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Abstract 

This paper investigates the decomposition of tetramethylsilane (TMS) and the 

formation of key intermediates, which form silicon oxide clusters in laminar 

premixed low-pressure tetramethylsilane flames using Molecular-Beam Mass 

Spectrometry (MBMS). The flame-based particle synthesis strongly depends on the 

pressure, temperature and precursor. In this work, the flame conditions are changed 

to control the formation of the monomers and consequently influence the formation 

of silicon oxide cluster, which are considered as precursors for solid nanoparticles. 

The measurements show that TMS reacts with flame radicals (H, O and OH), 

oxygen and water, and forms Si(OH)4 as the most stable intermediate at high flame 

temperatures. In addition, SiO2 and HSiO, (CH3)3Si(CH2)OO, (CH3)3SiO, 

(CH3)2Si(OH), (CH3)Si(OH)2, Si(OH)3 are found as the most abundant 

intermediates in these flames.  Small silicon containing clusters with the structure 

SixOyHz could also be detected.  These are most likely formed in reactions of 

Si(OH)4. The small clusters lead to subsequent growth of silica nanoparticles. The 

influence of the flame conditions on the most stable intermediates and silicon oxide 

clusters and their reaction pathways are investigated systematically for equivalence 

ratios of Ф=0.8–1.2 for the first time. This work results an extensive database 

consisting of gas-phase species and small clusters formed during the synthesis of 

silica nanoparticles. This data base is needed for future reaction mechanism 

development and validation. 

 

Introduction 

Every year, millions of tons of silicon oxide nanoparticles are produced in flame 

reactors for a variety of applications in medical technology and pharmaceutical 

industry. The synthesis in a flame reactor is particularly attractive since it produces 

high-purity nanoparticles at scalable production rates in a continuous gas-phase 

synthesis process. Laminar low-pressure flames stabilized on model burners are 

valuable tools for the investigation of combustion kinetics [1]. It is the aim of this 

work to extend the established technique of Molecular-Beam Mass Spectrometry 

(MBMS) to the investigation of the decomposition of tetramethylsilane (TMS) and 

cluster growth in flat, premixed, laminar low-pressure H2/O2/Ar-flames. The 

influence of the flame conditions on the decomposition products of TMS is 
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investigated systematically. Experimentally determined species concentrations in 

model flames are needed to validate kinetic reaction mechanisms of these 

processes. 

 

Experimental setup 

Time-of-flight mass spectrometric in-situ measurements on model-flames are used 

to get a fundamental understanding of the combustion and synthesis processes. The 

reacting gases of the low-pressure flame (30 mbar) are sampled at different 

positions in the flame reactor, transferred to and analyzed by a time-of-flight mass 

spectrometer (Resolution = m/Δm = 2400, Company Kaesdorf, Munich). The 

reacting gases expand through a quartz sampling-nozzle into an intermediate low-

pressure chamber (10
-4 

mbar) and form a molecular-beam, which is guided into an 

electron ionization chamber. The ionized molecules pass ion-optical devices and 

finally reach the spectrometer (10
-7

 mbar). The recorded mass spectra allow an 

exact and simultaneous identification of species existing in the sampled gas at 

different positions along the centreline of the model flames and give an insight into 

the initial reaction pathways in the early stage of gas-phase synthesis of 

nanoparticles. The focus of this study is on the decomposition of the precursor and 

the formation of the first gas-phase species and small clusters. Nanoparticles were 

outside of the detection range of the mass spectrometer in this study. 

Tetramethylsilane (sigma-Aldrich, purity of 99 %) was metered with a syringe 

pump (Landgraf Laborsysteme) with an accuracy of ± 2 % referred to the delivered 

volume and evaporated in a home-built evaporator at 333.15 K. Calibrated mass 

flow controllers regulate the gas flow with an accuracy of ± 5 %. 

 

Results and discussion 

In this study, the influence of equivalence ratio on the decomposition of the 

commercially available precursor tetramethylsilane (TMS) in oxygen-rich, 

stoichiometric and fuel-rich hydrogen/oxygen/argon low-pressure flames is 

investigated for the first time. The mass spectra are used to identify all species in 

the flames by their accurate masses. After appropriate calibration, the signals 

strength of each species in the mass spectrum is related to the mole fraction of the 

species in the flame so that mole fraction changes can be monitored for different 

positions in the flame and for different flame conditions. Table 1 lists the initial 

molar gas composition of the flame with addition of 600 ppm TMS and without 

addition of TMS in a H2/O2/Ar-flame. The mole fractions for H2, O2, H2O, CO, 

CO2 and Ar are calculated by solving the O-, H-, C- element balance. Figure 1 

shows that the profiles of the major species of the pure hydrogen flame are in good 

agreement with the simulation. The flame structure is simulated with the Chemical 

Workbench (Kintech Lab Ltd.) [2], using the reaction mechanism of Li et al. [3] 

and the disturbed temperature profile, which is determined according to the 

procedure of Struckmeier et al. [1]. The comparison of the species profiles in 

figure 1 shows that the addition of TMS shifts the species profiles closer to the 
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burner, which can be explained by its reaction with the flame radicals eg. O, OH, 

H. 

Table 1. Initial molar gas composition of the flame gases with addition of 600 ppm 

TMS (Flame 1-3) and without addition of TMS (4-6) with an overall volume flow 

of 2 slm at standard conditions (1013 mbar, 273.15 K). 

 
Փ xH2 xO2 xAr xtotal 

TMS 

(ppm in 2lm) 

1) 0.8 0.308 0.192 0.5 1 600 

2) 1.0 0.334 0.166 0.5 1 600 

3) 1.2 0.353 0.147 0.5 1 600 

4) 0.8 0.308 0.192 0.5 1 0 

5) 1.0 0.334 0.166 0.5 1 0 

6) 1.2 0.353 0.147 0.5 1 0 

 

The temperature profiles for the flames 1)-3) were measured with the aid of an 

Al2O3-coated thermocouple and are radiation-corrected. For the measurements of 

the temperatures by thermocouple we expect an error of ±100K. As expected the 

maximum temperature within the flame is achieved with stoichiometric flame 

conditions in the reaction zone. However, higher temperatures are present 

immediately above the burner under fuel-rich flame conditions, followed by the 

stoichiometric and fuel-lean flame conditions. 

 
Figure 1. Mole fractions of major species in a) Փ=0.8,  b) Փ=1, c) Փ=1.2 with and 

without addition of 600 ppm TMS (Flame 1-6) and temperature profiles. Symbols 

represent experimental data and lines simulations. 

Figure 2 shows the decomposition of TMS in the flame 1)-3) and the formation of 

the predominant carbonaceous major decomposition products CO2 and CO, which 

do not differ significantly in all flames within the first 8 mm. From the carbon 
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balance, it becomes clear that the carbon from TMS reacts completely to CO and 

CO2. Further carbonaceous intermediates such as e.g. CH4, HCHO, C2H4 and Si-C-

O-H species are formed, which are two orders of magnitude smaller. 

 
Figure 2. Decomposition of TMS and major carbonaceous species of TMS 

For the flames 1)-3) a list of quantified Si-C-O-H and Si-O-H species is compiled. 

By knowing all the present species along the height of the flame, reaction pathways 

can be postulated. The decomposition of TMS is initiated by H-abstraction due to 

reactions with flame radicals such as e.g. O, OH and H and forms (CH3)3Si(CH2). 

(CH3)3Si(CH2) reacts with oxygen and forms the peroxide (CH3)3Si(CH2)OO very 

close to the burner in large quantities, which could be measured in all flames (see 

Figure 3a). In the flames 1)-3) H-abstraction is the predominant reaction step since 

the peroxide is the predominant silicon-species at the beginning of the reaction 

zone. As expected, peroxide formation is highest in oxygen-rich flames. From 

Figure 3a)-3c) it can be seen that with increasing equivalence ratio the mole 

fraction of the silicon-containing intermediates decreases, and consequently 

reduces particle formation. The profile shapes of the intermediates reveal that the 

reaction zone is narrowest under fuel-rich flame conditions. The peroxide 

(CH3)3Si(CH2)OO decomposes further to (CH3)3SiO and HCHO, which are both 

measured in moderate amounts. Trimethysilanol (CH3)3SiOH is formed by a 

reaction with H2. This reaction sequence can be repeated until Si(OH)4 is formed. 

Additionally, the stable Si(OH)4 can be formed by a stepwise substitution of the 

methyl ligands by hydroxyl groups. Figure 3a)-3c), and Figure 4a), 4b) show that 

one to four hydroxyl groups are attached to the silicon core and their maximum 

moves upstream, respectively. In flame-based particle synthesis, two particle 

formation zones within the flame have already been observed for iron systems. In 

the first particle formation zone, an easily condensable gaseous species such as e.g. 

SiO2 condenses and forms particles. For fuel-rich flames, the gaseous SiO2 is 

below the detection limit, while for stoichiometric and oxygen-rich flames a 

significant amount could be measured (see Figure 4c). Also, the noisy mole 
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fraction profile of SiO2 indicates that gaseous SiO2 may condense to particles early 

in the flame. The second particle formation zone is at a far distance from the burner 

at higher temperatures and we expect it is initiated by Si(OH)4.  

 
Figure 3. Selected Si-C-O-H decomposition products of TMS in hydrogen-flames  

 

Figure 4. Selected Si-O-H species of TMS in hydrogen flames 
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Figure 4a) shows the monomer Si(OH)4, which is present in high concentrations at 

high temperatures and can react further to silicon oxide clusters with the structure 

SixOyHz (see Figure 4d)-4f)). While the four- and five- silicon oxide clusters do not 

differ from each other, the increase in the maximum of the six-core silicon oxide 

cluster is clearly visible with decreasing equivalence ratio. 
 

Conclusion 

This study has shown the effect of changing the equivalence ratio on the flame 

structures of low-pressure tetramethylsilane/hydrogen flames and the results can be 

summed as follows: We suggest that the reaction mechanism in the investigated 

equivalence ratio is similar, because we have shown the existence of the same Si-

C-O-H and Si-O-H species for the whole range. The CO/CO2 ratio does not change 

significantly in the exhaust. The profiles of the carbonaceous major species reveal 

that the reaction zone becomes narrower for fuel-rich flame conditions and can thus 

be controlled by the variation of the equivalence ratio. The noisy mole fraction 

profile of SiO2 indicates that gaseous SiO2 may condense to particles early in the 

flame (first particle formation zone). For fuel-rich flames, the gaseous SiO2 is 

below the detection limit, while for stoichiometric and oxygen-rich flames a 

significant amount was measured. The second particle formation zone is at a far 

distance from the burner at higher temperatures and we expect it is initiated by 

Si(OH)4. While the four- and five-core silicon oxide clusters differ from each other, 

the increase in the maximum of the six-core silicon oxide clusters is clearly visible 

with decreasing equivalence ratio. 
 

Acknowledgements 

Work was funded by the German Research Foundation DFG within the scope of 

the Research Unit FOR2284 under contract KA 3871/4-1. Helpful discussions with 

Burak Atakan and Christof Schulz are gratefully acknowledged.  

 

References 
 

[1] Struckmeier, U., Oßwald, P., Kasper, T., Böhling,  L., Heusing M., Köhler, 

M., Brockhinke, A., Kohse-Höinghaus, K., “Sampling Probe Influences on 

Temperature and Species Concentrations in Molecular Beam Mass 

Spectroscopic Investigations of Flat Premixed Low-pressure Flames”, 

Z. Phys. Chem. 223 (2009) 503-537. 

[2] Kintech Laboratory, Chemical WorkBench® 4.0, available online at 

http://www.kintechlab.com/products/chemical-workbench/ 

[3]  Li, J., Zhao, Z., Kazakov, A., Dryer, F.L., “An Updated Comprehensive 

Kinetic Model of Hydrogen Combustion”, Int. J. Chem. Kinet. 36 (2004) 

566-575. 
 

 

 




