/cm3] ∆exU° [kJ·kg−1] Tdet [K] pCJ  [kbar] Vdet [m·s−1] V0 [L·kg−1] 
50 1.0 -2486.210 1703.283 4.727298 4275.017 659.4080 

 1.1 -2483.887 1695.084 5.817265 4595.906 638.2461 
 1.2 -2480.823 1678.832 6.960646 4936.312 620.6046 
 1.3 -2477.932 1661.466 8.312374 5311.886 606.0518 
 1.4 -2478.620 1636.813 9.749116 5739.484 595.8940 
 1.5 -2482.201 1613.521 11.58546 6230.401 588.8944 

100 1.0 -2460.090 1692.991 4.704576 4264.73 658.6343 
 1.1 -2457.261 1684.723 5.789965 4585.109 637.5972 
 1.2 -2453.803 1668.366 6.928364 4924.852 620.0478 
 1.3 -2450.546 1651.121 8.272035 5300.188 605.6212 
 1.4 -2451.261 1624.266 9.636600 5727.077 595.7097 
 1.5 -2454.372 1603.166 11.53140 6217.577 588.6030 

150 1.0 -2433.953 1682.672 4.681798 4254.394 657.8663 
 1.1 -2430.619 1674.333 5.762583 4574.254 636.9531 
 1.2 -2426.061 1660.528 6.949708 4913.608 619.1043 
 1.3 -2423.121 1640.909 8.238001 5288.311 605.1506 
 1.4 -2423.627 1613.951 9.594550 5714.568 595.3287 
 1.5 -2426.661 1591.07 11.41425 6204.493 588.3768 

200 1.0 -2408.128 1671.25 4.642416 4243.981 657.3182 
 1.1 -2403.996 1663.813 5.735246 4563.200 636.2960 
 1.2 -2398.981 1650.082 6.917285 4902.133 618.5656 
 1.3 -2396.188 1628.166 8.143109 5276.007 604.9763 
 1.4 -2395.959 1603.676 9.552561 5702.049 594.9561 
 1.5 -2398.813 1580.908 11.36906 6191.468 588.0742 

Figure S33: Graph of heat of explosion of 6d in dependency to Tdec and density 
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Table S44: Propulsion parameters (TC, Isp and oxygen balance) of 6d computed with EXPLO5 (Model 
1) with AP 
 
 
 
 
 
 
 
 
 
 
Table S45: Propulsion parameters (TC, Isp and oxygen balance) of 6d computed with EXPLO5 (Model 
4) with AP 
 
 
 
 
 
 
 
 

Figure S34: Specific impulse values versus different amounts of AP calculated of 6d with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6d / AP 
100 2748 229.5 12.20901 10 / 90 

 3107 252.0 1.292293 15 / 85 
 3063 402.5 1.292293 15 / 85 
 2854 246.7 -20.54115 25 / 75 
 2622 239.8 -31.45787 30 / 70 
 2080 223.2 -53.29132 40 / 60 
 1913 217.5 -75.12475 50 / 50 
 1910 215.3 -96.9582 60 / 40 
 1863 213.2 -118.7916 70 / 30 
 1639 198.2 -140.6251 80 / 20 
 1390 179.4 -162.4585 90 / 10 
 1199 160.0 -184.292 100 / 0 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 6d / AP 
100 2160 198.5 23.12573 5 / 95 

 2754 229.7 12.20901 10 / 90 
 2860 234.5 10.02567 11 / 89 
 3117 253.1 -7.441082 19 / 81 
 3097 252.3 -9.624429 20 / 80 
 2900 246.6 -20.54115 25 / 75 
 2635 239.3 -31.45787 30 / 70 
 2111 222.9 -53.29132 40 / 60 
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16. Trimethylvinylsilane (7) 

 
Table S46: Propulsion parameters (TC, Isp and oxygen balance) of 7 computed with EXPLO5 (Model 1) 
with N2O4 
 
 
 
 
 
 
 
 
 
 
 

Figure S35: Specific impulse values versus different amounts of N2O4 calculated of 7 with different 
computer codes 
 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 7 / N2O4 

55 1826 168.2 51.70844 5 / 95 
 2908 223.0 33.86507 10 / 90 
 3365 254.0 16.02172 15 / 85 
 3470 268.9 1.747033 19 / 81 
 3474 271.3 -1.821646 20 / 80 
 3364 275.8 -19.66501 25 / 75 
 3058 270.6 -37.50837 30 / 70 
 2260 248.6 -73.19509 40 / 60 
 2140 239.5 -108.8818 50 / 50 
 2052 230.6 -144.5685 60 / 40 
 1855 218.4 -180.2553 70 / 30 
 1470 189.6 -215.942 80 / 20 
 1064 148.0 -251.6287 90 / 10 
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Table S47: Propulsion parameters (TC, Isp and oxygen balance) of 7 computed with EXPLO5 (Model 1) 
with red fuming nitric acid (RFNA) 
 
 
 
 
 
 
 
 
 
 
 

Figure S36: Specific impulse values versus different amounts of RFNA calculated of 7 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 7 / RFNA 

55 1305 148.2 45.53767 5 / 95 
 2478 212.9 28.01908 10 / 90 
 3122 249.3 10.5005 15 / 85 
 3236 259.4 3.49307 17 / 83 
 3266 262.8 -0.01065154 18 / 82 
 3279 265.8 -7.018087 20 / 80 
 3072 261.8 -24.53667 25 / 75 
 2737 253.0 -42.05526 30 / 70 
 2252 229.5 -77.09242 40 / 60 
 1871 223.2 -112.1296 50 / 50 
 1818 218.1 -147.1667 60 / 40 
 1757 212.8 -182.2039 70 / 30 
 1400 184.8 -217.2411 80 / 20 
 1038 145.5 -252.2782 90 / 10 
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17. Allyltrimethylsilane (8) 

 
Table S48: Propulsion parameters (TC, Isp and oxygen balance) of 8 computed with EXPLO5 (Model 1) 
with N2O4 
 
 
 
 
 
 
 
 
 
 
 

Figure S37: Specific impulse values versus different amounts of N2O4 calculated of 8 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 8 / N2O4 

85 1833 168.6 51.37156 5 / 95 
 2911 223.8 33.19133 10 / 90 
 3360 255.1 15.01109 15 / 85 
 3449 267.3 4.102948 18 / 82 
 3459 272.3 -3.169144 20 / 80 
 3325 275.1 -21.34939 25 / 75 
 3001 268.2 -39.52962 30 / 70 
 2191 244.7 -75.8901 40 / 60 
 2103 233.2 -112.2506 50 / 50 
 1937 223.3 -148.611 60 / 40 
 1787 213.6 -184.9715 70 / 30 
 1421 187.1 -221.332 80 / 20 
 1047 147.3 -257.6924 90 / 10 
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Table S49: Propulsion parameters (TC, Isp and oxygen balance) of 8 computed with EXPLO5 (Model 1) 
with RFNA 
 
 
 
 
 
 
 
 
 
 
 

Figure S38: Specific impulse values versus different amounts of RFNA calculated of 8 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 8 / RFNA 

85 1311 148.9 45.20079 5 / 95 
 2485 213.7 27.34534 10 / 90 
 3121 250.8 9.489878 15 / 85 
 3225 260.4 2.347686 17 / 83 
 3252 265.4 -8.365583 20 / 80 
 3008 259.5 -26.22105 25 / 75 
 2633 248.9 -44.0765 30 / 70 
 1797 224.3 -79.78741 40 / 60 
 1711 217.2 -115.4983 50 / 50 
 1650 210.7 -151.2092 60 / 40 
 1601 204.3 -186.9202 70 / 30 
 1371 183.6 -222.6311 80 / 20 
 1021 144.9 -258.342 90 / 10 
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18. Tetravinylsilane (9) 

 
Table S50: Propulsion parameters (TC, Isp and oxygen balance) of 9 computed with EXPLO5 (Model 1) 
with N2O4 
 
 
 
 
 
 
 
 
 
 
 

Figure S39: Specific impulse values versus different amounts of N2O4 calculated of 8 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 9 / N2O4 

130 1862 168.7 51.98459 5 / 95 
 2974 223.8 34.41737 10 / 90 
 3412 255.1 16.85016 15 / 85 
 3532 268.4 2.796393 19 / 81 
 3564 270.9 -0.717049 20 / 80 
 3526 277.5 -18.28426 25 / 75 
 3242 274.9 -35.85147 30 / 70 
 2345 255.6 -70.9859 40 / 60 
 2583 248.4 -106.1203 50 / 50 
 2150 237.5 -141.2548 60 / 40 
 2079 227.3 -176.3892 70 / 30 
 1931 213.4 -211.5236 80 / 20 
 1601 186.9 -246.658 90 / 10 
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Table S51: Propulsion parameters (TC, Isp and oxygen balance) of 9 computed with EXPLO5 (Model 1) 
with RFNA 
 
 
 
 
 
 
 
 
 
 
 

Figure S40: Specific impulse values versus different amounts of RFNA calculated of 9 with different 
computer codes 

Tdec [°C] TC [K] Isp [s] Oxygen balance [atm] in % 9 / RFNA 

130 1333 149.6 45.81382 5 / 95 
 2538 213.9 28.57138 10 / 90 
 3178 249.5 11.32895 15 / 85 
 3296 262.0 1.640483 17 / 83 
 3342 267.3 -5.913486 20 / 80 
 3209 266.3 -23.15593 25 / 75 
 2930 259.3 -40.39836 30 / 70 
 2201 238.1 -74.88323 40 / 60 
 2178 234.4 -109.3681 50 / 50 
 2132 230.1 -143.853 60 / 40 
 2057 224.2 -178.3378 70 / 30 
 1897 211.9 -212.8227 80 / 20 
 1558 184.7 -247.3076 90 / 10 
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19. CHEETAH 2.0 values 

Table S52: Propulsion values (Isp and TC) computed with CHEETAH 2.0 for different compounds (X) 
and oxidizers (ox) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

20. ICT-Code values 

Table S53: Propulsion values (Isp) computed with ICT-Code for different compounds (X) and oxidizers 
(ox) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

compound Tdec [°C] TC [K] Isp [s] X / Ox oxidizer 
1 100 1864 181.81 20 / 80 AP 
1C 100 2025 193.83 18 / 82 AP 
2 100 3247 255.56 15 /85 AP 
2C 100 2574 222.93 13 / 87 AP 
3 100 1727 174.73 16 / 84 AP 
3C 100 2124 199.07 15 / 85 AP 
4 100 2513 214.10 16 / 84 AP 
4C 100 2764 232.84 14 / 86 AP 
5a 100 2920 236.87 13 / 87 AP 
5b 100 3040 243.18 13 / 87 AP 
5c 100 3023 242.59 13 / 87 AP 
6a 100 3174 250.07 15 / 85 AP 
6b 100 3143 249.49 15 / 85 AP 
6c 100 3122 248.32 15 / 85 AP 
6d 100 3096 246.93 15 / 85 AP 
4 100 2750 239.49 12 / 88 ADN 
4C 100 2894 251.11 11 / 89 ADN 
4 100 1968 179.39 28 / 72 N2O4 
4C 100 2461 210.10 26 /74 N2O4 
7 55 1270 141.45 19 / 81 N2O4 
8 85 1532 157.36 18 / 82 N2O4 
9 130 3423 250.14 19 / 81 N2O4 
7 55 1680 171.58 18 / 82 RFNA 
8 85 1905 184.12 17 / 83 RFNA 
9 130 3364 257.45 17 / 83 RFNA 

compound Tdec [°C] Isp [s] X / Ox oxidizer 
1 100 256.3 20 / 80 AP 
1C 100 252.5 18 / 82 AP 
2 100 256.0 15 /85 AP 
2C 100 252.8 13 / 87 AP 
3 100 251.7 16 / 84 AP 
3C 100 251.2 15 / 85 AP 
4 100 254.1 16 / 84 AP 
4C 100 249.7 14 / 86 AP 
5a 100 250.4 13 / 87 AP 
5b 100 251.0 13 / 87 AP 
5c 100 251.1 13 / 87 AP 
6a 100 253.4 15 / 85 AP 
6b 100 253.1 15 / 85 AP 
6c 100 253.0 15 / 85 AP 
6d 100 253.7 15 / 85 AP 
4 100 263.5 12 / 88 ADN 
4C 100 262.2 11 / 89 ADN 
4 100 266.6 28 / 72 N2O4 
4C 100 270.9 26 /74 N2O4 
7 55 268.9 19 / 81 N2O4 
8 85 267.4 18 / 82 N2O4 
9 130 267.9 19 / 81 N2O4 
7 55 266.2 18 / 82 RFNA 
8 85 264.0 17 / 83 RFNA 
9 130 262.2 17 / 83 RFNA 
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