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Abstract

In this work, a comprehensive database for the thermodynamic properties of a large group
of silicon-organic compounds is provided. A reaction mechanism is also developed for
tetramethylsilane (TMS) as a precursor in the flame synthesis of silica nanoparticles.

In the first part of this work, a combinatorial consideration is applied to derive group
additivity values (GAVs) required to describe the thermochemistry of a large group of
silicon-organic compounds. Due to a lack of experimental data for Si–C–H–O species, the
thermochemistry of species is calculated by quantum chemical calculations. The theoretically
calculated compounds are considered as a training set for the regression of GAVs. Based
on the group additivity method, a multivariate linear regression analysis is performed. The
regressed group additivity values serve as an alternative for the estimation of thermodynamic
data of new silicon-organic compounds. The uncertainty of quantum chemical calculations,
as well as the uncertainty of GAVs are discussed in this work. The final results are provided
as databases.

For the second part of this work, a kinetics model is developed for the decomposition and
oxidation of TMS as a promising precursor for the flame synthesis of silica nanoparticles.
The reaction mechanism is developed and validated based on the experimental data. The
reaction pathways analysis and the sensitivity analysis are performed to the developed
kinetics model. The sources of uncertainty and the possibility to improve the kinetics model
are discussed. In this mechanism, reaction rate coefficients are either estimated via an
algorithmic optimization procedure or are assumed based on analogies to similar reactions in
the literature or calculated using Rice–Ramsperger–Kassel–Marcus theory (RRKM) theory.
The genetic algorithm-based optimizer is also extended in this work.



Zusammenfassung

In dieser Arbeit wird eine umfassende Datenbank für die thermodynamischen Eigenschaften
einer großen Gruppe von siliziumorganischen Verbindungen bereitgestellt. Außerdem wird
ein Reaktionsmechanismus für Tetramethylsilan (TMS) als Vorläufer für die Flammensyn-
these von Siliziumdioxid-Nanopartikeln entwickelt.

Im ersten Teil dieser Arbeit wird eine kombinatorische Betrachtung angewandt, um
Gruppenadditivitätswerte (GAVs) abzuleiten, die zur Beschreibung der Thermochemie einer
großen Gruppe von siliziumorganischen Verbindungen erforderlich sind. Da es an experi-
mentellen Daten für Si-C-H-O-Spezies mangelt, wird die Thermochemie der Spezies durch
quantenchemische Berechnungen ermittelt. Die theoretisch berechneten Verbindungen wer-
den als Trainingsmenge für die Regression von GAVs betrachtet. Auf der Grundlage der
Methode der Gruppenadditivität wird eine multivariate lineare Regressionsanalyse durchge-
führt. Die regressierten Werte der Gruppenadditivität dienen als Alternative für die Schätzung
der thermodynamischen Daten neuer siliziumorganischer Verbindungen. Die Unsicherheit
von quantenchemischen Berechnungen sowie die Unsicherheit von GAVs werden in dieser
Arbeit diskutiert. Die Endergebnisse werden als Datenbanken zur Verfügung gestellt.

Im zweiten Teil dieser Arbeit wird ein kinetisches Modell für die Zersetzung und Ox-
idation von TMS als vielversprechendes Ausgangsmaterial für die Flammensynthese von
Siliziumdioxid-Nanopartikeln entwickelt. Der Reaktionsmechanismus wird auf der Grund-
lage der experimentellen Daten entwickelt und validiert. Die Analyse der Reaktionswege
und die Sensitivitätsanalyse werden für das entwickelte kinetische Modell durchgeführt. Die
Quellen der Unsicherheit und die Möglichkeiten zur Verbesserung des kinetischen Modells
werden diskutiert. Bei diesem Mechanismus werden die Reaktionsgeschwindigkeitsko-
effizienten entweder über ein algorithmisches Optimierungsverfahren geschätzt oder auf
der Grundlage von Analogien zu ähnlichen Reaktionen in der Literatur angenommen oder
anhand der Rice-Ramsperger-Kassel-Marcus-Theorie (RRKM) berechnet. Der auf einem
genetischen Algorithmus basierende Optimierer wird in dieser Arbeit ebenfalls erweitert.
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ṁ′′ Mass flux

εk Lennard-Jones potential well-depth

ηk Viscosity of species k
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Chapter 1

Introduction

1.1 Motivation

Nanoparticles are commonly used in industrial applications such as semiconductor devices,
dirt-repellent surfaces, cancer treatment, and fuel cells. Particles of nanosize structure
with diameters below 100 nm are at the core of this technology. The size, shape, and
size distribution of particles determine their physical and chemical properties. By using
nanoparticles, new materials can be produced stronger, lighter, more durable, and more
reactive among other qualities. The synthesis methods are designed in a way to yield the
desired particle properties. Carbon black, titanium dioxide (TiO2), and silicon dioxide (SiO2)
dominate the aerosol-made material market by volume and value followed by zinc oxide
(ZnO), nickel (Ni), tungsten carbide (WC), and others.

There are two major industrial approaches for nanoparticle synthesis. The first approach
is the bottom-up method that allows the manipulation of particles at a molecular level. This
method is favorable due to the lower cost of production and is achieved by liquid-phase and
gas-phase synthesis. The sol-gel method is an example of a bottom-up method achieved by
liquid-phase synthesis using metal-organic precursors in a solvent to form inorganic materials.
The liquid-phase processes are generally time-consuming and need many steps to achieve
pure dry powders as the final nanoparticle product. The advantages and an updated review of
the liquid-phase synthesis of nanoparticles are discussed in [9–12]. The second approach
is the top-down method that begins with larger initial structures to nanoscale structures.
Mechanical milling is an example of a top-down method for the synthesis of metal oxide
nanoparticles such as zinc oxide, titanium oxide, and vanadium oxide [13, 14]. A schematic
of both methods is shown in Fig. 1.1.

Gas-phase synthesis of particles is performed in flow reactors such as hot-wall reactors
and plasma reactors, where the synthesis process differs on how energy is supplied to the
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Fig. 1.1 Schematic of top-down and bottom-up synthesis approaches. Adapted figure from
Nunes et al. [1] with permission from Elsevier.

system. Heat energy is necessary to activate the required gas-phase reactions. Hot-wall
reactors are used to exploit the wall heat transfer method that operates under a wide range
of conditions. They are designed to have maximum control over the temperature history
of the particles. The process design is challenging due to the axial and radial temperature
gradients. Another alternative to provide the energy source is by a plasma (microwave,
radio-frequency, or electric arc). Plasma reactors are very common for the investigation of
nanoparticle synthesis in laboratory scales [15, 16]. The plasma is achieved by high energy,
which leads to the ionization of atoms and molecules in the reactor. An exhaustive review
of the gas-phase synthesis of nanoparticles can be found in [17]. While gas-phase synthesis
is widely used in industrial processes, a deep understanding of it remains very challenging.
Schulz et al. [18] have reviewed the state of the art in the gas-phase synthesis of functional
nanomaterials, focusing on the scientific challenges concerning the precursor chemistry and
particle formation.

Flame synthesis is by far the most widely used gas-phase method by almost 90% (by
value and volume) production of aerosol-made commodities including carbon-black (Cabot,
Columbia), fumed silica (Cabot, EVONIK), pigmentary titania (DuPont, Kerr-McGee), and
optical fibers (Heraeus, Sumitomo) [19]. Several million metric tons of nanoparticles are
annually produced with flame reactors in industry [19]. Many parameters influence the
characteristics of the final nanoparticle product within a few milliseconds in the flame syn-
thesis. The flame temperature and particle residence time are the most important parameters
[20]. The flame temperature field is influenced by the initial reactants and burner geom-
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etry. The scale-up and design of flame aerosol reactors are also investigated by Wegner
and Pratsinis [21] for the gas-phase synthesis of silica nanoparticles. The final nanoparticle
product size depends on the reactant mixing configuration [22]. The turbulence and buoy-
ancy effects can dramatically change the flame structures and affect the chemical reaction
kinetics investigations [23]. Therefore, most of the experimental investigation of flame
synthesized nanoparticles are done with laminar premixed flat flame [24], stabilized either at
the cooled burner matrix (burner stabilized) [25, 26] or a cooled plate placed downstream
(stagnation-point stabilized) [27].

Choice of precursors has also a significant influence on the characteristics of the final
nanoparticle product. Kammler et al. [19] review the choice of precursors in flame synthesis
of nanoparticles. Zachariah and Semerjian [28] and Ehrman et al. [29] specifically studied
different silica precursors. The most studied silicon-organic precursor in the literature is
tetraethoxysilane (TEOS) since it is cheap and safe [30–34]. In order to be able to predict
the heat release rate in the combustion processes and also calculating the equilibrium state,
the thermodynamics properties of species involved in the combustion process are required.
Thermodynamics data of silicon-organic compounds are usually calculated in the literature
for a specific precursor [8]. In this work, the focus is to provide a comprehensive database
for the thermodynamic properties of silicon-organic compounds independent from the choice
of a precursor. The developed tetramethylsilane (TMS) mechanism and the thermodynamic
properties of silicon-organic compounds are going to help understand the kinetics behind the
flame synthesized silica nanoparticles.

1.2 Novelty of the work

This thesis presents the following novel contributions:

• The calculation of thermodynamic properties of silicon-organic molecules represent-
ing the Si–C–H and Si–C–H–O system. The quantum chemical calculation, group
additivity method, and multivariate regression analysis are used to regress the group
additivity values (GAVs). The GAVs for a wide range of silicon-organic compounds
are reported that can be used for the calculation of thermodynamics properties of many
larger silicon-organic compounds without running quantum mechanical simulations.

• The development of a chemical kinetics model for the combustion of tetramethylsi-
lane (TMS) as a precursor for the synthesis of silica nanoparticles. The mechanism
development is based on the experimental data in a low-pressure laminar flame. The
developed mechanism is validated against the new experiments.
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• The extension of the genetic algorithm-based optimization technique to consider all
three parameters of Arrhenius expression of the rate coefficients for the optimization
against the experimental data.

1.3 Structure of this thesis

The subsequent chapters of this thesis are structured as follows:
Chapter 2 covers various techniques for the synthesis of silica, as well as the commercial

significance of silica powders and thin-films in industry. A literature review of important con-
tributions to different choice of precursors for the silica nanoparticles synthesis is presented
at the end of this chapter.

Chapter 3 describes a detailed theoretical background of one-dimensional laminar flames
and homogeneous reactor, as well as the kinetics modeling and mass-action kinetic. At the
end of this chapter, the reaction mechanism development and its requirements are discussed.
Theoretical discussions in Chapter 3 can be applied generally to any materials synthesis such
as titania (TiO2), iron oxide (Fe2O3) and is not limited to silica (SiO2).

Chapter 4 describes the mathematical methods and computer assisted algorithms that
are used to optimize reaction mechanisms and calculate thermochemistry of Silicon-organic
species, such as group additivity method, regression analysis, and genetic algorithm-based
optimization technique.

Chapter 5, 6, and 7 provide the thermodynamics properties of Si-containing compounds
as well as providing the group additivity values (GAVs) for complete Si–C–H and Si–C–H–O
systems. These chapters provide the complete database needed for thermochemistry of
Si-containing compounds.

Chapter 8 presents the development and validation of a reaction mechanism for TMS-
doped flames. The kinetic model for combustion of TMS is developed based on the experi-
mental data and the resulting mechanism is validated for different load of TMS.

Chapter 9 provides a summary of the conclusions of this thesis and suggests areas for
future investigations.



Chapter 2

Gas-phase synthesis of Silica
nanoparticles

Gas-phase synthesis of silica nanoparticles with specific control of the size, morphology,
and particle size distribution and agglomeration index requires a deep understanding of the
underlying synthesis process and kinetics knowledge. Providing a certain amount of energy
to initiate the reactions is essential. Among the many material systems synthesized via
the gas-phase route, silica is of particular interest because of its technical and commercial
significance. The versatility of silica-based products and precursor materials drives interest
in process modeling.

This chapter focuses on an overview of the application and importance of silica/precursor
reaction kinetics. The subsequent chapter is then dedicated to the theoretical background of
combustion and chemical modeling.

2.1 Commercial significance of silica powders and thin sil-
ica layers

Silica is one of the most versatile gas-phase synthesized materials. The commodities cover:
nano-powders with a wide range of application, thin layers as an electrical or chemical
barrier, and glass of well-defined composition. There are several advantages of the gas-phase
synthesis of materials:

1. Well adjustable composition of the material. In the case of electronic or optical
materials, dopants can be added and mixed into the material at a level of homogeneity
not achievable by mixing in the liquid phase. [35].
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2. High-purity of nanoparticles is determined by the purity of the gaseous or liquid
precursors. [21].

3. Adjustable size properties, from nano-particles or layers of few molecules thickness
up to bulk materials

4. Continuous processes in contrast to the discontinuous batch reactors.

Silica (SiO2) is composed of the two most abundant elements in the earth’s crust. It is
used widely in industrial applications and it can be found in products which we use every day.
It exists mostly in the form of quartz as the second most common mineral in the earth’s crust.
Gas-phase synthesis of silica is achieved in a variety of techniques for different applications.
Silica nanoparticles are widely used as fillers in plastics, rubbers, and coatings as well as
ingredients in food, pesticides, and personal care products. Silica applications have also been
explored in the field of biotechnology for biosensing and drug delivery.

Fumed silica is formed in flame pyrolysis of silicon tetrachloride through the growth and
aggregation of SiO2 seed. It has a very low bulk density and a large surface area. It is used in
industrial applications as an adsorbent due to its high specific surface area that can create a
powder containing up to 95% water. Fumed silica is also used as a reinforcement filler to
enhance the mechanical properties of silicone rubbers. Fumed silica is used to control the
rheological properties of adhesives and sealants.

Hydrophilic and hydrophobic fumed silica powders are used as anti-settling agents to
enable dispersion and to stabilize pigments, filler materials during production and storage.
The hydrophilic fumed silica powders are also widely used in the food industries as food
additives. They are odorless and can be added to foods without affecting the taste and color.
Other applications of fumed silica are as an agent for anticaking, transparency, and heat
stabilization.

Silica thin-layers have gained considerable attention in the last decade because of their
various industrial applications including superhydrophilic self-cleaning surface glass, UV
protection films, anti-reflection coatings, ion barriers in flat panel displays such as liquid
crystal displays, and insulating materials [36, 37]. The biggest application of insulating silica
thin-layers is in the semiconductor industries [38–40].

2.2 Synthesis routes for silica powders and thin layers

Silica nanomaterials are produced in a variety of methods. The methods have advantages and
disadvantages in the control of shape and size as well as production scale and manufacturing
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costs. Two major process routes are used in the synthesis of silica from the gas-phase. Least
common, but established process, is the pyrolysis of oxygen-containing silicon compounds
in plasmas for the formation of thin layers. [41]. The vast majority of all silica synthesis
follows by combustion. [35].

Chemical vapor deposition (CVD) is a gas-phase process widely used materials-processing
technology. CVD is a versatile deposition technique since a wide range of reactants and
precursors can be used to deposit a given film. CVD reactors are categorized into hot-wall and
cold-wall. In hot-wall reactors, the surrounding walls are heated. In cold-wall reactors, only
the substrate holder is heated. The most common variation of CVD is a plasma-enhanced
chemical vapor deposition (PECVD) that has the advantage of operation at lower temperature
[42, 43, 41].

Silica nanoparticles are also produced through the high-temperature flame decomposition
of metal-organic precursors. This process is also referred to as chemical vapor condensation
(CVC) [44]. In a typical CVC process, silica nanoparticles are produced by reacting silicon
tetrachloride, (SiCl4) with hydrogen and oxygen [45].

The flame environment provides the source of energy to initiate the reaction and particle
nucleation. Combustion synthesis is widely used because of its efficiency, continuous process,
and scaled-up production [19]. There are many flame reactor configurations for feeding the
flame with precursors in vapor or mixed with liquid fuel [46, 47]. Flame reactors have a
variety of regimes like premixed, non-premixed, laminar, and turbulent. Mueller et al. [48]
investigated the scaling-up of nanoparticle synthesis by the versatile flame spray pyrolysis
(FSP) process. Wegner and Pratsinis [49] investigated the scaling-up of diffusion flame
aerosol reactors. A lot of effort has been made for the investigation of FSP reactors using
CFD simulations [50–52]. Stark and Pratsinis [53] investigated aerosol flame technology.
They gave a deeper understanding of the process of making more sophisticated products with
high functionality rather than pure silica and titania.

2.3 Various type of precursors

The properties of the product may depend on the properties of the precursor. Oxygen-
containing compounds form silica already at low temperatures, other compounds have
favorable combustion properties. Chlorine-free precursors are safer in their handling and
do not require closed process loops. Moreover, the kinetics of the precursor decomposition
and combustion determine such important design parameters as process energy consumption,
residence time, and the mass flow rate of necessary support gases, either inert or combustible.
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2.3.1 Inorganic silicon compounds

The dominant route of silica nanoparticle synthesis is in continuous flame hydrolysis of
silicon tetrachloride (SiCl4). In the flame environment, the hydrogen and oxygen react with
SiCl4. The formation of SiO2 can be described by hydrolysis of SiCl4. The overall reaction
is as follow:

SiCl4 (g) + 2 H2 (g) + O2 (g) → SiO2 (s) + 4 HCl (g).

This synthesis route is very successful in the industry for the production of fumed silica
due to cheap H2 along with the ability to sell hydrochloric acid (HCl). The fumed silica
manufactured by Evonik is produced by this technique. A hydrogen flame that contains
SiCl4 burns continuously in the reaction chamber producing the desired SiO2 and HCl.
The exhaust hot gas needs to be cooled down before collecting the solid silica. The solid
silica still contains HCl on the surface that needs to be removed by the deacidification
step. The manufacture of optical fibers can also be performed by the modified chemical
vapor deposition process involving SiCl4 oxidation in pipe flow [54]. A lot of efforts have
been made to investigate the silica synthesis with SiCl4 as a precursor for kinetics study,
diagnostics, and numerical modeling [55–59].

Silicon nanoparticles are used in a wide range of industrial applications such as biomedi-
cal, thermoelectric, and microelectronic applications. So et al. [60] synthesized the nanopow-
der from a gas-phase precursor of monosilane (SiH4) by a radio-frequency (RF) thermal
plasma. The RF thermal plasma provides a high-temperature and contamination-free envi-
ronment to produce pure silicon materials. Ultrafine powders with a mean particle diameter
(20–30) nm can be also synthesized from high purity SiH4 by laser-induced gas-phase
reactions. Tamir and Berger [61] observed the formation of circular Si grains during the
decomposition of SiH4 molecules from SiH4/Ar gas mixture under excimer laser irradia-
tion. Khokhlov et al. [62] used the technology of CVD synthesis of ultradispersed silicon
powders (nc-Si) in laser-induced SiH4 gas reactions. Kim et al. [63] synthesized silicon
(Si) nanoparticles by using pyrolysis at atmospheric and low pressure and investigated the
characteristics of the Si nanoparticles that are used in applications such as flash memory
and energy device fabrication. Plasma-enhanced chemical vapor deposition (PECVD) in
silane-hydrogen (SiH4/H2) mixtures are widely also used to synthesize silicon thin films
[64].
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2.3.2 Organic silicon compounds

In the last decade, the gas-phase production of silica by hexamethyldisiloxane (HMDSO),
tetraethoxysilane (TEOS), and tetramethylsilane (TMS) as halide-free and inexpensive
precursors has increased. Many experimental and numerical studies have been performed to
investigate the characterization of silica nanoparticles by using HMDSO, TEOS, and TMS as
precursors. In the following, some of the state-of-the-art contributions are shortly discussed.

Herzler et al. [30] carried out a single-pulse shock tube experiment to investigate the
decomposition of TEOS. They observed ethylene and ethanol as the major final products
and developed a kinetic model that quantitatively accounts for the observed products. The
experimental study to measure ignition delay times of TEOS and HMDSO mixtures diluted
with dry and humid synthetic air was performed by Abdali et al. [65, 66]. The ignition delay
times were also measured as a function of water vapor concentration in the initial gas mixture.
A kinetic model and an inception pathway for the flame synthesis of silica nanoparticles from
TEOS was created by Shekar et al. [31]. They developed the kinetic model by generating
reactions for species that were observed in high concentrations at equilibrium. In their model
Si(OH)4 was hypothesized to be the final product of TEOS decomposition.

Nurkowski et al. [33, 34] developed a detailed kinetic model for the thermal pyrolysis
of TEOS. The chemical mechanism was developed based on an analogy to an existing
mechanism for the decomposition and combustion of ethanol [67]. They also provided a
skeletal mechanism for a hydrogen–oxygen environment. Thermodynamic properties for
Si-containing species are calculated via the balanced reactions method and the developed
mechanism is validated against the experimental data.

HMDSO is one of the most commonly used materials in the plasma treating process,
primarily used for coating in industry. The thermochemistry and the kinetics of HMDSO are
still not well understood, despite the huge interest in HMDSO as a cheap and safe precursor
in the industry. HMDSO is liquid, with reasonable vapor pressure, not poisonous, and not
explosive. The experimental and numerical studies of HMDSO have been also challenging.
Chagger et al. [68] investigated the combustion of HDMSO in an opposed diffusion flame.
They proposed a preliminary reaction mechanism for the formation of SiO2. Feroughi et
al. [69] investigated the flame synthesis of silica in a HMDSO-doped premixed H2/O2 flat
flame. The comprehensive in situ and inline diagnostics techniques are used as well as the
CFD simulations based on a simple model for gas-phase reactions and particle formation and
growth. The only intermediate species that could be detected was the gas-phase silicon oxide
(SiO) via laser-induced fluorescence (LIF). In their experiments, a double peak behavior of
SiO mole-fraction was observed, similar to other silica precursors [70, 71]. Chrystie et al.
[72] studied the influence of the precursor on the gas-phase reactions before the formation of
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silica nanoparticles with a focus on SiO-based chemistry. They measured temperature fields
in the flame and quantitative SiO mole-fraction profiles [73, 72] along with the height above
the burner (HAB) via LIF-imaging using NO and SiO as target species. They also observed
an intermediate minimum in SiO concentration that occurs in the reaction zone (the double
peak behavior).

TMS is used as a precursor in the production of SiC films and particles by CVD re-
actors. It has the advantage to be a safe, non-explosive, and non-corrosive precursor [74].
Sela et al. [75] investigated the decomposition of tetramethylsilane (Si(CH3)4; TMS) and
tetramethoxysilane (TMOS) behind reflected shock waves and derived elementary kinetics
mechanisms [76]. The first attempt to analyze the high-temperature combustion chemistry
of TMS was undertaken by Reed [77]. TMS pyrolysis was previously studied, e.g. by
Baldwin et al. [78], Clifford et al. [79], and Taylor and Milazzo [80]. In all these studies,
a combination of a flow reactor with gas chromatography is applied to detect major stable
reaction products. Recently, Karakaya et al. [81] proposed a possible decomposition pathway
of TMS in a H2/O2/Ar flame and discussed the formation of stable monomers and the first
smaller silicon oxide clusters based on their experimental observations.



Chapter 3

Theoretical background of combustion
and chemical kinetics

Gas-phase synthesis of (nano-) materials involves chemical transformation and material
transport as inseparable physical processes. Modeling of the gas-phase synthesis requires
therefore a description of the flow and of the chemical reaction kinetics. The theoretical
framework involves continuum mechanics for description of the transport at the device or
reactor scale, kinetic gas theory at the scale of molecular collisions and quantum mechanics
in the description of intra-molecular processes. While the gas-phase synthesis process is
described at the reactor volume scale, the processes at next smaller scales are represented
via closure models. It is a big advantage of gas-phase processes, in particular at moderate
pressure, that the closure relations can be deduced from higher-level theories. The integral
effects of molecular collisions are described by the kinetic gas-theory, the mechanics and
thermodynamics of molecules are described by quantum-mechanics.

The focus of this chapter is to provide an overview of the theoretical framework used for
description of chemically reacting flows and the model simplifications necessary to conduct
the research reported in this thesis.

3.1 Modeling of laboratory experiment configurations

In the real world, production scale facilities are inappropriate as a source for detailed
understanding of the underlying physics and chemistry. Usually, the production process
exhibits a complex flow field with a wide residence time spectrum and is inaccessible to
detailed measurements of the local thermochemical state. In the reaction kinetics research,
a set of standard experiments exists, which were designed to provide a good accessibility
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and additionally provide either a steady, laminar, nearly one-dimensional flow field, or to
provide a perfectly mixed state where all transport phenomena could be neglected. Such
simplified setups are described by sets of ordinary differential equations derived from the
general conservation laws [82]. The measured data from such experiments, act then as
support points for development and validation of models. The modeling of one-dimensional
laminar flames and zero-dimensional reactors are described in the following sections.

3.1.1 Constant-pressure homogeneous reactor

The batch reactor, the plug-flow reactor, and the perfectly stirred reactor are popular laboratory
reactors for the investigation of chemical kinetics. Shock tube experiments are widely used to
measure ignition delay time and species compositions over time. In the homogeneous reactor
model the convective changes are neglected and only local changes are considered. This
simplification enables the investigation of complex chemical kinetics models and reduces
the computational time. The thermal energy equation for a constant-pressure homogeneous
reactor simplifies as:

ρcp
dT
dt

=−
Ns

∑
k=1

hkω̇kMk +
ĥA
V

(T∞ −T ) (3.1)

In the above equation, ĥ is the heat transfer coefficient, ω̇k denotes the volumetric molar
production (destruction) rate of species k determined by chemical kinetics, hk is the enthalpy
of species k, Mk is molecular weight of species k, A is the surface area, T∞ is the known
environmental temperature.

3.1.2 One-dimensional laminar flames

Burner-stabilized laminar premixed flames are primarily used to study the chemical kinetics
of combustion specially for the nanoparticle synthesis in flames. Modeling of premixed
laminar flames facilitates the interpretation of experimental data and the influence of flow-
field properties on the product nanoparticles. The properties of the combustion flow-field
such as equivalence ratio can affect the properties of the product particles in the synthesis
flames [20, 19]. The formation of stable and fully oxidized nanoparticles is normally obtained
in flames burning under fuel-lean condition [20].

The properties of nanoparticles depend strongly on the temperature of the flame, the
decomposition of the precursor, and the particle formation [83]. The pressure of a laminar
flame is also playing an important role in the characteristics of the synthesized nanoparticles.
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The synthesis of nanoparticles in flames is normally done with low-pressure flames which
have several advantages over the atmospheric flames. For example, precursors decompose
at lower temperatures, and particle residence times are shorter, which leads to significant
reduction in collision of “hot” particles, and hence inhibiting agglomeration [84]. The
differences between low pressure and atmospheric pressure synthesis of nanoparticles in flat
flames are discussed by Glumac et al. [85]. The flat flames are also an excellent configuration
for applying diagnostic techniques. Flat flames give an opportunity to adjust the equivalence
ratio of the flames and the pressure to narrow or widen the flame zone [86].

A flame is called stoichiometric when the fuel and oxidizer consume each other com-
pletely to form the final products in a global reaction. If there is an excess of oxidizer, it
is called lean flame. The mathematical description for gas-phase chemically reacting flow
consists of a set of partial differential equations, namely the conservation equations that
describe the temporal and spatial variation of all the properties that describe the state of the
system (e.g., species mass fractions, specific enthalpy, pressure and velocity field). Modeling
of flames has to consider that the governing processes (i.e., flow, molecular transport, and
chemical reaction) occur at time scales that differ by orders of magnitude. Therefore, many
simplifications are applied on the general conservation equations to facilitate the interpre-
tation and validation of kinetics for combustion of precursors in the gas-phase synthesis of
nanoparticles. The governing equations are simplified for one-dimensional steady flow as
follow:

Mass conservation equation:

∂ρ

∂ t
+

∂ρu
∂ z

= 0 (3.2)

Momentum conservation equation:

ρ
∂u
∂ t

+ρu
∂u
∂ z

=−∂ p
∂ z

+
∂

∂ z

(
µ

∂u
∂ z

)
(3.3)

Species conservation equation:

ρ
∂Yk

∂ t
+ρu

∂Yk

∂ z
=−

∂ jk,z
∂ z

+ ω̇kMk (3.4)

Thermal energy equation:

ρCp
∂T
∂ t

+ρuCp
∂T
∂ z

=
∂

∂ z

(
λ

∂T
∂ z

)
−

Ns

∑
k=1

Cpk jk,z
∂T
∂ z

−
Ns

∑
k=1

hkω̇kMk (3.5)
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In the above equations, ρ is the fluid density, p is the pressure, λ is the thermal conductivity,
hk is the enthalpy of species k, jk,z is the diffusive mass-flux of species k, Yk is the mass-
fraction of species k, ω̇k denotes the volumetric molar production (destruction) rate of species
k determined by chemical kinetics, Mk is the molecular weight of species k, Ns is the number
of species in the mixture, µ is the dynamic viscosity of the fluid.

Boundary conditions

In a burner-stabilized flame, the mass flux ṁ′′ [kg m−2s−1] and inlet temperature are known.
In a freely propagating flame, the flame speed is calculated at a specified pressure and inlet
temperature. The governing equations for both the burner-stabilized and freely propagating
flames are the same, but the boundary conditions are different. The species mass fractions
are not suitable to be specified as boundary conditions, due to the diffusion of species on the
flame side of the burner to the burner surface. Therefore, the balance of the species fluxes at
the burner surface can be written as:

ṁ′′
εk = ṁ′′ Yk +ρ Yk Vk, (3.6)

where the mass fractions Yk, diffusion velocities Vk, and mass density ρ are computed as part
of the solution. Alternatively, the boundary condition can be stated as:

εk = Yk +
jk,z
ṁ′′ , (3.7)

where the values of εk are specified. For the adiabatic freely-propagating flame, ṁ′′ is an
eigenvalue that is determined as part of the solution. Therefore, an additional constraint is
needed. The temperature is specified at some specific mesh point and at these points the
energy equation (3.5) must be satisfied and the temperature must be equal to the specified
temperature. At the burner surface and at the hot boundary, all gradient must be zero to
prevent diffusive losses of species or energy from the system. Once the mass-flux ṁ′′ is
determined, the laminar burning velocity is calculated from SL = ṁ′′/ρ .

3.2 Transport properties

Transport data are needed to account for heat and mass transfer during the simulation of
one-dimensional flames. These quantities are diffusivity, viscosity, and thermal conductivity
of the species. There are mainly two approaches to describing the transport properties of the
mixture, depending on the application, namely the mixture-averaged and the multicomponent
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approach. The multicomponent formulation is more accurate in comparison to the mixture-
averaged approach, but it is computationally very expensive. A detailed description of the
transport properties is given by Bird [87] and Hirschfelder et al. [88].

Viscosity

Reacting flows are always dealing with mixtures of fluids. Thus, the mixture viscosity is
evaluated from the individual species properties. Pure species viscosities are given by the
standard kinetic theory expression:

µk =
5

16

√
πmkkBT

πσ2
k Ω

(2,2)∗
kk

, (3.8)

where σk is the collision diameter for the "k− k" interaction potential, mk is the molecular
mass of species k, kB is the Boltzmann constant, T is the temperature, and Ω

(2,2)∗
kk is the

collision integral which depends on the reduced temperature T ∗
k and the reduced dipole

moment, expressed as:

T ∗
k =

kBT
εk

, δ
∗
k =

1
2

µ2
k

εkσ3
k
, (3.9)

where εk is the Lennard-Jones potential well-depth and δk is the dipole moment.
The mixture viscosity is formulated by Wilke [89] as follow:

µmix =
Ns

∑
k=1

Xkµk

∑
Ns
j=1 X jφk j

, (3.10)

where

φk j =
1√
8

(
1+

Mk

M j

)− 1
2
[

1+
(

µk

µ j

) 1
2
(

M j

Mk

) 1
4
]2

. (3.11)

In the above equations, Xk is mole fraction and Mk is the molecular weight of the species k.
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Thermal conductivity

The thermal conductivity of a mixture must be derived in terms of the individual species
conductivity. It can be calculated by the expression proposed by Marthur and Saxena [90]:

λmix =
1
2

(
Ns

∑
k=1

Xkλk +
1

∑
Ns
k=1 Xk/λk

)
, (3.12)

where λk is individual species conductivity. The λk are computed based on the translational,
rotational, and vibrational contributions as given by Warnatz [91].

λk =
ηk

Mk
( ftrans. Cv,trans.+ frot. Cv,rot.+ fvib. Cv,vib.), (3.13)

where ηk is the pure species viscosity of the kth species. In the Eq. 3.13, the f are the
following functions:

ftrans. =
5
2

(
1− 2

π

Cv,rot.

Cv,trans.

A
B

)
, frot. =

ρDkk

ηk

(
1+

2
π

A
B

)
, fvib. =

ρDkk

ηk
. (3.14)

In the Eq. 3.14, Dkk is the "self-diffusion" coefficient defined by kinetic gas theory [88]. The
A and B are defined as:

A =
5
2
− ρDkk

ηk
, B = Zrot.+

2
π

(
5
3

Cv,rot.

R
+

ρDkk

ηk

)
. (3.15)

The molar heat capacity Cv relationships are different depending on the structure of the
molecule. If the molecule is linear:

Cv,trans. =
3
2

R, Cv,rot. = R, Cv,vib. =Cv −
5
2

R. (3.16)

If the molecule is not linear:

Cv,trans. =
3
2

R, Cv,rot. =
3
2

R, Cv,vib. =Cv −3R. (3.17)

Mass diffusion

The species diffusive mass-flux vector is defined as

jα = ρYαVα . (3.18)
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The diffusive mass-flux term can be estimated using equal diffusivities for all species,
multi-component or mixture-averaged approaches. The Vk denotes the diffusion velocity
vector of species k, which in the multi-component method includes Stefan-Maxwell dif-
fusion, diffusion due to a pressure gradient, diffusion due to a body force, and the Soret
effect. The exact evaluation of Vk requires the solution of a linear system of size N2

s at
every computational point which is very complicated. The simplifying assumption is to
consider equal diffusivities for each species that shows unity Lewis number properties. This
assumption fails to include the differential diffusion fluxes that are particularly important for
light species. A common method to include the differential fluxes in an affordable manner is
the mixture-average diffusivity assumption, which employs individual mass diffusivity for
each species that depends on the temperature and the thermal differential diffusion. Thus, the
diffusion velocity vector of species k can be evaluated by Fick’s formulation:

Vk =− 1
Xk

D′
km∇Xk. (3.19)

The "mixture-averaged" diffusion coefficient D′
km is calculated from the binary diffusion

coefficients Di j as:

D′
km =

1−Yk

∑ j ̸=k X j/Dk j
. (3.20)

The mass diffusion coefficient is drived from the kinetic theory of gases. The binary diffusion
coefficient mentioned in Eq. (3.20) is described by the Chapman-Enskog theory:

Di j =
3

16

√
2πk3

BT 3/mi j

pπσ2
i jΩ

(1,1)∗
i j

, (3.21)

where kB is the Boltzmann constant, mi j is the reduced molecular mass, σi j is the reduced
collision diameter, and Ω

(1,1)∗
i j is the collision integral. The mi j and σi j can be evaluated as:

mi j =
mim j

mi +m j
, σi, j =

σiσ j

2
. (3.22)
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Lennard-Jones potential

The Lennard-Jones potential is often used as the intermolecular potential function to estimate
transport properties between molecules i and j as a function of distance [82]:

ui j(ri j) = 4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]
, (3.23)

where εi j governs the strength of the interaction, σi j defines a net collision diameter. The ri j

is the distance between the centers of mass of molecules i and j. The term proportional to
r−12

i j dominating at short distances, models the repulsion. The attractive term proportional to
r−6

i j dominates at large distances.
The most reliable method for obtaining the Lennard-Jones parameters is to experimen-

tally measure the viscosities as a function of temperature for the pure species and fit the
experimental data using Eq. (3.8) using ε and σ as adjustable parameters. If experimental
transport property data are not available, empirical relationships among physical properties
can be used.

The well-depth ε is the maximum energy of attraction between a pair of molecules and
the collision diameter σ is the distance at which the intermolecular potential between the
two molecules is zero. The Lennard-Jones parameters for many silicon-organic compounds
are not available. The volume-increments Vi for Si, H, CH3, OH, CH2, and O are 29.7, 2.8,
19.6, 9.7, 16.5, and 6.0 A3, respectively [92, 93]. The Lennard-Jones potential parameters
are estimated for the Si-containing species using the following equations:

ε[K] = 1.2T b (3.24)

σ [Å] = 1.45

(
n

∑
i=1

Vi

)1/3

(3.25)

In Eq. (3.24), Tb is the boiling point of the corresponding species.

3.3 Modeling of chemical kinetics

Chemical processes can be modeled by detailed kinetic reaction mechanisms which consist
of several hundreds or even thousands of reaction steps. Detailed reaction mechanisms are
developed for deeper understanding of chemical processes in many fields of science such
as combustion, atmospheric chemistry, and process engineering [94]. They describe the
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chemical kinetics and the thermodynamics of a chemical process. Chemical kinetics is about
how fast chemical reactions proceed and thermodynamics on the other hand is about how
stable is one state versus another. In the following section, a brief introduction to the basics
of chemical kinetics is given.

3.3.1 Reaction stoichiometry

The stoichiometry of a reaction equation defines the molar ratio between reactants and
products. Often, reaction equations describe global chemical processes. Equation (3.26)
shows, for example, the global reaction equation for the complete combustion of methane:

CH4 + 2 O2 → CO2 + 2 H2O (3.26)

Such a global reaction is often based on a complex reaction mechanism consisting of a
multitude of elementary reactions. An elementary reaction in turn is a single step reaction.

The global reaction equation for methane combustion can be written similarly to a
mathematical expression as follow:

1 CO2 + 2 H2O − 1 CH4 − 2 O2 = 0 . (3.27)

In equation (3.27), the chemical species can be denoted by the vector X indexed by k. And
the multiplication factors, i.e., the stoichiometric coefficients, by vector v. In this case,
X1 = ”CO2”, X2 = ”H2O”, X3 = ”CH4”, X4 = ”O2”, and v1 = 1, v2 = 2, v3 = −1, and
v4 =−2. The eq. (3.27) as any other reaction equation can be written as follow:

Ns

∑
k=1

vk Xk = 0, (3.28)

where Ns is the total number of species involved in the reaction.

3.3.2 Mass-action kinetics

The rate of reaction can be observed by watching the consumption of a reactant or the
formation of a product over time. The rate expression for a general reaction presented in Eq.
(3.28) is

−d[Xk]

dt
= k

Ns

∏
k=1

[Xk]
vk , (3.29)
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where the factor k is the rate constant and [Xk] represents the concentration of species Xk. In a
detailed kinetic reaction mechanism, the set of elementary reactions containing Nr reactions
with Ns species can be described as:

Ns

∑
k=1

v′k,i Xk =
Ns

∑
k=1

v′′k,i Xk (i = 1, ...,Nr), (3.30)

where v′k,i and v′′k,i refer to stoichiometric coefficient of species k in the forward and reverse
direction of reaction i, respectively. The rate of progress qi of reaction i is calculated from
forward and reverse reaction rate:

qi = kf,i

Ns

∏
k=1

[Xk]
v′k − kr,i

Ns

∏
k=1

[Xk]
v′′k , (3.31)

where the k f ,i and kr,i are the forward and the reverse rate constants for the reaction i,
respectively. The qi in Eq. (3.31) can be positive or negative, depending on which direction
of the reaction is proceeding faster. The net production or consumption of species k is

ω̇ =
Nr

∑
i=1

vk,i qi, (3.32)

where vk,i is the net stoichiometric coefficient for species k in the reaction i (vk,i = v′′k,i − v′k,i).

Third-body reactions

Often, radical recombinations require a collision partner, M. When radicals recombine, a
highly energized complex is formed. During a recombination involving a collision partner M,
energy is transferred from the energized complex to M such that the recombination can lead to
the formation of a product. The product of such a reaction is a highly energized intermediate
that has to lose the excess energy in another collision with any other molecules present in the
system. It should be noted that certain species have enhanced collisional efficiencies which
affect the rate of reaction more than other collosional partners. Therefore, the collisional
efficiency αk,i is introduced. When calculating the rate-of-progress for reaction i in which a
third body is needed, the concentration of the effective third body must be considered:

qi =

(
Ns

∑
k=1

αk,i [Xk]

)(
kf,i

Ns

∏
k=1

[Xk]
v′k − kr,i

Ns

∏
k=1

[Xk]
v′′k

)
. (3.33)



3.3 Modeling of chemical kinetics | 21

If all the molecules present in the system contribute equally as third bodies, then αk,i = 1 for
all k, and the total concentration of the mixture is

[M] =
Ns

∑
k=1

[Xk]. (3.34)

Temperature dependence of rate constants

The reaction rate often has a strong temperature dependence. The reaction rate coefficients
can be described by a three parameter Arrhenius equation [95]:

kf,i(T ) = AT β e−Ea/RT , (3.35)

where the A, β , Ea, and R are pre-exponential factor, temperature exponent, activation energy,
and universal gas constant of the reaction i, respectively.

Pressure dependence of rate constants

Under certain conditions, the rate constants of some reactions are also pressure dependent at
a given temperature. If a single species undergoes chemical transformation turning to the
final products, the corresponding reaction is called unimolecular reaction. For example, the
decomposition of H2O2 plays a very important role in the combustion of hydrogen, syngas,
and small hydrocarbons. For this reaction, as well as for many other unimolecular reactions,
it was observed that at a given temperature the reaction order depends on the pressure. At
lower pressures, such a reaction can behave like a second-order reaction, whereas at high
pressures, the reaction rate behaves like a first-order reaction. The first attempt to describe
this behavior was developed by Lindemann in 1922 [96]. The intermediate pressures in which
the decomposition kinetics shifts from first-order to second-order is called "fall-off region".
The Arrhenius rate parameters are required for both the high- and low-pressure limiting case,
and the Lindemann formulation [97, 98] relate them to produce a pressure-dependent rate
expression. The low-pressure rate constants is given as:

k0 = A0 T β

0 e−E0/RT , (3.36)

and the high-pressure rate constants are expressed as:

k∞ = A∞ T β
∞ e−E∞/RT . (3.37)
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The first-order rate coefficient at any pressure can be calculated by the expression:

k = k∞

(
Pr

1+Pr

)
F. (3.38)

In the Eq. (3.38), F is equal to 1 for the Lindemann theory and the Pr is called reduced
pressure and expressed by:

Pr =
k0 [M]

k∞

, (3.39)

where [M] is the concentration of the mixture and can be calculated by Eq. (3.34) if all the
molecules present in the system contribute equally as third bodies. The Lindemann approach
can be improved by introducing more complex expression for F proposed by Gilbert et al
[99]. The Troe formulation of F is expressed as:

log F =

[
1+
(

log Pr + c
n−d (log Pr + c)

)2
]−1

log Fcent, (3.40)

where the c, n, and d are constants [100, 101] and expressed as:

c =−0.4−0.67 log Fcent, n = 0.75−1.27 log Fcent, d = 0.14, (3.41)

and

Fcent = (1−A) exp
(
−T
T3

)
+A exp

(
−T
T1

)
+ exp

(
−T2

T

)
. (3.42)

The four extra parameters in Eq. (3.42), A, T3, T1, and T2 must be defined in order to represent
the fall-off curve with Troe parameterisation.

The Lindemann theory is the simplest theory of unimolecular reaction rates [102]. The
Lindemann theory proposes a second-order bimolecular reaction of C with M, which is the
collisional partner and represents any chemical species in the gas:

C+M
ke−⇀↽−
ks

C∗+M, (3.43)

C∗ kd−→ A+B. (3.44)

Applying the steady-state approximation to the concentration of C∗ gives:

[C∗] =
ke[C][M]

ks[M]+ kd
, (3.45)
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and the rate of products A and B is

d[A]
dt

=
d[B]
dt

=
kdke[A][M]

ks[M]+ kd
. (3.46)

Therefore, the Lindemann expression for the unimolecular rate constant is:

kuni =
kdke[M]

ks[M]+ kd
. (3.47)

Reversible reaction steps

Theoretically, all elementary reactions are reversible, which means the final products can react
with each other and form the reactants. In detailed kinetics reaction mechanisms, a reaction
step is considered as reversible reaction if the reaction step is denoted by the two-way arrow
or equal symbols within the reaction step expression or the reversible reaction is represented
in a pair of irreversible reaction steps. Writing a reversible reaction as a pair of irreversible
reaction in detailed kinetic reaction mechanisms is a way to decouple the calculation of
reverse rate from the thermodynamics properties to reduce the impact of uncertainty of
thermodynamic data. The reverse rate constant kr,i is also strongly dependent on temperature
and can be written in Arrhenius equation form. By having reliable thermodynamics properties,
the reverse rate constants can be determined from forward reaction coefficient and equilibrium
constant.

Chemical equilibrium is a state in which the rate of the forward reaction equals the rate of
the backward reaction. In other words, there is no net change in concentrations of reactants
and products. When the reaction i is in chemical equilibrium, Eq. 3.31 can be written as:

kf,i

Ns

∏
k=1

[Xk]
v′k = kr,i

Ns

∏
k=1

[Xk]
v′′k , (3.48)

kf,i

kr,i
=

∏
Ns
k=1[Xk]

v′′k

∏
Ns
k=1[Xk]

v′k
,

kf,i

kr,i
=

Ns

∏
k=1

[Xk]
v′′k
e , (3.49)

kf,i

kr,i
= Kc,i, kr,i =

kf,i

kc,i
(3.50)

where subscript e denotes the concentrations values at equilibrium and Kc,i is the equilibrium
constant for reaction i in concentration units. The Kc,i can be calculated from Kp,i, which is
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the equilibrium constant in pressure units:

Kc,i = Kp,i

(
p◦

RT

)vi

, (3.51)

where vi is the net change in the number of gas-phase species in the reaction:

vi =
Ns

∑
k=1

(v′′k,i − v′k,i). (3.52)

The Kp,i is not pressure dependent and it only depends on properties at the standard pressure
p = p◦. The Kp,i can be expressed from the reaction thermochemistry:

Kp,i = exp
(

∆S◦r,i
R

−
∆H◦

r,i

RT

)
, (3.53)

where ∆S◦r,i and ∆H◦
r,i are the net change in entropy and enthalpy of the reaction i, respectively.

3.4 Mechanism development

The creation of a chemical kinetic model involves the definition of stoichiometries for
each reaction and provision of thermodynamic data for the species in the mechanism. The
thermodynamic data are needed for estimation of heat release of the reactions and the
reverse rate constants by knowing the forward rate constant. Kinetic and transport data are
also needed. It is also worth to mention that reaction mechanisms often undergo updates
and revisions over time when new experimental data for the validation of mechanisms are
available or more accurate thermodynamic data are required or simply new reaction steps
and intermediate species are identified. Developing a reaction mechanism for a practical
process is complicated, since the chemistry may involve hundreds of species and thousands
of reactions. Therefore, it is preferred to start with an existing model to extend or optimize
the model. Unfortunately, in the case of TMS combustion, there is no reaction mechanism
available and only few reaction pathways based on experimental observations are suggested
and few thermodynamic data are calculated. This makes the development of the reaction
mechanism for the TMS combustion a tedious task. There are two approaches for reaction
mechanism development: manual generation of mechanisms and automatic mechanism
generation. The manual generation of mechanisms, which is the case for TMS combustion
discussed in chapter 5 of this work, begins with the selection of important species based on
experimental observations. The intermediate species which are necessary in order to predict
the production rates of the key products also need to be considered. The types of reactions
that can occur between these species need to be specified.
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Figure 3.1 shows the schematics of the mechanism development procedure, which shows
the importance of both experimental and theoretical methods. It also emphasizes that
the mechanisms continuously need to be updated by new measurements and theoretical
calculations.

Chemical kinetic
information

Detailed chemical
kinetics mechanism

Thermochemical
information

Semi-empirical
methods

Quantum chemistry Direct
measurementsMeasured values

Semi-empirical
methods

Transition-state
theory

Transport model

Computational simulation of
macroscopic behavior

Computational simulation of
macroscopic behavior

Compare model predictions
with experimental data

Sensitivity and reaction-path
analysis

Establish rank order
of reactions

Rigorous experimental
studies

Rigorous theoretical
analysis

Transport
parameters

Experimental
data

Fig. 3.1 Schematics of reaction mechanism development. The figure is based on that from
Senkan (1992) [2] and is reproduced with permission from Elsevier.
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3.4.1 Finite rate chemistry

In chemically reacting flows, the mixing of reactants is a very important phenomenon which
can affect the overall reaction rate. If the mixing is slow in comparison to chemical reaction,
the system is diffusion or mixing controlled, and if the mixing is faster than the reactions,
the system is kinetically controlled. Finite rate chemistry implies a kinetically controlled
process, which can be described at different levels of complexity. The description of the
chemistry in reacting flows can be simplified to a one-step global reaction only, or it can be
described by a detailed reaction mechanism involving hundreds of species. In the following,
a short description of finite rate chemistry models is given.

Global reactions

The use of one or several global reactions is the simplest way to describe finite rate chemistry.
The global reactions are widely used in industrial CFD simulations. On the other hand, there
are some disadvantages that the global reaction mechanisms are constrained within a narrow
region of operating conditions and the investigation of intermediates during the combustion
process is not possible.

Detailed reaction mechanisms

In contrast to the global reaction mechanisms, the detailed reaction mechanisms are the most
complex chemical models. The detailed reaction mechanisms normally contain hundreds or
even thousands of species. Theoretically, there is no limitation for the detailed mechanisms in
terms of number of species and reactions. The comprehensiveness of a detailed mechanism
is recognized by prediction of all possible combustion phenomena over all observed ranges
of conditions [103]. Although the experimental data are considered for the development
of detailed mechanisms, the main purpose of a detailed mechanism is to provide insight
into chemical processes in which experiments are not available or difficult or expensive to
be performed. One of the major advantages of detailed mechanisms is their application
as a reference to interpret experimental results and their help to provide ideas for further
experiments.

Skeletal reaction mechanisms

Increases in both chemical kinetics knowledge and the computational resources led to very
large detailed reaction mechanisms. Fig. 3.2 shows the size of some detailed mechanisms
for hydrocarbon fuels over the last two decades [3]. It shows how the size of mechanisms
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tends to grow with time. The 2D or 3D CFD simulations with a detailed mechanism is
computationally expensive. Therefore, it is necessary to reduce the size of a detailed reaction
mechanism in a way to predict the key target accurately. There are a variety of methods
[104–107] to reduce the size of the detailed mechanism by removing unimportant species
and reactions which lead to a so-called "skeletal reaction mechanism". During the reduction
of species or reactions, the accuracy of a skeletal mechanism may decrease. In another word,
the skeletal mechanism is the result of a trade-off between complexity and accuracy.

Fig. 3.2 Size of selected detailed and skeletal mechanisms for hydrocarbon fuels. The figure
is based on that from Lu and Law [3] and is reprinted with permission from Elsevier.

3.4.2 Sources of data

In order to develop a chemical reaction mechanism, it is necessary to provide thermodynamic
and transport data as well as the reaction kinetics parameters for species and reactions,
respectively. The thermochemistry of a large number of species is available as 7- or 9-
coefficients NASA polynomials or as tabulated values. There are well-known databases
[108–111] available in the literature, which makes access to the thermodynamic data easy.
There are also a number of software packages which calculate thermodynamic properties
automatically [112–114]. In addition, there are online chemical kinetic databases such as
by NIST [109] which provide the elementary reaction steps and corresponding reaction rate
parameters. Compilations of skeletal and detailed reaction mechanisms are also useful, which
are available online by many research groups such as Respecth [115], Creck modeling group
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[116], and Combustion Chemistry Center [117]. It should be noted that the thermochemistry
of Si-containing species is very limited in the above-mentioned databases.

3.5 Reaction rate theories

Chemical kinetics is about how fast a chemical species is formed or consumed during a
chemical reaction. The law of mass action describes the chemical kinetics of reactions in the
gas phase. The rates are dependent on the concentrations of the chemical species involved
in the reaction. The reaction rate constant can be determined by experiments such as shock
tube experiments [75, 118]. So far, rate constants, which appear in the rate laws of chemical
reactions, are regarded as empirical quantities, which have to be determined experimentally.
On the other hand, rate constants can be predicted using theoretical models, which consider
the relation between microscopic (individual molecules) properties and macroscopic rate
quantities (rate constants, product branching ratios). The collisional theory is the most basic
model that attempts to understand individual elementary reactions at the molecular level.

3.5.1 Collision theory and reaction rate limit

Collision theory is the simplest model to describe the reaction rate of an elementary bimolecu-
lar reaction A + B → P [119, 120]. For a reaction to take place, two molecules A and B need
to collide. However, not every collision leads to a reaction. The collision must have enough
energy to overcome the activation barrier and the molecules must have the correct orientation.
Every reaction rate theory must take the energy requirement into account. Therefore, there
are three factors which influence the successful reactive collision [121, 82]. First of all, the
collision rate between two potential reactants, which means the number of collisions per
second. The collision rate (frequency) itself depends on three factors which are: the number
of reactant molecules per unit volume, the size of the two collision partners, and the relative
velocity of the collision partners. The collision frequency between molecules A and B can be
described as:

ZAB =
NA

V
NB

V
πσ

2
ABvrel, (3.54)

where NA and NB are the numbers of molecules A and B. The number density of A and B
are NA/V and NB/V , respectively. The σAB is the collision diameter. The collision cross-
section can be thought of as the target area that one collision partner presents to the second.
The simplest collision cross-section can be determined by assuming molecules A and B
as hard spheres. In Eq. (3.54), the relative velocity distributions is obtained from the
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Maxwell-Boltzmann distribution:

vrel =

√
8kBT
πmAB

, (3.55)

where mAB is the reduced mass and is given by:

mAB =
mAmB

mA +mB
. (3.56)

For a successful collision, the reactants must collide with enough kinetic energy to break the
original bonds and form new bonds to form the product. The energy barrier is also called
activation energy (see Fig. 3.3). The fraction of collisions with enough energy to overcome
the activation energy, Ea is given by:

f = exp(
−Ea

RT
). (3.57)

The third factor is the steric factor, P which is introduced to account for the disagreement
between measured rate constants and those calculated by collision theory. The steric factor
represents the efficiency of the collision and ranges from 0 to 1.

Considering all the factors mentioned above, the temperature dependent rate constant of
the gas-phase reaction is expressed as:

k(T ) = P
NA

V
NB

V
πσ

2
AB

√
8kBT
πmAB︸ ︷︷ ︸

A

exp(
−Ea

RT
). (3.58)

In a successful collision, the upper limit of collision rate of bimolecular reaction, may be
given by:

kcoll = P
NA

V
NB

V
πσ

2
AB

√
8kBT
πmAB

Na, (3.59)

where Na is the Avogadro number. The Eq. (3.58) has the Arrhenius form and the terms
before the exponential term are the pre-exponential factor A, of the Arrhenius equation. The
pre-exponential factor can be therefore interpreted as the frequency of collisions, in which
the reactants have a suitable orientation for a reactive collision. A more advanced kinetic
theory was developed by Eyring and Polanyi [122] and is designated as transition state theory,
which will be explained in the following section.
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Fig. 3.3 Schematic of a reaction potential energy for an endothermic reaction.

3.5.2 Transition state theory

Transition-state theory is one of the earliest attempts to formulate the chemical reaction rates
from first principles [123–125]. Transition-state theory assumes that the reactants are in
equilibrium with an activated complex C‡, which is an intermediate during the bimolecular
reaction A + B ⇔ C‡ → D + E. There is an energy barrier called activation energy, which is a
certain amount of energy required for the reaction to occur. The transition state, C‡, is formed
at maximum energy (See Fig. 3.3). For the sake of simplicity, there is no reverse reaction D
+ E → C‡. The activated complex C‡ is also assumed as a distinct chemical species, which
decomposes rapidly. The equilibrium constant in concentration units is expressed as:

K‡
c =

[C‡]

[A][B]
. (3.60)

The rate of reaction is equal to the number of activated complex decomposing to form the
product:

rate = v[C‡] = v[A][B]K‡
c . (3.61)

The Eq. 3.61 can be written as:

rate = k[A][B] = v[A][B]K‡
c , k = vK‡

c , (3.62)

where k is the rate constant, K‡
c is the equilibrium constant, and the v = kBT

h is the frequency
of vibration. The kB is the Boltzmann’s constant and h is the Planck’s constant. The Eq.
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(3.62) can be written as:

k =
kBT

h
K‡

c (M
1−m), (3.63)

where M1−m makes the units equal; with M the molarity and m the molecularity of the
reaction. The equilibrium constant K‡

c can be calculated by absolute, fundamental properties
such as bond length, atomic mass, and vibration frequency.

Similar to Eq. (3.51), the equilibrium constant in pressure unit can be written as:

K‡
p = K‡

c

(
p◦

RT

)−v‡

, (3.64)

where v‡ is the net change in the number of gas-phase species (v‡ = 0 and v‡ = −1 for
unimolecular and bimolecular reactions, respectively). The Eq. (3.64) can be reformulated in
terms of the partition functions of each species,

K‡
p =

(
q‡/A

)
(qA/A )(qB/A )

e−E0/RT , (3.65)

where q‡ is the partition function for the activated complex and the qA and qB are the
partition functions of reactants and the A is Avogadro’s number. The partition function
is dimensionless and is used to evaluate how the populations of various energy states are
partitioned among all possible values. The partition function is equal to the sum of the
number of quantum states in the specific energy level multiplied by the Boltzmann population
factor of that level [126]. The E0 is the internal energy which for an ideal gas is equal to H0.
By replacing K‡

p in Eq. (3.64) with Eq. (3.65), and solving for C‡ based on Eq. (3.60), one
can obtain:

[C‡] =

(
q‡/A

)
(qA/A )(qB/A )

e−E0/RT
(

p◦

RT

)v‡

[A][B]. (3.66)

The production rate of products is assumed to equal the decompsition rate of C‡ times a
concentration of C‡. The rate constant of an activated complex is:

krxn = vRC

(
q‡/A

)
(qA/A )(qB/A )

e−E0/RT
(

p◦

RT

)v‡

, (3.67)

where vRC is the decomposition rate of C‡. By replacing q‡ with q‡
kBT
hvRC

, where q‡ is the
partition function for all degrees of freedom of a activated complex except the reaction
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coordinate, krxn can be written as:

krxn =
kBT

h
(q‡/A )

(qA/A )(qB/A )
e−E0/RT

(
p◦

RT

)v‡

. (3.68)

Further simplification leads to the well known transition state theory rate constant:

krxn =
kBT

h
q‡

q̄Aq̄B
e−E0/RT A , (3.69)

where the q̄’s are the partition functions per unit volume. The Avogadro number gives the
rate constant in molar units. The h is the Planck constant. This equation relates reaction
rate constants with molecular properties, which are included in the partition functions
(translational, rotational and vibrational partition functions). If the molecular properties from
spectroscopic data or quantum chemical calculations are available, the rate constants can be
predicted by transition state theory.

3.5.3 QRRK and RRKM theories

The Lindemann theory, discussed earlier in this chapter, has two shortcomings [127, 82],
which are as follows:

• The bimolecular step takes no account of the energy dependence of activation, and the
Lindemann theory underestimates the excitation rate constant ke.

• The unimolecular step fails to take into account that an unimolecular reaction specifi-
cally involves one particular form of molecular motion.

To compensate the first shortcoming, Hinshelwood [128] showed that the ke can be much
larger than predicted using simple collision theory when the energy transfer into the internal
degrees of freedom is taken into account.

The second shortcoming of the Lindemann theory can be corrected by RRK theories,
which were developed by Rice, Ramsperger, and Kassel [129–131] for further improvement
of unimolecular reaction theory. Kassel [132] extended the RRK theory to account for
quantum effects which is known is QRRK theory and later Marcus [133] further generalized
the unimolecular reactions theory by taking the transition state theory [123] into account,
which is known as RRKM theory. The QRRK theory assumes that a sufficient amount of
a molecule internal vibrational energy must be localized in a given vibrational mode for
an unimolecular reaction to occur. A new step is added to the Lindemann mechanism in
which the excited molecule C∗ forms an activated complex C‡ before a reaction happens. The
model assumes that the reaction rate coefficient for the excitation step is not constant. The
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rate constants for formation of C∗ and C‡ depends on n and m, the total number of vibrational
quanta transferred to the excited intermediate C∗ and activated complex C‡, respectively. The
reaction scheme in the QRRK theory for unimolecular decomposition is stated as:

C+M
ke(n)−−−⇀↽−−−

ks

C∗(n)+M, (3.70)

C∗(n)
kact(n,m)−−−−−→C‡(n,m), (3.71)

C∗(n,m)
k‡−→ A+B, (3.72)

where the kact(n,m) is the rate constant for the formation of the activated complex, in which
at least m quanta of vibrational energy have accumulated in a critical bond out of the total of
n. The QRRK model assumes that vibrational energy can freely flow from one vibrational
mode in the molecule to another. Reaction (3.71) is called activation step, which forms the
activated complex C‡.

The activated complex reacts very quickly when it is formed. The reaction happens
within the first vibrational period after formation of C‡. Applying the steady state assumption,
the kact(n,m) is expressed as:

kact(n,m) = k‡
[C‡(n,m)]

[C∗(n)]
. (3.73)

Similar to Hinshelwood’s theory, the probability of locating n vibrational quanta among the
s vibrational modes can be calculated also in QRRK theory with further simplification and
reformulation. The final QRRK expression for unimolecular rate constant is :

kuni =
∞

∑
n=m

kd(n,m)ke(n)[M]

ks[M]+ kd(n,m)
, (3.74)

where the excitation rate constant ke(n) is :

ke(n) = ks
(n+ s−1)!
n!(s−1)!

α
n(1−α)s, (3.75)

with α = e−x and x= hv/kBT . The h is Planck’s constant and v is the frequency of vibrational
mode s.

The de-excitation rate constant ks is :

ks = βkHS, (3.76)
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where β is collision efficiency and kHS is the hard-sphere rate constant. And the rate constant
for the decomposition of the C‡ is :

kd(n,m) = A∞

(n−m+ s−1)!n!
(n−m)!(n+ s−1)!

. (3.77)

Even though the QRRK theory has been used to estimate rate constant data of elementary
reactions, the RRKM theory, named after Rice, Ramsperger, Kassel and Marcus, has become
the widely accepted and used theory today. In the limit of infinite pressure, RRKM theory
turns into the transition state theory. RRKM theory is a microcanonical theory which
determines the rate constant as a function of energy E and not temperature T . The theory
considers the actual vibrational frequencies of the molecule. In RRKM theory, the kact of Eq.
(3.73) in QRRK theory is replaced by :

kact(ε) =
W (ε ′)

N(ε)h
, (3.78)

where W (ε ′) is the total number of states of the activated complex, N(ε) is the density of
states in the reactant molecule at energy ε , and h is the Planck’s constant. The energy ε ′

is the energy of the activated complex in excess of the critical energy, ε ′ = ε − ε0. The
RRKM theory is the state of the art for unimolecular reaction theories. The RRKM theory
calculations in the Chapter 5 of this work are done by the KiSThelP code developed by
Canneaux et al. [134]. In the KiSThelP code, the Laplace-transform based on the inversion
of the partition functions is used for the calculation of the sum of states W (ε ′) and density of
states N(ε). The temperature-dependent rate constant is calculated by using the following
expression [134]:

k(T ) =
σQ‡

1
Q2Q1h

e−
E0

kbT

∫
∞

0

W (ε ′)e−
E

kbT

1+ k(E0+E+<δE j>)
ω

dE, (3.79)

where σ is the reaction path degeneracy, h is the Planck’s constant, Q2 is the partition function
of the active degrees of freedom (vibrations + critical moment of inertia) of the reactant,
Q‡

1 and Q1 are the partition functions for adiabatic rotations of the transition state and of
the reactant, respectively. The E0 is the zero-point-corrected threshold energy. The strong
collision approximation is used assuming that every collision deactivates with ω = βcZLJ[M]

being the effective collision frequency where βc is the collisional efficiency, ZLJ is the
Lennard-Jones collision frequency and [M] is the total gas concentration. ZLJ are calculated
using the Lennard-Jones parameters: ε/kb (K) and σ (cm).



Chapter 4

Chemical informatics

The focus of this chapter is to provide an overview of the mathematical methods and com-
putational techniques which are used for the calculation of thermodynamics properties,
estimation of group-additivity values (GAVs), and reaction mechanism reduction and opti-
mization. These techniques and methods are used in this work for the development of an
extensive database for the thermochemistry of organosilane and for the development and
validation of the tetramethylsilane (TMS) mechanism.

In general, chemical informatics is defined as the field of solving chemical problems
with the aid of computers. Chemical informatics methods use mathematical and statistical
methods to extract and analyze information from the chemical system. They are widely used
in chemical industries, pharmaceutical, and biotechnology research. One of the most well-
known techniques in chemical informatics is the quantitative structure-property relationship
modeling (QSPR) that relates the chemical structures to chemical and physical properties.
Another popular method in the field of chemical informatics is the group-additivity method. It
is a robust technique for the estimation of thermochemical properties of chemical compounds
for which experimental data are not available. Due to the easy implementation of the group-
additivity method in automated computer programs, it is widely implemented in automatic
reaction mechanism generators. The group-additivity method breaks down the molecules
into smaller groups and relates the thermochemical properties of smaller groups to bigger
molecules. Group-additivity method and QSPR modeling similar to any other statistical
method depend on the number of data sets for accurate out-of-sample prediction.

The ultimate goal of this thesis is to provide a comprehensive database for the thermo-
chemical properties of Si–C–H- and Si–C–H–O-containing species. By applying computer-
aided modeling, the chemical data is transferred into the information and from information
to knowledge. Thermochemical properties and GAVs of species are stored in metadata for
further investigation on the thermochemistry of organosilanes with other techniques such
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as machine learning as an outlook of this thesis. The genetic-algorithm based optimization
technique as another example of computer-aided modeling is discussed in this chapter.

4.1 Computational chemistry

Computational chemistry is a branch of chemistry using computer simulations to make
chemical predictions such as predictions of molecular structures, thermodynamic data, or
chemical reactivities. Depending on the chemical problem addressed, these simulations
can be based primarily on principles of quantum physics or on a combination of quantum
and classical physics. The 1998 nobel prize in chemistry, awarded to Walter Kohn and
John Pople for the development of density functional theory, a widely applied quantum
chemical method, is regarded as an event which established computational chemistry as
its own field within chemical sciences. When the mathematical description of chemistry is
well-developed, it can be automated for implementation on a computer. The goal in this
section is to briefly explain the calculation of macroscopic thermochemical properties in
terms of molecular properties, including rotational constants and molecular vibrations by
means of quantum mechanics (QM). The basic premise of QM were devised by Heisenberg,
Schrödinger, Born, and Pauli which are the basis for nearly all computational chemistry
methods. The Schrödinger equation is [135]:

ĤΨ(r) = Ψ(r)E. (4.1)

In this equation, electrons are considered as particles having a wave-like character. This
wave-character is expressed by the wave function Ψ(r), in which r represents the coordinates
necessary to describe a system of particles (here: electrons). Ĥ is the Hamiltonian operator
which in classical mechanics expresses the total energy or a sum of the kinetic energy and
potential energy, and E is the eigenvalue of the eigenfunction Ψ or the total energy of the
system. Except in case of an one-eletron system, such as the H atom, the Schrödinger
equation can only be solved numerically. There are different functions which can be used
to approximate the wave functions such as Gaussian-type wave functions. The numerical
solutions yield the eigenvalues, which allow to derive molecular properties. Different
electronic-structure methods can be applied to solve the Schrödinger equation numerically
such as: Hartree–Fock (HF) theory, density functional theory (DFT), and coupled-cluster (CC)
methods. In most of these methods, the wave function Ψ(r) of the electronic Schrödinger
equation is varied to try to minimize the potential energy of a system. All quantum-chemical
calculations in this disseration have been conducted with the Gaussian09 software package
[136].



4.2 Thermochemistry | 37

4.2 Thermochemistry

As mentioned earlier in Chapter 2, the thermochemical properties, specific heat, enthalpy of
formation, and entropy are important for combustion analysis. Thermochemical properties
help us to compute the equilibrium constants that allow to relate the reverse rate constants of
a reaction to forward rate constants. In addition, thermochemical properties are important to
calculate the heat release and the adiabatic flame temperature during a combustion process.
In case of a lack of experimentally measured thermochemical data, it is necessary to calculate
the thermochemical properties of the species by means of quantum chemistry. Quantum
chemistry allows us to achieve optimized molecular geometries and also to calculate the
molecular properties such as rotational constants and molecular vibrations. The molecular
properties are related to macroscopic thermochemical properties by means of statistical
mechanics.

By calculating the partition functions which are divided in electronic, rotational, trans-
lational and vibrational functions, the thermodynamic quantities like the internal energy,
enthalpies, and entropies can be predicted. If standard enthalpy of formation and heat ca-
pacities are known, enthalpy of formation at a particular temperature can be calculated as
[137]:

H◦
f,T = H◦

f,298 +
∫ T

298
Cp,T dT. (4.2)

In the case of entropy, the entropy at a particular temperature is calculated as [137]:

S◦T = S◦298 +
∫ T

298

Cp,T

T
dT. (4.3)

The enthalpies of formation are important in combustion processes as the heat release
in an arbitrary reaction can be calculated from the difference of enthalpies of products and
reactants, the so called enthalpy of reaction. If the reaction enthalpy is positive, the reaction
absorbs heat and it is called endothermic. If the reaction enthalpy is negative, it releases heat
and it is called exothermic.

4.2.1 Atomization energy method

The enthalpy of atomization is defined as the enthalpy change when a molecule decomposes
to its constituent atoms. The enthalpy of atomization has always a positive value and is
defined as the enthalpy change of a hypothetical reaction, in which a total separation of all
atoms in a molecule takes place. In such a reaction, a molecule is separated into its constituent
elements. The standard enthalpies of formation can be calculated using the atomization
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energy method. In this method, the enthalpy of formation at 0 K, ∆H◦
f (0 K), is obtained as

the difference between the ab initio calculated (ai) atomization enthalpy of a compound and
the experimentally determined enthalpies of formation of the gaseous atoms [137]:

∆H◦
f (0 K,Sia Cb Hc Od) = a∆H◦

f gas,exp (0 K,Si)+ b∆H◦
f gas,exp (0 K,C)

+ c∆H◦
f gas,exp (0 K,H) +d∆H◦

f gas,exp (0 K,O) − [aH◦
ai(0 K,Si)+bH◦

ai(0 K,C)

+ cH◦
ai(0 K,H)+ dH◦

ai(0 K,O)−H◦
ai (0 K,Sia Cb Hc Od)] (4.4)

By applying enthalpy corrections for the atomic elements, H◦(298 K)−H◦(0 K), and the
reactant molecule to ∆H◦

f (0 K), standard enthalpies of formation, ∆H◦
f (298 K, Sia Cb Hc Od),

are calculated [137]. The enthalpy corrections for the molecules are extracted from the results
of quantum chemical calculations.

4.2.2 Isodesmic reaction method

The ab initio calculations perform better for the calculation of relative energies than the
absolute energies. By writing the compound as being part of an isodesmic reaction, it will
be possible to calculate the energy of the compound relative to those of the other species
in such a reaction. This has an advantage which leads to a cancellation of the systematic
errors in the ab initio calculations. Isodesmic reactions are hypothetic bond re-arrangement
reactions, in which the number of bond types remains the same between the reactants and
products [138]. The error in atomization energy scales with the molecular size. In contrast,
isodesmic reactions conserve the bond types such that systematic errors tend to cancel out.
The following reaction is an example for an isodesmic reaction for the calculation of ∆H◦

f of
(CH3)4Si:

(CH3)4Si + 3 SiH4 → 4 CH3SiH3.

The number of C-H and Si-C bonds are equal on both sides of the reaction. Due to the equal
number of bonds of a given type for both sides, the systematic error in ab initio calculations
will be canceled out. Of course, we still have the constraint that the experimental values
for other species in the reaction must be known. The standard enthalpy of formation of
(CH3)4Si can be estimated now by the calculation of the reaction enthalpy HRXN based on a
quantum-chemical calculation:

∆H◦
f ((CH3)4Si) = 4 ∆H◦

f (CH3SiH3) − 3 ∆H◦
f (SiH4) − HRXN.
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The success of the isodesmic reaction method strongly depends on the availability of heats
of formation for other species. It should be noted that different isodesmic reactions can be
set up in order to estimate the ∆H◦

f of the species. Different isodesmic reaction may lead to
different ∆H◦

f values. In some cases the average ∆H◦
f values may be a proper approach.

Uncertainties of the ∆H◦
f values derived from the G4/isodesmic reaction method were

estimated by the “root sum squares” of the uncertainties in the reference species:

Uc =

√
n

∑
i=1

[CiU(xi)]2, (4.5)

where Uc is the combined uncertainty, ci are the stoichiometric coefficients in the
isodesmic reaction, and U(xi) is the uncertainty of reference species i. The isodesmic
reaction method may not be feasible for large molecules when no useful isodesmic reactions
can be defined because of a lack of reference compounds with known thermochemistry. In
such cases, atomization energy is sometimes the only viable option.

4.3 Group-additivity method

Group-additivity method is a powerful empirical method for estimation of thermochemical
properties and yet a very simple method for implementation in computer programs. The
development and extension of the group-additivtiy method were mostly done by Benson [139]
and Ritter [112], respectively. The group-additivity method states that the thermochemical
properties of a species are linearly dependent on the functional constituent groups that
contribute in the molecule.

Benson [139] defines a functional group as a part of a molecule, consisting of a central
polyvalent atom (ligancy ≥ 2) and all its neighbors. A group is written as X–(A)i(B) j(C)k(D)l

where X is the central atom attached to i A-atoms, j B-atoms, etc. As an example, the groups
involved in TMS are shown in Fig. 4.1. Two distinct groups (C–(H)3(Si) and Si–(C)4) are
contributing to TMS properties. To name the groups, the central atom comes first and is
then followed by neighbor atoms in brackets in alphabetical order. The standard enthalpy of
formation H◦

f,298 and heat capacity cp,298 of TMS can be calculated as:

H◦
f,298[TMS] = 4×H◦

f,298[C-(H)3(Si)]+1×H◦
f,298[Si-(C)4]+ εH◦

f
(4.6)

Cp,298[TMS] = 4×Cp,298[C-(H)3(Si)]+1×Cp,298[Si-(C)4]+ εCp (4.7)

where ε is the corrections for non-bonding interactions which is negligible for linear
additivity. The standard entropy s◦298 can also be calculated by group-additivity method,
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but the entropy needs to be corrected to account for the molecular symmetry. A symmetric
molecule is associated with smaller entropy in comparison with an asymmetric molecule
since the symmetry increases the predictivity of the spatial orientation. The symmetry number
σ is defined as the number of identical spatial configurations obtained by the rotation of a
molecule around itself. After introducing the correction term to account for the influence of
molecular structure on entropy, the standard entropy can be calculated as:

S◦298[TMS] = 4×S◦298[C-(H)3(Si)]+1×S◦298[Si-(C)4]−Rln(σ)+ εH◦
f

(4.8)

where R is the universal gas constant. To account for interactions in the molecule reaching
further than the nearest neighbors of each atom, non-next-nearest neighbor interactions (NNI;
e.g., gauche or cis interactions), resonance corrections (RES) and ring strain corrections
(RSC) have been introduced [140–142]. While with the group-additivtiy method it is quite
simple to estimate thermodynamics properties of large molecules, the above-mentioned
corrections for each molecule makes it a tedious task. In this work, we did not include the
corrections for non-bonding interactions as well as the entropy correction with molecular
symmetry.

Fig. 4.1 Combinatorial arrangement for three possible Si, C, and H atoms for four possible
ligands for Si- and C-atom-centered groups (left) and Benson groups contributing to TMS
(right).

In order to derive GAVs, the group values need to be trained against experimental data if
available or theoretically calculated data. Many efforts have been made to calculate thermo-
dynamics properties of a huge list of molecules to be able to train groups. Cohen and Benson
[143] tabulated thermochemical values for 37 hydrocarbon groups, 61 oxygen-containing
groups, 59 nitrogen-containing groups, 58 organometallic groups and 65 organophosphorous
and organoboron groups. Later, corrections for non-bonding interactions were updated by
Benson [139].
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Many publications reported GAVs for a variety of stable molecules and radicals [144,
145, 142, 141]. The derivation of GAVs for a certain class of chemical compounds requires
the availability of a minimum set of thermochemical data. Bjorkman et al. [146] calculated
∆H◦

f for 57 carbenium ions and from this theory-based dataset, they determined 16 GAVs
by applying multiple regression. From these 57 values, they constructed 48 groups. From
these 48 groups, 32 GAVs were available in the literature. They fixed these 32 GAVs, and
the remaining 16 GAVs were derived through the method of multiple linear regression. For
obtaining GAVs for silicon-containing species, a similar approach like Bjorkman et al. [146]
is applied in this work and when any of GAVs are available, the GAVs are fixed during
regression.

The drawbacks of group-additivity methods are that they are not useful when corrections
for non-bonding interactions are required. As they do not consider the molecular structure,
they may not deliver accurate estimations for isomers and conformers. Meanwhile, due to
the conceptual simplicity and reasonable accuracy, GA has been widely used in automated
mechanism generation, where it requires more programming effort to implement and more
computational resources to conduct ab initio calculations for predicting thermochemical
data [114, 147, 148]. Currently, available programs for the automatic generation of reaction
mechanisms are limited to hydrocarbon chemistry. Hence, extending GAV to the Si–C–H
and Si–C–O–H systems is beneficial to a wide array of material synthesis problems and
reaction mechanism generation.

4.4 Combinatorics

Preparing a proper training set to have a complete list of molecules needed for the regression
of GAVs is a very important prework. The accuracy of regressed GAVs is going to be
dependent on the accuracy of calculated values in the training set. A proper test set is needed
to be able to evaluate the performance of the regressed GAVs for estimation of new molecules
which have not been in the training set. During the course of this work, we try to evaluate the
group-additivity estimated values with the experimental values if available.

To set up the training set and account for the whole set of possible molecules in each
chemical systems, a combinatorial approach is used to build specific structural types of
molecules which contain unique functional groups. For this purpose, the ligands can be
located around the centeral Si or C atoms as shown in Fig. 4.1. In these structures, the ligands
can be located in any location around a central atom. Hence, the combinatorics relation for
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“combinations with repetition” can be used to find the number of all possible groups:((
n
k

))
=

(
n+ k−1

k

)
=

(n+ k−1)!
k!(n−1)!

(4.9)

where n is the number of ligands such as –Si, –C, –H, and –O and k is the number of
possibilities to distribute the ligands around the locations of central atoms.

4.5 Response surface and linear regression methodologies

The Response-Surface Methodology (RSM) is a collection of mathematical and statistical
techniques for modeling the relationships between several independent variables and one or
more response variables. The method was introduced by Box and Wilson [149]. The objective
is to optimize the response yi (output variable), which is a function f of the independent
variables β j (input variables). In most RSM problems, the response function is unknown, but
with the help of the group-additivity method, a proper approximation for f is developed. This
approximation can be defined by a linear function of the independent variables, resulting in a
first-order model, where εi is an error term.

yi = f (β1,β1,β1, · · · ,βp)+ ε (4.10)

The goal is to fit the response surface to find the region where the optimal response occurs.
Based on group-additivity method, for a given property of the ith molecule in the training set
(yi = ∆H◦

f , S◦(298 K), or Cp(T )), we have:

yi =
p

∑
i=1

xi jβ j + εi (4.11)

where xi j is the number of jth group in the molecule, β j is its corresponding GAV, p is the
total number of groups and εi is the residue. Rewriting Eq. 4.11 in matrix form, we have:

Y = Xβββ +εεε (4.12)

where Y contains the thermochemical data of the n training compounds, X is a (n× p) matrix,
and βββ contains the GAVs of p groups. Eq. 4.12 is solved simultaneously for the standard
enthalpy of formation ∆H◦

f , the entropy S, and the heat capacities Cp for eight temperatures
between 200 and 4000 K considering all species in the training set. For example, in case of
stable Si–C–H–O species, we have n = 62 and p = 34. In the multivariable regression, the βββ
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are estimated by minimizing the sum of the least squares, yielding:

βββ = (XTX)
−1XTY = X∗ Y, (4.13)

where the matrix XT is called the pseudo-inverse of matrix X . The analysis is carried out to
check whether the fitted values are suitable approximations of the actual values. An analysis
of variance and regression was performed; and the coefficients of determination R2 are also
calculated.

4.6 Mechanism optimization and reduction

Optimization of reaction mechanisms is mostly done to compensate the lower accuracy of
reduced reaction mechanisms in comparison to the detailed reaction mechanisms. Reduced
mechanisms are computationally efficient but due to the elimination of many reaction steps,
they need to be optimized to deliver the same prediction quality as the detailed reaction
mechanisms. Optimization of a reaction mechanism means to tune its reaction rate constants
to match the correct overall behavior of the detailed mechanism or the available experimental
data.

In the frame of gas-phase synthesis of nanoparticles, the kinetic models for the combustion
of precursors can also be optimized against the available experimental data. The rate constants
of reactions can be tuned until the quantitatively measured mole fraction profiles of the target
species are captured. The genetic algorithm-based reduction and optimization approach used
in this work, was developed and explained in detail by Sikalo et al. [4, 150]. In this work, the
genetic algorithm-based optimizer is extended in order to be able to define experimental data
as a reference for optimization. In addition, altering the three parameters of the Arrhenius
expression for a reaction rate constant is now possible. Figure 4.2 illustrates the activity
flowchart of a genetic algorithm-based optimization procedure. In the following, a brief
summary of the existing optimization approach is presented.

4.6.1 Genetic algorithm-based optimization

Initialization

A genetic algorithm (GA) is a method for solving both constrained and unconstrained
optimization problems based on natural selection. The algorithm modifies a population
of individual solutions. In every generation, the GA selects the fittest chromosomes and
uses them as as parents to produce the children for the next generation. Therefore, the first
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Fig. 4.2 Schematics of the genetic algorithm-based optimization. The figure is based on that
from Sikalo et al. (2014) [4] and is reproduced with permission from Wiley.

step is to translate the chemical reaction mechanisms into a chromosome and the Arrhenius
parameters (pre-exponential factor (A), temperature exponent (b), and activation energy (Ea))
are the genes. The length of each chromosome is constant and is equal to the number of
reactions (Nr) considered for optimization times three. The chromosome can be formulated
as:

α =
[
α1,A,α1,b,α1,Ea, . . . ,αNr,A,αNr,b,αNr,Ea

]
∈ [0,Ur] (4.14)

where Ur defines the maximum uncertainty limit which α values can reach. The α values
in Eq. 4.14 are the genes (real-values) which are the multiplier of the initial Arrhenius
parameters. It means the initial solution is the current non-optimized reaction mechanism
with α = 1. In case of the TMS combustion mechanism developed in this work, some of the
rate constants were not known and the initialization is only possible by assuming reasonable
values for the pre-exponential factors, temperature exponents, and activation energies of
those reactions. The initial values for unknown rate constants can be assumed by analogies to
similar reactions. The initial population is evaluated for a one-dimensional burner stabilized
flame to compare how well the mole fraction of desired species performs compared to the
experimental mole fractions as a reference.
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Selection

The selection process is applied to choose the most adopted individuals of the population,
so that they become the parents to the new population for the next generation. A scheme
widely used in GA is the selection per tournament [151, 152]. By this scheme, a certain
number of individuals is chosen from the population and the individuals with the best quality
are selected for making a new population. This scheme guarantees a minimum of diversity
and gives all the individuals a chance to be selected, therefore the best individuals of the
population will not be always selected to have offspring. In comparison to other selection
schemes, the tournament selection is computationally more efficient.

To be sure that the best solutions are not going to be lost during the selection, a so-called
elitism introduced by De Jong [153] is used. The elitism preserves the best solution and
copies it unchanged to the next generation. The best solutions preserved by elitism are
available to have offspring for the next generation. Once a better solution is found, it is going
to be replaced as "the best solution so far" by elitism.

Crossover

At this stage, all the chromosomes are paired and the genes of the two parents are exchanged
with a predefined rate. There are several methods for crossing [154]. The most used methods
are as follow:

• Crossing based on a single-point: the two individuals selected to play the role of
parents, are recombined by means of randomly chosen single point, from which the
genes of the two chromosomes are swapped, yielding the children.

• Multiple-point crossing: in this type of crossing, multiple points are randomly selected.
In this way, and in a manner analogous to the single-point crossing, the genes will be
exchanged to form the two new children.

• Uniform crossing: in this type of crossing, each gene of the parents has a 50% chance
to be swapped. Uniform crossing is extremely useful when the search space is very big
[155].

• Arithmetic crossing: This type of crossing is suitable for non-binary chromosomes.
The offspring gene takes the mean value of the parents. It has the disadvantage that
only one offspring is generated at the crossing of two parents.
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Mutation

A mutation operator aims to bring new characteristics or gene values which do not exist in
the population. It is done by altering only a small number of randomly chosen genes in the
chromosomes with a predefined rate. The mutation rate tune the magnitude of changes to be
made in an individual to produce the mutated individual. Mutation is a very important stage
in the genetic algorithm method because it introduces diversity and helps to find the global
minimum during optimization.

Fitness function

A fitness function to rank the fitness (quality) of chromosomes based on the predefined
criteria is required during the evolution of the population of chromosomes. A fitness function
should measure how close a chromosome is to the desired solution. Finding an efficient
fitness function is the most important step in the development of a genetic algorithm-based
optimizer. A proper fitness function reduces the size of the search space and leads to a
faster convergence. Developing efficient fitness functions in genetic algorithm techniques
is investigated in [156]. In this work, the evaluation of a candidate solution is based on
the mole fraction profile of target species along the height above the burner (HAB) during
the simulation of a one-dimensional burner-stabilized flame. The genetic algorithm-based
optimization technique developed by Sikalo et al. [4, 150] has a variety of options for
evaluation of candidate solutions such as ignition delay time in a homogeneous reactor,
laminar flame speed, adiabatic flame temperature, etc. The advantage of this method is that
the general fitness function can be defined as a combination of fitness functions at different
operating conditions. The fitness function is expressed as:

f f it =
1

Nc

Nc

∑
c=1

f f it,c (4.15)

where f f it,c is a fitness function for a single operation condition and Nc is the number of
operating conditions. The single f f it,c function is expressed as:

f f it,c =
∑

Nξ

i=1 wi fξ

∑
Nξ

i=1 wi

, (4.16)

where Nξ is the number of the optimization targets and fξ is the fitness function for every
single target with the corresponding weighting factor wi. To give an example to show the
capability of genetic algorithm-based optimizer, a skeletal mechanism for methane can be
optimized against the detailed methane reaction mechanism for two different conditions (lean
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and rich mixtures) and for the lean mixture the flame speed and CH4 mole fraction profile
can be defined as optimization target and for the rich mixture the adiabatic flame temperature
and maximum concentration of CO are defined as optimization target. The general fitness
function can be defined by merging Eqs. 4.15 and 4.16. The mathematical expressions for all
different types of fitness functions are discussed in detail in the work of Sikalo et al. [4, 150].

Encoding

The genetic algorithm-based optimizer makes it possible to consider only a subset of reactions
in the reaction mechanism and leave the rest of the reactions untouched. It allows decreasing
the search space that leads to faster convergence and more efficient optimization. The
protection of some reactions from the optimizer also has an advantage to not violate the
well-known sub-mechanisms from the literature. In case of the combustion of nanoparticle
precursors in H2/O2 flames [157], the syngas mechanism [5] that describes the base flame
chemistry can be protected from the optimizer. The optimizer tries to alter the Arrhenius rate
expression parameters until the prediction of the target species molar fraction is achieved.

4.7 Graph-based representation of chemical systems

A graph-based description of chemical systems has been introduced for more than two
centuries. From the description of molecules to reaction mechanisms, graphs are widely used
to not only visualize but to investigate the various interactions in the chemical systems using
graphs. The most important advantage of defining chemical systems as graphs is applying
graph theory. The interest to study the chemical bonds led to the evolution of a variety
of graph-theoretical concepts and theorems. Balaban is one of the pioneers in chemical
graph theory [158]. The chemical graph theory is widely used for formalizing the chemical
systems, exploring reaction mechanisms [159], reduction of reaction mechanisms [160], and
analysis of chemical processes [161]. In this work, we used a bipartite graph definition to
visualize the TMS reaction mechanism that we developed and to understand the interaction
of Si-containing species with the base flame radicals and combustion intermediates.

Figure 4.3 shows a bipartite graph generated by the Gephi software [162]. The nodes
shown in this graph represent (i) chemical species and (ii) reactions, for the developed TMS
mechanism merged with the C1 mechanism from Li et al. [5]. The edges between these
nodes show how chemical species are involved in specific reaction. An arrow toward a
reaction node specify the source node as reactants involved in this reaction and an edge away
from a reaction nodes specifies the target node as products involved in this reaction. The left
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set of elements in this graph refers to the TMS sub-mechanism. Dark red circles represent Si-
containing species within the TMS sub-mechanism, and bright red circles represent reactions
accordingly. The right set of the elements refers to the C1 mechanism of Li et al. [5]. Dark
blue circles represent chemical species within the C1 mechanism and bright blue circles
represent reactions. The bipartite graph may not be the best approach for visualization of a
chemical reaction mechanism, but it gives the opportunity to have a graphical representation
for interaction of different sub-mechanisms in a chemical reaction mechanism.

Fig. 4.3 Bipartite graph with the nodes being represented by chemical species and reactions.
The left set of elements in this graph refers to the developed TMS mechanism and the right
set of elements refers to the C1 mechanism from Li et al. [5]. See text for further explanation.

4.8 Cantera

Cantera [163] is an open-source library consisting of tools for simulation of problems
related to thermodynamics, chemical reaction kinetics, and transport processes. It supports
four programming languages that give access to many environments: Python, MATLAB,
FORTRAN, and C++. Cantera provides various models for the simulations of reacting flows
such as one-dimensional laminar free propagating flames, time-dependent perfectly stirred



4.8 Cantera | 49

reactors, stagnation flames, and burner-stabilized flames. Being open-source gives Cantera
an advantage in that the numerical algorithms and models can be customized for specific
applications. Another advantage of Cantera in chemical kinetics studies is that one can
only focus on the reaction mechanism development without the complexity of the numerical
solution of reacting flows. To run a simulation the desired model such as a burner-stabilized
flame can be called from the desired interface such as Python. And the boundary conditions
and the reaction mechanism are required to be specified as inputs. The reaction mechanism
provides the list of species, list of reactions, thermodynamics properties, and transport
data. Cantera supports the reaction mechanisms in CHEMKIN [164] format as input. For
the simulations in this work, Cantera is used as a chemical kinetic library in the Python
environment.
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5.1 Abstract

Group-additivity methods simplify the determination of thermodynamic properties of a wide
range of chemically-related species involved in detailed reaction schemes. In this paper, we
expand Benson’s group additivity method to organosilanes. Based on quantum-chemical
calculations, the thermodynamic data of 22 stable silicon-organic species are calculated,
presented in the form of NASA polynomials, and compared to the available experimental
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data. Based on this theoretical database, a complete set of 24 Si- and C-atom-centered,
single-bonded and non-radical group-additivity values (GAV) for enthalpy of formation,
standard entropy, and heat capacity at temperatures from 200 to 4000 K is derived through
unweighted multivariate linear regression.

5.2 Introduction

Organic silicon-containing compounds such as hexamethyldisiloxane (HMDSO, (CH3)3SiO-
Si(CH3)3), tetraethoxy-silane (TEOS, Si(OC2H5)4), and tetramethylsilane (TMS, Si(CH3)4),
as well as monosilane (SiH4) are popular precursors for the synthesis of silicon-based
nanoparticles and coatings (primarily silica, SiO2) via combustion processes [48, 165, 166, 31,
167]. The development of detailed reaction schemes so far suffers from the lack of knowledge
of the thermodynamic properties of the reaction intermediates. While in combustion science,
complex reaction mechanisms and comprehensive thermodynamics databases have been
developed for hydrocarbon species used as fuels, in materials synthesis, chemical kinetics
modeling and therefore the development of reaction mechanisms and thermodynamics
databases are far less developed but of similar importance. So far, the Si–H–O-system
was investigated mostly in the context of SiH4 combustion. Reaction schemes for SiH4

combustion have been developed in the last decade [167, 168]. Recently, Feroughi et al.
[69] proposed a simple global HMDSO combustion reaction scheme. However, due to the
unknown thermodynamic properties of some intermediate species, it was not possible to
develop detailed reaction models. This is one example that emphasizes the need to obtain
thermodynamic data for silicon-organic molecules.

The present study determines thermodynamic parameters, including standard enthalpy of
formation ∆H◦

f , entropy S, and heat capacities Cp(T ) for a temperature range from 200 to
4000 K, which covers the relevant conditions for particle synthesis from flames. To achieve
this, we used Benson’s group additivity [139, 143] method in a systematic and automated
approach. Unfortunately, so far, almost no group additivity values (GAVs) are known for
silicon-organic molecules representing the Si–C–H system. Due to the lack of experimental
thermochemics data for silicon-organic molecules, it is not possible to develop GAVs based
on experimental results. Recent developments in computational chemistry have made it
possible to determine accurate enthalpies of formation from ab initio calculations. This
development makes it possible to determine some of the missing GAVs from theory. The aim
of this study is to derive a consistent and accurate set of GAVs for silicon organic molecules
based on accurate standard enthalpies of formation obtained from high-level G4 ab initio
calculations.
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5.3 Methodology

5.3.1 Quantum chemical calculation

All quantum chemical calculations were performed at the G4 level of theory using the
GAUSSIAN 09 software [169, 136]. Standard enthalpies of formation were calculated using
the atomization energy method. In this method, the enthalpy of formation at 0 K, ∆H◦

f (0 K),
is obtained as the difference between the ab initio calculated (ai) atomization enthalpy of a
compound and the experimentally determined enthalpies of formation of the gaseous atoms:

∆H◦
f (0 K,Sia Cb Hc) = a∆H◦

f gas,exp (0 K,Si)+ b∆H◦
f gas,exp (0 K,C)

+ c∆H◦
f gas,exp (0 K,H) − [aH◦

ai(0 K,Si)+bH◦
ai(0 K,C)

+ cH◦
ai(0 K,H)−H◦

ai (0 K,Sia Cb Hc)] (5.1)

This equation includes the enthalpies of formation of the atomic constituents: ∆H◦
f (0 K,

Si) = 446.2 kJ/mol, ∆H◦
f (0 K, C) = 711.5 kJ/mol, and ∆H◦

f (0 K, H) = 216.1 kJ/mol. By
applying enthalpy corrections for the molecules and atomic elements, H◦(298 K)−H◦(0 K),
to ∆H◦

f (0 K), standard enthalpies of formation at 298 K, ∆H◦
f , are calculated [137]:

∆H◦
f = ∆H◦

f (0 K,Sia Cb Hc)+ [H◦(298K)−H◦ (0 K,Sia Cb Hc)

−a[H◦(298 K)−H◦(0 K,Si)]−b[H◦(298 K)−H◦(0 K,C)]

− c[H◦(298 K)−H◦(0 K,H)] (5.2)

The enthalpy corrections for the gas atoms are 3.18 kJ/mol for Si, 1.05 kJ/mol for C, 4.23
kJ/mol for H, and the enthalpy corrections for the molecules are extracted from the results
of quantum chemical calculations. Based on molecular properties (molecular structures,
vibrational frequencies, and moments of inertia) obtained from quantum chemical calcu-
lations, thermodynamics data for heat capacity Cp(T ), enthalpy of formation Hf(T ), and
entropy S(T ) have been derived by using the GPOP (Gaussian Post Processor) program
[170]. The vibrational frequencies, calculated by the B3LYP/6-31G(2df,p) method during
the G4 procedure, were scaled by 0.99 for the zero-point energy calculation and by 0.97 for
the vibrational partition function calculations. Internal rotations around the bonds of CH3

and SiH3 groups attached to carbon and/or silicon atoms were treated as hindered rotations
by using the Pitzer-Gwin approximation15 as implemented in the GPOP program. Rotational
barrier heights for CH3 and SiH3 rotors (typically ranging from 280 to 1220 cm−1) have
been obtained from relaxed potential energy surface (PES) scans with dihedral angles used
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as coordinates for the scans. Figure 5.1 shows CH3 and SiH3 PES scan for CH3 and SiH3

rotors of 1,1-disilyl-ethane.

(a) (b)

Fig. 5.1 Potentials of the CH3 (a) and SiH3 (b) rotors in 1,1-disilyl-ethane with maxima at
825 and 535 cm−1.

Enthalpies of formation obtained by experiments are only available for few silanes
and silicon organic compounds. Experimental values for ∆H◦

f can be found for disilane
(Si2H6) [171], trisilane (Si3H8) [172], tetramethylsilane (TMS) and its derivates, SiHx(CH3)y

[173, 174]. For silanes, SixHy, ambiguities regarding standard enthalpies of formation were
previously discussed. For Si2H6 and Si3H8, Gunn and Green [171, 172] measured ∆H◦

f

= 71.6±1.3 kJ/mol and 108.4 kJ/mol. For Si3H8, no uncertainty was stated by Gunn and
Green [172]. Based on a revision of ∆H◦

f (0 K, Si), the experimental value for ∆H◦
f (Si2H6)

was increased by 8.4 kJ/mol [175]. Feller and Dixon [176] performed detailed ab initio
calculations for silicon-containing compounds SixHy and SiFy and made a comparison
with experimental data sets. They concluded that there is no clear evidence supporting a
revision of ∆H◦

f (0 K, Si). Therefore, they recommended to use the original experimental
value ∆H◦

f (Si2H6) = 71.6 kJ/mol and in this context, we also decided to use the original
value ∆H◦

f (Si3H8) = 108.4 kJ/mol measured by Gunn and Green [171, 172] for comparison
between experiment and theory.

Based on the comparison between G4 calculations and limited experimental data for
Si2H6, Si3H8, TMS and its derivates Si(CH3)xHy, we find a ‘good’ agreement between
experimental and calculated enthalpies of formation, i.e. the calculations are ±8.0 kJ/mol
within the experimentally obtained values. Except for trimethylsilane, SiH(CH3)3, the
calculated values for ∆H◦

f are within the stated experimental uncertainties. Calculated and
available experimental data are presented in Table 5.1.
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To further support the application of the G4 method, we have also calculated ∆H◦
f

for those six compounds in table 5.1, for which experimental data are available, by using
two other composite methods: CBS-QB3 [177] and W1BD [178]. Among these three
composite methods, CBS-QB3 is the most cost-effective one, whereas W1BD requires higher
computational resources than G4. The CBS-QB3 and W1BD based data are also presented
in table 5.1. The mean absolute deviations (MAD) between the ab initio calculated and
experimental values are 9.2 kJ/mol for CBS-QB3, 3.4 kJ/mol for G4, and 8.9 kJ/mol for
W1BD. For those few compounds, the G4 method shows the best performance. CBS-QB3
and W1BD show similar MAD values, which is not expected. In case of the W1BD composite
method, one can observe a systematic deviation to experimental data with increasing number
of Si–H bonds. W1BD based enthalpies agree very well with experimental enthalpies of
tetramethyl- and trimethylsilane. With an increasing number of Si–H bonds, i.e. for dimethyl-
and methylsilane, the deviation to experimental values substantially increases. This becomes
also evident when comparing results of W1BD calculations with experimental data of disilane
and trisilane (see Table 5.1): The deviations are 12.3 kJ/mol for disilane and 17.5 kJ/mol for
trisilane. In case of W1BD, it would be necessary to employ a bond-additive correction (BAC)
for Si–Si and Si–H bonds to obtain very good agreement between theoretical and experimental
thermochemical data. In case of the CBS-QB3 method, deviations for compounds with a
larger number of Si–H bonds are not that pronounced as it is the case for W1BD. However,
comparing CBS-QB3-based enthalpies with the data for tetramethyl- and trimethylsilane
suggests that also empirical corrections for Si–C bonds may be necessary.

BAC are well established for hydrocarbons and oxygenated hydrocarbons. Regarding
silicon organic species, Allendorf and Melius [179] as well as Ho and Melius [180] used
empirical BAC to improve theory-based thermodynamics parameters for compounds in the
Si–O–C–H system. Recently, Phadungsukanan et al. [8] expanded these studies. They
performed ab initio calculations using B3LYP and B97-1 functionals. ∆H◦

f values were
obtained using isodesmic reactions. The reported error range of the ∆H◦

f values calculated
using isodesmic reactions is between 5 and 40 kJ/mol. Phadungsukanan et al. [8] discussed
the possibility of an error in the BAC from Ho and Melius. If only few experimental data are
available or if experimental data exhibit substantial uncertainties of even 30 to 40 kJ/mol,
which applies for compounds like (CH3)2Si=CH2 or Si(OCH3)4 (see Allendorf and Melius
[179] as well as Ho and Melius [180]), then applying BAC with a bias on particular data can
give reason for additional errors.

In this work, we did not include BAC or any other empirical corrections. Taking a look
at the G4-based ∆H◦

f values and comparing them with the limited available experimental
∆H◦

f data, we cannot see a clear systematic difference, at least for tetramethylsilane and
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its derivates, i.e. tri-, di-, and methylsilane. Also, the deviations between G4 theory and
measured standard enthalpies of formation of disilane and trisilane are within the experimental
uncertainties. With increasing size of the molecules, also the G4 method will probably result
in larger errors. However, one should note that this method already contains empirical
corrections, which are called “higher level corrections” [169]. These are empirical terms
that were included in order to correct energy calculations for molecular species, radicals and
different atoms, and these correction terms may be the reason why the G4 method seems to
work quite well for Si–C–H-containing molecular species. It is interesting to note that Simmie
and Somers demonstrated that even for the thermochemistry of the molecular hydrocarbon
compounds CxHyOz, the G4 is outperforming the W1BD method [181, 182]. Therefore, these
results suggest applying the G4 method without any further additional empirical corrections
in order to derive thermochemical data of smaller silanes and Si–C-containing molecules.

5.3.2 Group additivity method

Benson [139] defines a group as a part of a molecule, consisting of a central polyvalent
atom (ligancy ≥ 2) and all its neighbors. A group is written as X–(A)i(B) j(C)k(D)l where
X is the central atom attached to i A-atoms, j B-atoms, etc. Cohen and Benson [143]
tabulated thermochemical values for 37 hydrocarbon groups, 61 oxygen-containing groups,
59 nitrogen-containing groups, 58 organometallic groups and 65 organophosphorous and
organoboron groups. Later, corrections for non-bonding interactions were updated by Benson
[139]. As an example, the groups involved in TMS are shown in Fig. 5.2. Two distinct
groups are contributing to TMS properties. To name the groups, the central atom comes first
and is then followed by neighbor atoms in brackets in alphabetical order.

Many publications reported GAVs for a variety of stable molecules and radicals [144,
142, 145, 141]. The derivation of GAVs for a certain class of chemical compounds requires
the availability of a minimum set of thermochemical data. Bjorkman et al. [146] calculated
∆H◦

f for 57 carbenium ions and from this theory-based dataset, they determined 16 GAVs
by applying multiple regression. From these 57 values, they constructed 48 groups. From
these 48 groups, 32 GAVs were available in the literature. They fixed these 32 GAVs, and
the remaining 16 GAVs were derived through the method of multiple linear regression. For
obtaining GAVs for silicon-containing species, we applied a similar method like Bjorkman et
al. [146], but since almost no GAVs are available, we did not fix any GAVs in our procedure,
i.e. all groups are involved in the regression, which is explained in section 5.3.3.

Doncaster and Walsh [173] derived six GAVs contributing to ∆H◦
f of organosilanes.

However, no high-temperature data of Cp(T ) and H f were provided. Therefore, these six
GAVs cannot be used for combustion modeling. For the C–(H)3(Si) group, they assigned the
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same value as for the C–(C)(H)3 group as suggested by Benson [139], but our calculation for
the C-(H)3(Si) group indicates that this is not an appropriate analogy.

Thus, we focus on the Si–C–H chemistry to estimate GAVs for Si and C containing
molecules to extend the applicability of Benson’s group additivity method for estimating
thermodynamic properties of larger organosilane compounds. All groups are Si- and C-atom-
centered groups with four neighbors attached by single bonds.

Fig. 5.2 Combinatorial arrangement for three possible Si, C, and H atoms for four possible
ligands for Si- and C-atom-centered groups (left) and Benson groups contributing to TMS
(right).

The combinatorial approach (Fig. 5.2) to build all possible groups that contain Si, C,
and H atoms leads to 30 Si- and C-atom-centered groups. We are interested in 24 groups
among these groups that contain Si. The other six groups contain only C and H atoms and
the GAVs of these groups are known. Among the Si–C–H-containing species, 22 species are
chosen that contain our 24 groups of interest. In other words, these 24 groups contribute to
the thermodynamics data of 22 species. These groups and their contributions to ∆H◦

f , S, and
Cp are shown in Table 2. The molecular structures of the Si–C–H compounds considered
(see Table 1) are shown in Fig. 5.3.

5.3.3 First-Order Response-Surface Methodology

The Response-Surface Methodology (RSM) is a collection of mathematical and statistical
techniques for modeling the relationships between several independent variables and one or
more response variables. The method was introduced by Box and Wilson [149]. The objective
is to optimize the response yi (output variable), which is a function f of the independent
variables β j (input variables).

In most RSM problems, the response function is unknown, but with the help of the
group-additivity method, a proper approximation for f is developed. This approximation can
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be defined by a linear function of the independent variables, resulting in a first-order model,
where εi is an error term.

yi = f (β1,β1,β1, · · · ,βp)+ ε (5.3)

To get the best approximation for the response function, a wide collection of data is
needed. Due to the lack of experimental values, the required dataset was obtained by quantum
chemical calculations. The goal is to fit the response surface to find the region where the
optimal response occurs. From the theory-based dataset, a first-order model, which is a
multivariate linear regression (MLR) model, is formed for all n species simultaneously which
can be written in matrix form as in Eq. (5.4). This equation is solved for standard enthalpy
of formation ∆H◦

f , entropy S, and heat capacities Cp for eight temperatures between 200 and
4000 K. The matrix X and vector β are independent of the choice of thermodynamic data
and only the vectors Y and ε change by changing the choice of thermodynamic data.

yi = Xi jβ j + εi (5.4)

In Eq. 5.4, the vector Yi is the thermodynamics data of species i. The element xi j specifies
the number of times group j is present in species i. The vector β j contains the GAVs for
group j, the vector εi the error terms. In this study, i runs from 1 to 22 and j from 1 to
24. If X is a quadratic matrix and det(X) ̸=0, then the linear system Y = Xβ + ε has a
unique least-squares solution. However, in the present work, X is not a quadratic matrix.
Therefore, the least-squares method is used to find the coefficients of vector β by minimizing
the summed square of residuals (Eq. 5.5).

εi = ∑ |Y −Xβ |2 (5.5)

Theoretically, a global minimum results from the following equation if XT X is invertible:

βββ = (XTX)
−1XTY = X∗ Y, (5.6)

The matrix X∗ is called the pseudo-inverse of matrix X .
To illustrate the construction of the matrix X , an example of groups contributing to the

thermodynamics of five Si–C–-containing molecules is shown in Fig. S1 in the Supporting
Information. The complete matrix, which is created in our study, contains 22 species and 24
groups.
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5.4 Representation of the thermodynamic properties

The thermodynamic properties of molecules, such as enthalpy of formation or specific heat
capacity as a function of temperature, were first represented by polynomials by Lewis and
Randall [183]. In 1961, Zeleznik and Gordon [184] proposed a method for simultaneous
regression of thermodynamic properties to represent more than one property by a single
polynomial. Thermodynamic properties are often represented by the well-known NASA
seven-coefficient polynomials. For many species, for which thermodynamic data are not
available, it is necessary to reproduce NASA polynomials from data points measured in
experiments or derived from theoretical calculations. The seven-coefficient polynomials
that describe the enthalpy of formation, the entropy, and the heat capacity as a function of
temperature are shown in Eqs. 5.7 to 5.9.

Cp (T )
R

= a0 +a1T +a2T 2 +a3T 3 +a4T 4 (5.7)

H (T )
RT

= a0 +
a1T

2
+

a2T 2

3
+

a3T 3

4
+

a4T 4

5
+

a5

T
(5.8)

S (T )
R

= a0lnT +a1T +
a2T 2

2
+

a3T 3

3
+

a4T 4

4
+a6 (5.9)

In this study, we used Wilhoit’s method [185] to extrapolate heat capacities of species for
a larger range of temperature. The method uses the following fitting function for the heat
capacity:

Cp =Cp (0)+ [Cp (∞)−Cp (0)] y2

[
1+(y−1)

n

∑
i = 0

ai yi

]
(5.10)

The normalized temperature y = T/(T +B) varies from 0 to 1, where B is a scaling factor
that determines how rapidly Cp approaches Cp(∞). The low-temperature-limit heat capacity
Cp(0) is (7/2)R for linear molecules and 4R for nonlinear molecules, where R is the ideal gas
constant. The classical high-temperature value Cp(∞) is (3N −3/2)R for linear molecules
and (3N − 2)R for nonlinear ones, where N is the number of atoms in the molecules. In
this work, the heat capacity is extrapolated with a fourth order polynomial when it’s needed,
which means n in Eq. 5.10 is considered as three.
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5.5 Results and discussions

In this study, quantum-chemical calculations at the G4 level of theory were conducted using
the atomization energy method for estimating the thermochemistry of stable molecules of
which the thermodynamic data are not available in the literature.

Enthalpies of formation obtained by experiments are only available for few silanes and
silicon organic compounds. Based on the comparison between G4 calculations and limited
experimental data for Si2H6, Si3H8, TMS and its derivates Si(CH3)xHy, we find a ‘good’
agreement between experimental and calculated enthalpies of formation, i.e. the calculations
are ±8.0 kJ/mol within the experimentally obtained values. Except for trimethylsilane,
SiH(CH3)3, the calculated values for ∆H◦

f are within the stated experimental uncertainties.
Calculated and available experimental data are presented in Table 5.1.

To further support the application of the G4 method, we have also calculated ∆H◦
f

for those six compounds in table 5.1, for which experimental data are available, by using
two other composite methods: CBS-QB3 [177] and W1BD [178]. Among these three
composite methods, CBS-QB3 is the most cost-effective one, whereas W1BD requires higher
computational resources than G4. The CBS-QB3 and W1BD based data are also presented
in table 5.1. The mean absolute deviations (MAD) between the ab initio calculated and
experimental values are 9.2 kJ/mol for CBS-QB3, 3.4 kJ/mol for G4, and 8.9 kJ/mol for
W1BD. For those few compounds, the G4 method shows the best performance. CBS-QB3
and W1BD show similar MAD values, which is not expected. In case of the W1BD composite
method, one can observe a systematic deviation to experimental data with increasing number
of Si–H bonds. W1BD based enthalpies agree very well with experimental enthalpies of
tetramethyl- and trimethylsilane. With an increasing number of Si–H bonds, i.e. for dimethyl-
and methylsilane, the deviation to experimental values substantially increases. This becomes
also evident when comparing results of W1BD calculations with experimental data of disilane
and trisilane (see Table 5.1): The deviations are 12.3 kJ/mol for disilane and 17.5 kJ/mol for
trisilane. In case of W1BD, it would be necessary to employ a bond-additive correction (BAC)
for Si–Si and Si–H bonds to obtain very good agreement between theoretical and experimental
thermochemical data. In case of the CBS-QB3 method, deviations for compounds with a
larger number of Si–H bonds are not that pronounced as it is the case for W1BD. However,
comparing CBS-QB3-based enthalpies with the data for tetramethyl- and trimethylsilane
suggests that also empirical corrections for Si–C bonds may be necessary.

BAC are well established for hydrocarbons and oxygenated hydrocarbons. Regarding
silicon organic species, Allendorf and Melius [179] as well as Ho and Melius [180] used
empirical BAC to improve theory-based thermodynamics parameters for compounds in the
Si–O–C–H system. Recently, Phadungsukanan et al. [8] expanded these studies. They
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performed ab initio calculations using B3LYP and B97-1 functionals. ∆H◦
f values were

obtained using isodesmic reactions. The reported error range of the ∆H◦
f values calculated

using isodesmic reactions is between 5 and 40 kJ/mol. Phadungsukanan et al. [8] discussed
the possibility of an error in the BAC from Ho and Melius. If only few experimental data are
available or if experimental data exhibit substantial uncertainties of even 30 to 40 kJ/mol,
which applies for compounds like (CH3)2Si=CH2 or Si(OCH3)4 (see Allendorf and Melius
[179] as well as Ho and Melius [180]), then applying BAC with a bias on particular data can
give reason for additional errors.

In this work, we did not include BAC or any other empirical corrections. Taking a look
at the G4-based ∆H◦

f values and comparing them with the limited available experimental
∆H◦

f data, we cannot see a clear systematic difference, at least for tetramethylsilane and
its derivates, i.e. tri-, di-, and methylsilane. Also, the deviations between G4 theory and
measured standard enthalpies of formation of disilane and trisilane are within the experimental
uncertainties. With increasing size of the molecules, also the G4 method will probably result
in larger errors. However, one should note that this method already contains empirical
corrections, which are called “higher level corrections” [169]. These are empirical terms
that were included in order to correct energy calculations for molecular species, radicals and
different atoms, and these correction terms may be the reason why the G4 method seems to
work quite well for Si–C–H-containing molecular species. It is interesting to note that Simmie
and Somers demonstrated that even for the thermochemistry of the molecular hydrocarbon
compounds CxHyOz, the G4 is outperforming the W1BD method [181, 182]. Therefore, these
results suggest applying the G4 method without any further additional empirical corrections
in order to derive thermochemical data of smaller silanes and Si–C-containing molecules.

Enthalpies of formation, standard entropies and heat capacities in the range from 200 to
2000 K are calculated for a set of 22 stable molecules. The calculated values are compared
to the few experimental values reported in the literature. Figure 5.4a shows the ab initio
data that was considered as reliable thermodynamic data since they closely match the data
available in open literature [171–174]. The maximum deviation and the mean absolute
deviation between ab initio data and the data available in the literature is 8 and 3.4 kJ/mol,
respectively.

By using the abovementioned multivariate linear regression (MLR) model, 24 GAVs
were determined for Si–C–H chemistry. These groups are listed in Table 5.2 along with
their enthalpy of formation, standard entropy, and heat capacity at various temperatures.
As previously mentioned, Doncaster and Walsh [173] assumed a thermochemical analogy
between C–Si- and C–C-containing groups to get reasonable estimations for thermodynamic
parameters of Si–C–H compounds. They assigned the value of the C–(C)(H)3 group [139]
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Table 5.1 ∆H◦
f (kJ/mol) of 22 reference species for the training set in this section, comparing

the atomization and isodesmic methods.

Species Atomization method G4/isodesmic Exp.

CBS-QB3 G4 W1BD

disilane 61.0 70.6 59.3 71.6±1.3a

trisilane 95.0 106.1 90.9 108.4b

2-silyl-trisilane 134.1 149.7 ± 6.6
1,1,1-trimethyl-disilane −112.7 −118.1 ± 13.2
2,2-dimethyl-trisilane −11.9 −9.2 ± 10.2
2-methyl-trisilane 49.2 56.8 ± 7.0
2-methyl-2-silyl-trisilane 77.6 88.3 ± 8.2
disilyl-methane 5.8 5.8 ± 9.0
trisilyl-methane 30.7 29.5 ± 12.7
tetrasilyl-methane 41.1 38.5 ± 16.5
1,1,1-trisilyl-ethane 20.8 18.8 ± 12.7
2-silyl-2-methyl-propane −89.3 −90.0 ± 5.8
2-silyl-propane −59.1 −59.2 ± 5.8
2,2-disilyl-propane −23.6 −20.6 ± 6.1
methyl-silane −36.2 −30.4 −39.0 −29.0±4.0c

dimethyl-silane −94.3 −91.6 −102.5 −95.1 ± 9.1 −95.0±4.0c

trimethyl-silane −155.1 −155.3 −167.9 −163.8 ± 13.0 −163.0±4.0c

tetramethyl-silane −218.1 −237.9 −234.7 −234.4 ± 16.9 −233.2±3.2c,d

neo-pentasilane 154.3 173.0 ± 8.2
1,1-dimethyl-disilane −48.2 −48.6 ± 9.5
1-methyl-disilane 12.9 17.4 ± 6.1
1,1-disilyl-ethane −2.8 −3.5 ± 9.0
aRef. [171]. bRef.[172]. cRef.[173]. dRef.[174].
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Table 5.2 GAVs of organosilane compounds calculated by atomization method (units: ∆H◦
f :

kJ/mol, S◦ and Cp: J/mol K).

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

C–(C)(Si)3 12.3 −121.5 30.7 33.0 33.4 33.4 34.1 34.1 33.8 33.0
C–(C)2(Si)2 27.0 −143.3 31.2 35.4 36.0 35.6 35.9 35.2 33.9 31.3
Si–(C)2(H)2 −0.14 47.3 30.3 37.7 43.6 48.3 55.2 59.7 65.2 67.7
Si–(C)4 −48.7 −138.1 22.1 26.1 27.5 28.1 29.6 30.4 31.4 31.2
C–(C)(H)(Si)2 5.6 −32.6 28.1 32.4 35.1 37.1 40.9 43.3 46.8 47.9
Si–(C)(H)2(Si) 25.0 63.6 33.4 39.8 44.7 48.6 54.5 58.5 64.1 66.7
Si–(C)3(H) −21.6 −47.4 27.3 33.1 36.7 39.1 42.9 45.4 48.6 50.4
C–(C)3(Si) 20.4 −167.6 27.5 33.5 35.2 35.4 36.3 35.5 33.5 29.4
Si–(C)(H)3 16.9 131.3 35.9 44.0 50.8 56.5 65.1 71.2 79.5 83.5
C–(Si)4 −26.4 −110.8 27.5 30.3 31.9 32.9 33.9 34.4 34.5 35.1
Si–(H)3(Si) 35.3 141.1 39.6 47.2 53.4 58.6 66.6 72.3 80.2 84.1
Si–(H)(Si)3 28.3 −10.2 32.0 36.4 39.2 41.2 44.3 46.3 49.0 50.3
C–(H)3(Si) −47.3 126.6 30.9 37.3 43.0 48.2 56.5 63.1 73.8 80.0
Si–(Si)4 13.1 −99.6 28.1 30.3 31.4 32.0 32.6 32.9 33.1 33.2
Si–(H)2(Si)2 35.5 68.9 35.9 42.1 46.6 50.1 55.6 59.4 64.7 67.3
C–(C)2(H)(Si) 8.4 −53.9 26.5 31.9 34.9 36.9 40.9 43.1 46.1 45.8
Si–(C)3(Si) −6.15 −122.3 26.3 28.5 29.6 30.2 31.1 31.5 32.1 31.8
Si–(C)2(H)(Si) 11.2 −23.9 29.1 33.6 36.8 39.2 42.7 44.9 48.1 49.2
Si–(C)2(Si)2 12.1 −112.1 28.9 30.9 31.7 31.9 32.4 32.5 32.7 32.4
Si–(C)(H)(Si)2 25.9 −15.3 30.9 35.2 38.2 40.3 43.6 45.7 48.5 49.8
C–(C)(H)2(Si) −7.42 32.8 24.6 31.2 37.1 42.5 50.8 56.5 65.6 69.2
Si–(C)(Si)3 19.1 −101.8 28.5 30.3 31.3 31.7 32.3 32.6 32.8 32.8
C–(H)(Si)3 −19.8 −18.7 23.3 28.9 33.4 36.8 40.9 43.8 47.6 50.1
C–(H)2(Si)2 −28.0 58.2 27.2 33.4 38.6 42.9 49.0 53.8 60.9 65.2

(−42.8 kJ/mol) for the C–(H)3(Si) group for standard enthalpy of formation. However,
we have determined a group additivity value of −47.3 kJ/mol for the standard enthalpy of
formation for the C-(H)3(Si) group. Using the new determined value of the C–(H)3(Si) group
to reproduce the standard enthalpy of formation of TMS showed better agreement with mea-
sured data [173, 174] for TMS. This indicates that the assumption of such group-increment
analogies between hydrocarbons and Si–C–H molecules can result in correspondingly larger
errors for larger SixCyHz species.

Figure 5.4(b) compares the enthalpies of formation used in the regression to the values
that are fitted by our regressed GAVs. The plot shows a nearly perfect agreement of group-
additivity re-calculated thermodynamics data and the calculated values from G4 theory,
which proves the group additivity method as a convenient tool to obtain thermodynamics
data of organosilanes. The maximum deviation and the mean absolute deviation between
group-additivity re-calculated thermodynamics data and the ab initio calculation is 0.01 and
0.003 kJ/mol, respectively.

A model adequacy test is done to check if the fitted model is a suitable approximation for
the true response surface. The analyses of variance and regression were performed assuming
that the εi have a normal distribution. Figure 5.5a shows the residuals on the vertical axis over
the fitted values on the horizontal axis. The residuals scatter around the mean line, confirming
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the linear relationship between GAVs and the thermodynamics data of species, which is
suggested by Benson [139]. In addition, the residuals form a horizontal band around the
mean line, showing that the variances of the error terms are comparable, there are no outliers.
It should be noted that the mean line slightly deviates from zero. For this magnitude of
(normalized) residuals, the deviations of the order of 1×10–13 are negligible. The accuracy
of regressed GAVs can be increased by having the thermodynamic data of more species as
the input data for regression, but in this study with only 22 input values, the regressed GAVs
reproduces the G4 values very well as shown in Fig. 5.4b. The normal probability plot in Fig.
5.5b gives the theoretical percentiles of the normal distribution versus the observed data. This
plot shows the residuals on the y axis and the theoretical percentiles of the normal distribution
on the x axis. The best-fit line shows the linear relationship between the residuals and the
theoretical percentiles. Therefore, the results support the assumption that the error terms
follow a normal distribution. The coefficient of determination R2 was 98%, indicating that
the data are close to the fitted regression line and that the model explains all the variability of
the dependent data around its mean.

5.6 Conclusion

In this study, thermodynamic properties of Si-containing species have been obtained from G4
quantum chemical calculations. A comparison based on a set of few available experimental
data suggests that among three composite methods, CBS-QB3, G4, and W1BD, the G4
method is the most reliable method to estimate thermodynamics data of Si–C–H-containing
compounds. Group-additivity values for 24 Si-containing groups were determined by apply-
ing a multivariate linear regression (MLR) model. The regression analysis proved the quality
of fit of our group additivity method combined with the response-surface methodology for
generating thermodynamics data of species for which no experimental data are available.
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Fig. 5.3 B3LYP/6-31G(2df,p) geometry-optimized structures of the 22 Si–C–H molecules
considered for deriving group-additivity values.
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(a) (b)

Fig. 5.4 (a) Comparison of calculated enthalpies of formation with available data shown in
Table 5.1, (b) Comparison of the G4/atomization with the regressed GAVs.

(a) (b)

Fig. 5.5 (a) GAVs residuals versus fitted values, (b) GAVs residuals versus fitted values.
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6.1 Abstract

Si–C–H-containing radicals and stable species are present in the oxidation of silicon-organic
compounds such as methyl and ethyl silanes, which are frequently-used precursors for the
synthesis of silicon-based nanoparticles and coatings via combustion processes. Silicon-
containing intermediates interact with flame radicals and thus play a major role in flame
chemistry and influence flame propagation. Mechanistic understanding of these effects is
hampered by very limited thermochemical properties available for relevant organosilane
species. This paper presents quantum-chemical calculations and isodesmic reaction schemes
for the determination of temperature-dependent heat of formation, entropy, and heat capacity
of Si–C–H radicals and molecules, from which group additivity values (GAVs) were obtained
from combinatorial considerations. The data for 22 stable Si–C–H species are revised using
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isodesmic reactions and the related 24 GAVs were refined by considering 19 additional
stable Si–C–H species. In addition, quantum chemical calculations are made to calculate the
thermochemistry of 61 radicals and used to derive 56 GAVs for Si–C–H containing radicals
for the first time.

6.2 Introduction

Gas-phase synthesis in flame reactors enables a continuous production of high-purity nanopar-
ticles on industrial scales [18]. Efforts have been made in the last decades to develop chemical
kinetics reaction mechanisms for describing pyrolysis and oxidation of nanoparticle pre-
cursors in flames [31, 167]. Mechanisms comprise thermochemical properties of chemical
species, transport data, and rate coefficients of reactions. Thermochemical data play an im-
portant role as they are involved in kinetics by means of reversible reactions and calculation
of heat release in conservation equations. In addition, thermochemical data can be used for
estimating rate coefficients through correlating energy barriers with activation energies [122].

Experimental thermochemical data of Si-organic compounds are scarce. Most of the
available data have relied on quantum-chemistry calculations. Quite extensive attempts
have been made by Allendorf and Melius [179] and Ho and Melius [180] for a range of
Si–C–H and Si–C–H–O species. In those studies, correlations between molecular structure
and standard enthalpies of formation and bond dissociation energies have been derived.
Other studies were devoted to specific materials systems like tetramethylsilane (Si(CH3)4;
TMS) [186, 73] or tetraethoxysilane (Si(OC2H5)4); TEOS) [33, 34, 8]. In addition, we have
used group additivity (GA) to estimate the thermochemical properties for a wide range of
organosilane species [7].

Benson’s group-additivity method [139] has been widely used for estimating thermochem-
ical properties [142], especially for hydrocarbon species [143, 187]. Due to its conceptual
simplicity and reasonable accuracy, GA has been widely used in automated mechanism
generation (e.g., [147]). Deriving group-additivity values (GAVs) requires an extensive and
reliable database of thermochemical properties. Unlike hydrocarbons, data for Si-organic
species are scarce, and for this reason, our previous GA study was focused on stable Si–C–H
species. The focus of the current work is on free radicals and small molecules containing
Si=C double bonds for which reliable thermochemical property values are unavailable. These
compounds are intermediates of organosilane combustion, and their thermochemical data
are critical to the development of reaction mechanisms for the precursor chemistry in silica
nanoparticle-producing flames.



6.3 Methodology | 68

The aim of this study is (i) to calculate the thermochemical properties of a pool of
organosilyl radicals by quantum-chemical calculations using isodesmic reactions, (ii) to
perform regression analysis to calculate GAVs for the radical groups in Si–C–H system, and
(iii) to report GAVs for standard enthalpy of formation (∆H◦

f ), standard entropy (S), and heat
capacities (Cp) from 298 to 2000 K. The chemical species considered in the pool of Si–C–H
compounds were chosen based on combinatorial considerations to derive GAVs that can be
generically applied to predict thermochemical data of any Si–C–H-containing stable species
and radicals.

6.3 Methodology

6.3.1 Isodesmic reactions and uncertainty

Isodesmic reactions are hypothetic bond re-arrangement reactions, in which the number
of bond types remains the same between the reactants and products. In our first paper
in these series of publications [7], the thermochemical properties of Si–C–H-containing
organosilanes were calculated based on the atomization energy. A comparison of the bond-
energy derived and experimental ∆H◦

f values of disilane (Si2H6), trisilane (Si3H8), methyl-
(CH3SiH3), dimethyl-((CH3)2SiH2), trimethylsilane ((CH3)3SiH), and tetramethylsilane
((CH3)4Si) showed good agreement with the maximum deviation smaller than 8 kJ/mol. In
the last two papers, we extended out early approach to include the use of isodesmic reactions
to reassess the standard-state heat of formation of stable Si–C–H species and hence the GAVs
for the molecular groups, and to derive GAVs for Si–C–H radicals, Si=C species, stable
Si–C–H–O, and Si=O species for two separate reasons:

1) For reducing the error in GAVs, it is necessary to expand the database of the reference
compounds, especially larger molecular species.

2) The error in atomization energy scales with the molecular size. In contrast, isodesmic
reactions conserve the bond types such that systematic errors tend to cancel out.

For (CH3)2SiH2, (CH3)3SiH, and (CH3)4Si, the standard reaction enthalpies (∆H◦
r ) were

obtained using the G4 composite method [188] implemented in Gaussian09 [136] for the
isodesmic reactions

Examples of isodesmic reactions are:

(CH3)2SiH2 + SiH4 → 2 CH3SiH3,

(CH3)3SiH + 2 SiH4 → 3 CH3SiH3, and

(CH3)4Si + 3 SiH4 → 4 CH3SiH3,.
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In the above reactions, SiH4 and CH3SiH3 are regarded as reference species. The aforemen-
tioned method is hereafter referred to as the G4/isodesmic reaction method.

The accuracy of the ∆H◦
f value of the reference species is critical to deriving accurate

∆H◦
f values for the target compounds. Hence, our initial study included an evaluation

of the literature ∆H◦
f values for the reference species. Using ∆H◦

f of SiH4 of Gunn and
Green [171], we obtained the ∆H◦

f = −91.3, −156.2, and −223.0 kJ/mol for (CH3)2SiH2,
(CH3)3SiH, and (CH3)4Si, respectively, compared to the experimental values of −95±4,
−163±4, and −233±4 kJ/mol. Clearly, the deviations are rather large, and with an increase
in the size of methylsilanes, the deviations increase. To this end, we note that the revised ∆H◦

f

value of Becerra and Walsh [175] yielded more satisfactory results: ∆H◦
f = −95.1, −163.8,

and −234.4 kJ/mol for(CH3)2SiH2, (CH3)3SiH, and (CH3)3SiH, respectively. The same
observations were made when Si2H6 and Si3H8 are used as reference species in alternative
isodesmic reactions.

The revised ∆H◦
f values for SiH4 (34.3±1.2 kJ/mol), Si2H6 (80.0±1.5 kJ/mol), and Si3H8

(121±4.4 kJ/mol) enable better predictions for the ∆H◦
f value of methylsilanes. The ∆H◦

f

values of other reference species were adopted from the active thermochemical tables [110]
for CH4 (−74.5±0.1 kJ/mol), C2H6 (−84.0±0.1 kJ/mol), and •CH3 (146.7±0.1 kJ/mol), the
NIST database [109] for •SiH3 (200.5±2.5 kJ/mol), Doncaster and Walsh [173] for CH3SiH3

(−29.0±4.0 kJ/mol) and Shin et al. [189] for H2Si=CH2 (179.9±12.6 kJ/mol).
Uncertainties of the ∆H◦

f values derived from the G4/isodesmic reaction method were
estimated by the “root sum squares” of the uncertainties in the reference species:

Uc =

√
n

∑
i=1

[CiU(xi)]2, (6.1)

where Uc is the combined uncertainty, ci are the stoichiometric coefficients in the
isodesmic reaction, and U(xi) is the uncertainty of reference species i. In addition, the
uncertainty of the G4-level ∆H◦

r value was assumed to be ±4.2 kJ/mol because this is the
typical threshold of “chemical accuracy” that composite methods try to achieve. To check
whether this assumed uncertainty U(∆H◦

r ) is justified, the ∆H◦
r values of selected isodesmic

reactions were calculated at CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-cc-pVQZ levels of
theory. The resulting energies were extrapolated to the complete basis set (CBS) limit using
the formula.

ECCSD(T)/CBS = ECCSD(T)/QZ +

(
ECCSD(T)/QZ −ECCSD(T)/TZ

)
44

(54 −44)
. (6.2)

To determine ∆H◦
r values, enthalpy corrections at the 6-31(2df,p) theory level were

added to the CCSD(T)/CBS energies for each species involved in the respective isodesmic



6.3 Methodology | 70

Table 6.1 Comparison between CCSD(T)/CBS and G4 based ∆H◦
r (kJ/mol) values for selected

isodesmic reactions.

No. Isodesmic reaction CCSD(T)/CBS G4

1 (CH3)2SiH2 + SiH4 → 2 CH3SiH3 2.7 2.8
2 H2Si=CH(CH3) + CH4 → H2Si=CH2 + C2H6 7.0 9.4
3 (CH3)H2Si• + CH3SiH3 → 2 (CH3)2SiH2 + •SiH3 −6.6 −5.3
4 (SiH3)H2C• + CH4 → CH3SiH3 + •CH3 13.3 14.6
5 (SiH3)H2Si• + SiH4 → Si2H6 + •SiH3 12.0 13.2

reactions. The 6-31(2df,p) method is included in the G4 scheme for geometry optimization
and frequency analysis. Table 6.1 shows a comparison between CCSD(T) and G4 based ∆H◦

r

data of five isodesmic reactions. These reactions were chosen, because the species involved
can still be handled well by applying the CCSD(T)/aug-cc-pVQZ method.

According to the comparison presented in Table 6.1, U(∆H◦
r ) = ±4.2 kJ/mol seems

reasonable. It clearly suggest that the computed enthalpy of reaction is not very sensitive
to the choice of the method. Previously, we used 22 reference compounds to develop
GAVs for stable Si–C–H species [7]. To improve the accuracy, we recalculated ∆H◦

f using
the G4/isodesmic reaction method for an additional set of 19 reference compounds, all of
which are larger in molecular sizes than previously considered. The resulting 41 reference
compounds form the training set for deriving GAVs for the non-radical Si–C–H compounds.
Many of the reference compounds themselves serve also as the reference species in the
isodesmic reactions of the Si–C–H radicals. Results are then applied to derive GAVs of
Si–C–H radical-centered and adjacent groups as well as groups for species with Si=C bonds.

6.3.2 Computational chemistry

All quantum-chemical calculations were performed at the G4 level of theory using the
GAUSSIAN 09 package [169, 136]. The Cp(T ), H◦

f (T ), and S◦(T ) values were derived by
using the GPOP (Gaussian Post Processor) program [170] from the calculated molecular
properties. Lowest energy conformers were identified from relaxed potential energy surface
(PES) scans at the B3LYP/6-31G(2df,p) level of theory for the –CH3, –SiH3, –CH2•, and
–SiH2• moieties with dihedral angles used as relevant coordinates. Internal rotations around
the bonds of ligands attached to carbon and/or silicon atoms were treated as hindered rotations
using the Pitzer-Gwinn approximation [190]. Rotational barrier heights were obtained from
relaxed PES scans (B3LYP/6-31G(2df,p) theory level) for –CH3, –SiH3, –CH2•, and –SiH2•
rotors.
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6.3.3 Group additivity method

Benson defined a group as a polyvalent atom (ligancy ≥ 2) in a chemical compound sur-
rounded by its ligands [139]. The radical groups are classified into radical-centered groups,
which have a central radical atom, and radical-adjacent groups, which have a radical ligand
atom. We considered all possible Si–C–H-containing radical-centered and radical-adjacent
groups using a combinatorial approach.

Fig. 6.1 Combinatorial arrangements of SiH3, CH3, and H ligands at three possible locations
in Si- and C-radical-adjacent species (categories A and B) and Si- and C-radical-centered
species.

The –SiH3, –CH3, and –H ligands can be located around the Si or C radical centers, as
shown in Fig. 6.1. In these structures, the location of the ligands are not essential on chemical
equivalence. Hence, the combinatorics relation for “combinations with repetition” can be
used to find the number of all possible groups:

((
n
k

))
=

(
n+ k−1

k

)
=

(n+ k−1)!
k!(n−1)!

(6.3)

For both radical-centered and radical-adjacent species, the number of elements n (n = 3
for –SiH3, –CH3, and –H) and k is the number of possibilities to distribute the ligands around
the locations of the central atoms (k = 3). Therefore, ten Si- and ten C-radical-centered
groups and altogether also ten Si- and ten C-radical-adjacent groups may be obtained from
the combinatorial rule. Among the radical-centered groups, we are interested in 15 of them
containing Si. The other five radical-centered groups contain C and H atoms only and are
already well known. Regarding radical-adjacent groups, we are interested in those groups
that contain Si as the central atom bonded with adjacent radical carbon (the –CH2• moiety)
and C as central atom bonded with adjacent radical silicon (the –SiH2• moiety). For these
two types of groups, the combinatorial approach gives ten possible GAVs for each type.
Hereafter, we label these two types as category A (central Si atom bonded to a –CH2•
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moiety) and category B (central C atom bonded to a –SiH2• moiety). These two categories
of radical-adjacent groups are expected to appear quite often in the flame chemistry of
organosilanes. Radical-adjacent groups that only contain C–C bonds are again well known
from hydrocarbon chemistry and those that contain Si–Si bonds are not considered because
they are not important to the combustion chemistry of Si–C–H compounds. In derived GAVs,
“R” is used to indicate the atom with an unpaired electron.

6.3.4 Regression analysis

GAVs are derived by a regression analysis [191]. The training set consists of the thermo-
chemical data of reference compounds obtained from quantum chemistry calculations on
isodesmic reactions. The regression analysis was performed for ∆H◦

f , entropy S◦, and heat
capacity Cp for eight temperature values from 298 to 2000 K. The methodology is described
in detail in ref. [7].

6.4 Results and discussions

6.4.1 Sensitivity analysis and reevaluation of Si–C–H GAVs of stable
species

The accuracy of the regression analysis depends on the accuracy of the species in the training
set. It also relies on how often a specific group appears in the training set. Those groups that
appear seldomly in the training set are expected to have large errors than those that appear
often. In this case, the coefficient of determination is close to unity and the residuals between
recalculation of training set species with regressed GAVs and ab initio calculated values have
very small values [7].

To reevaluate the GAVs developed earlier [7], the thermochemical properties of 19 new
Si–C–H-containing species were evaluated using isodesmic reactions. These species were
chosen so that every GA group contributes to the training set at least twice. To test the
sensitivity of the regressed GAVs to the choice of the training species, we compared the
predictions of three sets of GAVs with the G4/isodesmic reaction results. Set 1 is taken from
our earlier study [7] in which the ∆H◦

f values were derived from atomization energy. Set 2
uses the same training species from the earlier study but their ∆H◦

f values were re-evaluated
the G4/isodesmic reaction method. Lastly, set 3 includes the same species as in set 1 and
2, with ∆H◦

f values from set 2, and it also includes the new 19 Si–C–H compounds derived
from the G4/isodesmic reaction method. In total, set 3 contains 41 species. Table 6.3 lists the
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Table 6.2 GAVs of stable Si–C–H molecules (Set 3: A re-evaluation of results from atomiza-
tion method) (units: ∆H◦

f : kJ/mol, S◦ and Cp: J/mol K).

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

C–(C)(Si)3 5.0 −110.3 31.0 36.3 39.4 41.5 43.9 45.0 45.7 44.8
C–(C)2(Si)2 25.5 −134.3 31.5 36.6 39.1 40.3 41.2 41.3 40.3 36.2
Si–(C)2(H)2 −3.5 52.5 30.7 38.8 45.1 50.1 57.0 61.7 67.9 70.4
Si–(C)4 −51.6 −129.2 25.4 31.7 35.8 38.4 41.1 42.6 44.2 43.7
C–(C)(H)(Si)2 2.5 −27.8 28.3 33.7 37.8 40.9 45.4 48.4 52.3 52.9
Si–(C)(H)2(Si) 23.3 64.4 35.8 44.2 50.4 55.1 61.7 66.2 72.2 74.8
Si–(C)3(H) −26.2 −32.9 27.2 33.6 38.2 41.5 45.8 48.7 52.3 53.2
C–(C)3(Si) 19.8 −164.1 28.9 35.3 38.9 40.7 41.4 41.2 39.2 32.2
Si–(C)(H)3 18.9 128.1 36.0 43.5 49.7 55.0 63.1 68.9 76.9 80.7
C–(Si)4 −38.3 −102.3 34.6 41.1 44.3 45.8 47.7 48.4 49.0 50.3
Si–(H)3(Si) 40.4 138.4 38.4 45.7 51.7 56.7 64.6 70.2 78.0 81.9
Si–(H)(Si)3 27.8 0.3 35.1 40.1 43.2 45.3 48.5 50.6 53.4 54.8
C–(H)3(Si) −46.0 124.9 30.6 36.3 41.7 46.6 54.7 61.2 71.9 78.1
Si–(Si)4 10.2 −82.2 36.9 40.9 42.7 43.6 44.9 45.4 45.9 46.1
Si–(H)2(Si)2 38.7 75.3 37.8 44.2 48.8 52.3 57.8 61.7 66.9 69.5
C–(C)2(H)(Si) 8.7 −52.6 27.0 32.7 37.0 40.2 44.2 46.9 50.0 47.9
Si–(C)3(Si) −19.4 −116.6 28.5 34.6 38.4 40.7 43.1 44.4 45.8 45.5
Si–(C)2(H)(Si) 3.9 −21.4 30.7 37.4 42.1 45.4 49.7 52.4 55.9 57.0
Si–(C)2(Si)2 2.2 −98.9 31.1 34.5 36.1 36.9 37.9 38.3 38.7 38.4
Si–(C)(H)(Si)2 22.2 −7.9 33.2 38.3 41.7 44.1 47.5 49.8 52.7 53.9
C–(C)(H)2(Si) −12.9 45.4 27.0 33.1 38.5 43.1 49.9 55.0 62.5 64.8
Si–(C)(Si)3 12.8 −87.1 34.7 38.4 40.2 41.1 42.3 42.8 43.3 43.2
C–(H)(Si)3 −27.8 −8.0 24.2 31.5 37.2 41.5 46.7 50.2 54.8 58.0
C–(H)2(Si)2 −32.4 65.6 28.2 36.0 42.3 47.4 54.5 59.8 67.5 72.2

∆H◦
f values predicted by the three GAV sets and their maximum absolute deviations (MAXs)

and mean absolute deviations (MADs) from the G4/isodesmic reaction results. It is apparent
that the MAX from set 2 is decreased from 10.5 to 6.2 kJ/mol and that the use of set 3 further
decreases the MAX to less than 2 kJ/mol.

Figure 6.2 visualizes the absolute residue of the three GAV sets. It also shows the
sensitivity of GAV to the choice of the training species and their accuracy in the training
set. By including the 19 species, the maximum and mean absolute deviations are drastically
decreased with significantly improved GAVs. The GAVs of set 3 are reported in table 6.2.

To conclude this section, an example for the application of GAVs for predicting ∆H◦
f of

single-bonded Si–C–H species is given, which can be compared with data from literature.
For hexamethyldisilane ((CH3)3SiSi(CH3)3), the present GAVs yield ∆H◦

f =−314.8 kJ/mol.
Pilcher et al. [192] deduced ∆H◦

f ((CH3)3SiSi(CH3)3) =−303.7±5.5 kJ/mol from calorimet-
ric measurements. Boatz and Gordon reported ∆H◦

f ((CH3)3SiSi(CH3)3) =−313.8 kJ/mol
[193]. Their value was derived from the isodesmic reaction (CH3)3SiSi(CH3)3 + 2CH3SiH3

→ (CH3)4Si + Si2H6, whose ∆H◦
r was obtained from quantum-chemical calculations at the

MP2/6-31G(d)//RHF/3-21G level of theory. The present GAV prediction agrees very well
with the ab initio based value from Boatz and Gordon [193] and, considering experimental
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Table 6.3 ∆H◦
f (in kJ/mol) of 19 added reference compounds, comparing the current

G4/isodesmic reaction values with those evaluated using the GAVs of Si–C–H species
obtained from set 1 based on atomization energy [7], set 2 using the training set from [7]
with ∆H◦

f from the G4/isodesmic reaction method, and set 3 with 19 new compounds added
into the training set (see text).

Group Additivity

Compounds G4/isodesmic reaction Set 1 Set 2 Set 3

(SiH3)SiH2–SiH2(CH3) 55.0±7.0 48.5 58.4 56.4
(SiH3)CH2–SiH2(CH3) −61.8±12.8 −58.5 −60.3 −63.0
(SiH3)2SiH–SiH2(CH3) 85.1±8.2 76.6 87.1 85.9
(SiH3)2CH–SiH2(CH3) −40.1±16.6 −33.5 −36.6 −39.5
(CH3)3Si–SiH2(CH3) −178.9±17.3 −170.3 −180.7 −180.0
(CH3)SiH2–CH(CH3)2 −125.6±9.1 −124.9 −125.3 −126.6
(CH3)2(SiH3)Si–SiH2(CH3) −71.9±13.9 −69.5 −71.9 −72.1
(CH3)2SiH–CH2(SiH3) −132.1±6.7 −127.2 −129.0 −131.7
(SiH3)2(CH3)Si–SiH2(CH3) 24.5±11.2 20.1 25.7 24.9
(CH3)SiH2–CH2(CH3) −104.2±9.1 -97.7 −104.2 −105.3
(CH3)SiH2–C(CH3)2(SiH3) −92.9±12.8 −89.4 −86.7 −90.9
(CH3)SiH2–C(SiH3)2(CH3) −49.7±16.6 −44.2 −47.3 −49.6
(CH3)SiH2–SiH(CH3)(SiH3) −5.8±10.2 −8.4 −5.9 −6.1
(CH3)2SiH–SiH2(CH3) −109.9±13.3 −105.7 −111.2 −110.7
(CH3)SiH2–CH(CH3)(SiH3) −70.9±12.8 −67.8 −68.9 −71.0
(CH3)SiH2–SiH2(CH3) −44.3±9.5 −44.6 −45.2 −45.3
(SiH3)3C–SiH2(CH3) −32.3±20.5 −23.0 −27.6 −31.1
(CH3)SiH2–Si(SiH3)3 107.2±9.6 96.7 110.4 108.6
(CH3)3Si–CH2(SiH3) −204.1±20.8 −201.6 −199.6 −203.0

MAX 10.5 6.2 2.0
MAD 5.0 2.2 0.8
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Fig. 6.2 Residuals of the calculated ∆H◦
f values from the G4/isodesmic reaction values.

errors and uncertainties related with the GAVs, is in good agreement with the calorimetric
measurements from Pilcher et al. [192].

6.4.2 GAVs of Si–C–H-centered radicals

The GAVs derived for radical-centered groups are regressed from 31 radical species in the
training set. Examples of the isodesmic reactions are:

(SiH3)3Si• + CH3SiH3 → (SiH3)3SiCH3 + •SiH3,

(SiH3)3C• + CH3SiH3 → (SiH3)4C + •CH3.

Almost no experimental ∆H◦
f data are available for comparison. Dávalos and Baer [194]

derived ∆H◦
f data of (CH3)3Si+ molecule ions and (CH3)3Si• radicals from dissociative

photoionization experiments. According to ref. [194], ∆H◦
f ((CH3)3Si•) = 14.8±2.0 kJ/mol.

The G4/isodesmic reaction method yields ∆H◦
f ((CH3)3Si•) = 11.2±7.0 kJ/mol.

We discussed the distinction between radical-centered and radical-adjacent groups from
a combinatorial consideration. In practice, however, a strict distinction is not possible and
for this reason, radical-adjacent groups also contribute to the thermochemical data of the
training set. Therefore, Table 6.4 lists the regressed GAVs for seven radical-adjacent and
for 15 radical-centered groups in the training set for ∆H◦

f , S◦(T ), and Cp(T ). During the
regression analysis, GAVs of C–(H)3(Si), Si–(C)(H)3, and C–(RC)(H)3 were held fixed. For
C–(H)3(Si) and Si–(C)(H)3, the GA values are taken from the results discussed in Section
3.1; the values for C–(RC)(H)3 are assumed to be equal to those of C–(C)(H)3 as suggested
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Table 6.4 Group contributions to ∆H◦
f , S◦, and Cp for Si–C–H radicals (units: ∆H◦

f : kJ/mol,
S◦ and Cp: J/mol K).

Cp(T )

Group ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

C–(RC)(H)2(Si) −29.3 52.4 26.4 34.3 40.0 44.4 51.2 56.1 64.2 70.9
RSi–(C)(H)(Si) 54.8 66.6 12.0 13.9 15.5 17.0 19.4 21.2 23.8 25.1
Si–(H)3(RSi) 100.2 149.5 48.7 57.1 63.5 68.7 76.9 82.6 90.6 94.6
RSi–(C)2(Si) −26.0 −21.9 2.2 2.8 3.2 3.6 4.0 4.3 4.9 5.3
Si–(C)(H)2(RSi) 81.3 70.2 42.4 50.0 55.4 59.6 65.8 70.0 75.7 78.2
RSi–(C)3 −45.6 −27.4 1.9 2.7 3.3 3.7 4.3 4.7 5.7 6.3
RC–(C)2(Si) 108.0 −41.4 13.2 15.6 18.1 20.3 22.9 24.4 25.1 21.6
RSi–(H)2(Si) 132.6 146.1 27.5 31.8 35.1 37.9 42.6 46.0 50.8 53.2
RSi–(Si)3 −20.5 −20.3 5.5 6.7 7.4 7.8 8.3 8.5 8.6 8.6
RC–(H)(Si)2 12.8 65.1 9.9 12.6 14.5 15.9 18.0 19.7 22.5 25.0
RSi–(C)2(H) 40.0 62.7 12.1 14.7 16.8 18.6 21.4 23.5 26.6 28.2
Si–(RC)(H)3 94.3 136.6 44.4 53.9 61.7 68.0 77.2 83.6 92.2 96.1
RC–(C)(Si)2 27.9 −22.9 3.4 4.7 5.8 6.8 7.9 8.5 8.6 7.3
RC–(H)2(Si) 84.2 140.4 21.8 25.7 28.6 31.1 35.1 38.5 44.5 48.4
RSi–(H)(Si)2 58.9 63.4 15.6 18.5 20.5 22.0 24.6 26.3 28.8 29.9
RSi–(C)(H)2 120.9 139.7 26.0 31.3 35.5 38.9 44.2 48.1 53.4 56.2
RC–(Si)3 −69.2 −15.6 2.9 3.3 3.3 3.1 3.0 2.8 2.4 3.4
C–(H)2(Si)(RSi) 30.1 63.4 35.2 43.3 49.6 54.7 61.7 66.8 74.2 78.5
Si–(RC)(C)(H)2 70.9 56.0 38.8 47.6 54.2 59.2 66.3 71.1 77.4 79.8
RC–(C)(H)(Si) 99.3 55.9 13.0 15.8 18.7 21.2 24.6 27.2 30.6 30.9
C–(H)3(RSi) 18.5 124.0 37.9 45.6 52.3 58.0 66.8 73.7 84.5 90.5
RSi–(C)(Si)2 −18.2 −18.4 0.9 0.8 1.0 1.2 1.3 1.5 1.7 1.8

MAX 1.5 5.0 2.5 2.5 2.5 2.5 2.4 2.4 2.4 2.4
MAD 0.5 1.9 1.1 1.3 1.3 1.4 1.4 1.4 1.4 1.5
RMS 0.7 2.6 1.4 1.5 1.6 1.6 1.6 1.7 1.7 1.7

by Sabbe et al. [142]. The regression statistics at eight different temperatures are shown in
Table 6.4. The statistical parameters show a perfect regression to calculate GAVs. Overall,
MAX is < 2.0 kJ/mol for ∆H◦

f , < 5.1 J/mol K for S◦, and < 2.6 J/mol K for Cp.

6.4.3 GAVs of Si–C–H-adjacent radicals

Table 6.4 lists the GAVs for regressed radical-adjacent groups. For calculating ∆H◦
f value of

the reference radicals, isodesmic reactions similar to those of the centered radicals have been
employed, e.g.,

Si(CH3)4 + •CH3 → (CH3)3Si-CH2• + CH4,

(CH3)2C(SiH3)2 + •SiH3 → (CH3)2(SiH3)C-SiH2• + SiH4.

For regression analysis, 20 radical species were included in the training set. They were
chosen to for the 20 groups of interest. The number of reference compounds is equal to the
number of groups, which leads to a unique solution for the regression analysis. As mentioned
before, a strict separation between radical-centered and radical-adjacent species is not always
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Table 6.5 GAV for ∆H◦
f , S◦, and Cp of radical-adjacent groups (categories A and B) (units:

∆H◦
f : kJ/mol, S◦ and Cp: J/mol K).

Cp(T )

Category A ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

Si–(RC)(H)3 93.4 141.5 46.3 55.8 63.5 69.8 78.9 85.4 94.0 97.8
Si–(RC)(C)2(Si) 48.4 -106.6 39.1 45.2 48.9 51.1 53.7 55.0 56.4 56.0
Si–(RC)(H)(Si)2 89.9 -14.3 48.1 54.9 58.9 61.6 65.7 68.2 71.5 72.6
Si–(RC)(C)(H)(Si) 73.4 -20.6 41.4 48.2 52.7 55.9 60.3 63.0 66.6 67.6
Si–(RC)(H)2(Si) 94.7 60.5 44.8 51.8 56.9 60.8 66.9 71.1 76.7 79.1
Si–(H)3(Si) 40.4 138.4 38.4 45.7 51.7 56.7 64.6 70.2 78.0 81.9
Si–(RC)(C)(H)2 71.4 51.1 36.9 45.7 52.3 57.4 64.5 69.3 75.6 78.0
Si–(RC)(C)3 20.1 -121.8 31.5 39.6 44.7 47.9 51.4 53.3 55.3 55.0
Si–(RC)(C)2(H) 46.3 -36.6 34.2 44.0 50.8 55.5 61.4 65.0 69.5 70.6
Si–(RC)(Si)3 79.4 -83.5 42.9 48.8 51.8 53.5 55.6 56.6 57.7 57.8
Si–(RC)(C)(Si)2 67.7 -100.3 45.0 50.0 52.5 53.8 55.6 56.4 57.3 57.0
C–(H)3(Si) -46.0 124.9 30.6 36.3 41.7 46.6 54.7 61.2 71.9 78.1
RC–(H)2(Si) 84.2 140.4 21.8 25.7 28.6 31.1 35.1 38.5 44.5 48.4

Category B

C–(C)2(RSi)(Si) 85.7 −140.7 33.6 40.4 45.3 48.8 53.1 55.3 56.8 53.5
C–(C)(H)(RSi)(Si) 61.6 −31.1 34.8 41.7 46.8 50.6 55.6 58.8 62.9 63.1
C–(C)2(H)(RSi) 70.6 −56.6 29.5 35.0 40.1 44.4 50.5 54.5 59.1 57.4
C–(H)2(Si)(RSi) 29.8 58.4 35.7 44.4 51.0 56.3 63.5 68.6 76.2 80.5
C–(C)(H)3 −42.9 127.1 25.3 32.1 38.4 44.1 53.4 60.6 72.5 81.0
C–(H)(RSi)(Si)2 32.8 −7.4 36.4 45.3 51.6 56.1 61.6 65.2 69.7 72.5
C–(C)(RSi)(Si)2 62.7 −109.5 38.0 44.7 48.8 51.3 54.2 55.6 56.4 55.1
C–(H)3(RSi) 18.8 129.0 37.3 44.5 50.8 56.4 65.0 71.8 82.5 88.4
C–(C)3(RSi) 81.7 −158.8 29.6 34.7 38.8 42.0 46.2 48.4 49.7 44.0
C–(C)(H)2(RSi) 50.7 47.7 32.4 37.8 42.7 47.0 53.4 58.2 65.3 67.0
C–(RSi)(Si)3 21.9 −88.9 37.1 44.6 49.3 52.4 55.8 57.5 58.9 60.2
Si–(C)(H)3 18.9 128.1 36.0 43.5 49.7 55.0 63.1 68.9 76.9 80.7
RSi–(C)(H)2 120.9 139.7 26.0 31.3 35.5 38.9 44.2 48.1 53.4 56.2

feasible. In deriving the GAVs of radical-adjacent Si–C–H species, the training set required
to consider also the contribution of radical-centered species. Two radical-centered GAVs
(RC–(H)2(Si) and RSi–(C)(H)2) were considered and fixed at their values as listed in Table
6.4 for deriving the GAVs of radical-adjacent compounds.

6.4.4 GAVs of Si–C–H species with Si=C bonds

Table 6.6 summarizes the GAVs derived for Si–C–H species with Si=C double bonds. Sila-
ethylenes can be important intermediates as a result of Si–C–H-radical decomposition, e.g.,
(CH3)3Si–CH2• → •CH3 + (CH3)2Si=CH2. By considering only those species with H or
CH3 ligands bonded to the C and Si atoms of a Si=C core, we have a total of nine species as a
part of the training set for regression analysis. We excluded the SiH3 ligands bonded to C or
Si atoms of the Si=C core, because these species (e.g., H2Si=C(SiH3)2) are unlikely to play a
role in the combustion of Si-organic precursors. Isodesmic reactions were formulated for the
nine reference compounds with H2Si=CH2 used as a reference compound. For H2Si=CH2,
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Table 6.6 GAV for ∆H◦
f , S◦, and Cp of double-bonded groups (units: ∆H◦

f : kJ/mol, S◦ and
Cp: J/mol K).

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

Cd,si–(C)2 −9.2 8.4 8.3 10.4 12.3 13.8 16.3 18.1 20.7 22.2
Cd,si–(H)2 79.3 125.7 30.1 35.9 40.0 43.1 47.8 51.4 57.1 60.2
Sid,c–(C)2 −21.8 12.9 7.4 8.9 10.6 12.2 14.7 16.6 19.8 21.5
Sid,c–(H)2 95.2 124.1 29.8 35.4 39.5 42.7 47.8 51.7 57.5 60.6
Cd,si–(C)(H) 41.5 73.9 17.1 20.3 23.2 25.7 29.8 32.9 37.6 40.1
C–(H)3(Sid,c) −5.4 96.8 33.1 40.1 46.6 52.2 60.6 67.2 77.6 83.4
Sid,c–(C)(H) 38.3 71.1 18.4 22.3 25.3 27.7 31.2 33.9 38.1 40.4
C–(Cd,si)(H)3 23.0 90.7 33.6 41.1 47.7 53.4 62.3 68.9 79.0 84.5

only isogyric reactions like H2Si=CH2 + CH4 = C2H4 + SiH4 can be formulated, which
yields ∆H◦

f = 191.7 kJ/mol (with ∆H◦
f (C2H4) = 52.4 kJ/mol [20]). In isogyric reactions, the

number of electron pairs remains fixed between the reactants and products, but the number of
bond types can change. Isogyric reaction was applied by Boatz and Gordon [28] to calculate
∆H◦

f (H2Si=CH2): 2H2 + C + Si → H2Si=CH2. They obtained ∆H◦
f (H2Si=CH2) = 194.6

kJ/mol and used this value as a reference species in subsequent analyses using isodesmic
reactions for other Si=C species. Here, we used the same approach, but instead, we relied
on the experimental ∆H◦

f value for H2Si=CH2 from the ion cyclotron resonance experiment
from Shin et al. [23], which yielded ∆H◦

f = 179.9±12.6 kJ/mol for H2Si=CH2. An example
of the isodesmic reactions is:

(CH3)2Si=CH2 + 2 SiH4 → H2Si=CH2 + 2 CH3SiH3.

For sila-isobutene ((CH3)2Si=CH2), the only experimental ∆H◦
f value available was

that of Brix et al. [195] from photolysis of 1,1-dimethyl-sila-cyclobutane. They reported
∆H◦

f ((CH3)2 Si=CH2) = 36±7 kJ/mol. Using ∆H◦
f (H2Si=CH2) = 179.9 kJ/mol [189], the

G4/isodesmic reaction method gives ∆H◦
f ((CH3)2Si=CH-

2) = 45.6±15.7 kJ/mol, which is inline with the experimental value after considering the
uncertainties in both values. On the other hand, if we use the isogyric reaction result at 191.7
kJ/mol, we found ∆H◦

f ((CH3)2Si=CH2) = 57.5 kJ/mol, which is outside the uncertainty
limits of Brix et al. [195].

The nomenclature for double-bonded groups follows that of Benson but with slight
modification. We write a double-bonded centered and adjacent atom in a group as Xd,i for
which X is involved in a double bond with atom i. As an example, (CH3)2Si=CH2 contains
two C–(H)3(Sid,c), one Sid,c–(C)2, and one Cd,si–(H)2 groups.
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6.5 Conclusion

Group-additivity values of non-radical Si–C–H species were evaluated using the G4/isodesmi-
c reaction method and an extended training set for regression analysis. The thermochemical
data (∆H◦

f , S◦, and Cp) of 19 newly added species were calculated and a sensitivity analysis
was performed to investigate the sensitivity of the resulting GAVs to the choice of training
species. Also, a network of self-consistent isodesmic reactions has been developed for
Si–C–H radical species. By taking a combinatorial approach and applying regression analysis,
the GAVs for 56 radical-centered and radical-adjacent groups were evaluated. Since the
decomposition of Si–C–H radicals can produce species with Si=C bonds, GAVs were also
derived for species containing the Si=C bonds. Issues in establishing a network of isodesmic
reactions for Si=C species are discussed.

6.6 Acknowledgment

We gratefully acknowledge financial support by the German Research Foundation (DFG,
FOR 2284, WL 63/1-2 and SCHU 1369/25, project 262219004). HW acknowledges the
support of the Humboldt Research Award that enabled the collaborative work.



Chapter 7

A Group Additivity Methodology for
Predicting the Thermochemistry of
Oxygen-containing Organosilanes

Authors: H. Janbazi, C. Schulz, I. Wlokas, H. Wang, S. Peukert
This chapter including all text, figures and tables was previously published in ’International
Journal of Chemical Kinetics, 52, H. Janbazi, C. Schulz, I. Wlokas, H. Wang, S. Peukert, A
Group Additivity Methodology for Predicting the Thermochemistry of Oxygen-containing
Organosilanes, 918-932, 2020’ and is reprinted with permission from Wiley. The author of
this thesis contributed the development of regression analysis code and thermochemistry
metadata, the validation of results, and writing the paper. The author S. Peukert contributed
quantum chemical calculations, discussion, and supervision. The authors C. Schulz, I.
Wlokas, and H. Wang contributed proof-reading and guidance.

7.1 Abstract

A combinatorial approach was applied to devise a set of reference Si–C–H–O species that
is used to derive group-additivity values (GAVs) for this class of molecules. The reference
species include 62 stable single-bonded, 19 cyclic, and nine double-bonded Si–C–H–O
species. The thermochemistry of these reference species, i.e., the standard enthalpy of
formation, entropy, and heat capacities covering the temperature range from 298 to 2000
K was obtained from quantum chemical calculations using several composite methods,
including G4, G4MP2 and CBSQB3, and the isodesmic reaction approach. To calculate
the GAVs from the ab initio based thermochemistry of the compounds in the training set,
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a multivariable linear regression analysis is performed. The sensitivity of GAVs to the
different composite methods is discussed and thermodynamics properties calculated via
group additivity are compared with available ab initio calculated values from the literature.

7.2 Introduction

Organic silicon-containing compounds like siloxanes are frequently used precursors for the
synthesis of silica (SiO2) nanoparticles, coatings, and SiO2-containing nanocomposites. The
combustion chemistry of specific precursor compounds such as silane (SiH4)[167, 196],
tetramethylsilane (Si(CH3)4; TMS) [81, 73, 186], and tetraethoxysilane (Si(OC2H5)4; TEOS)
[33, 34, 8] was studied in detail. In these studies, the related thermochemical data were
developed and usually estimated for the specific reaction systems, and a generalized, self-
consistent thermochemical database for the precursor compounds and reaction intermediates
are unavailable.

The work of Ho and Melius [180] was the first attempt to calculate a larger number
of chemical species generally related to the Si–C–H–O system. They conducted MP4
calculations and applied bond-additivity corrections to compute standard enthalpies of
formation and trends in the bond dissociation energies. Still, thermodynamics data for a
wide range of Si–C–H–O containing compounds independent of the choice of a specific
precursor species are scarce. This situation presents a major impediment in developing
detailed mechanisms of reaction processes required for a more detailed understanding of
material nucleation problems and the design of practical materials synthesis processes.

An approach for systematic estimation of thermochemical data is the group-additivity
method [139], which has been routinely applied to estimating thermochemical data of
hydrocarbons [142, 145] and oxygenated hydrocarbons [144, 143]. In this method, group-
additivity values (GAV) may be derived from experimental thermochemical data. Because
experimental data can be scarce especially for certain reactive systems, the derivation of GAV
often must rely on quantum chemical calculations (see, e.g., Yamada et al. [197], Dellon et al.
[198], and Janbazi et al. [7]). The benefit of the group-additivity (GA) method is that they are
much easier to implement in codes for automatic mechanism generation, whereas it requires
more programming effort to implement and more computational resources to conduct ab initio
calculations for predicting thermochemical data [114, 147]. Currently, available programs for
automatic generation of reaction mechanisms are limited to hydrocarbon chemistry. Hence,
extending GAVs to the Si–C–H–O system is beneficial to a wide array of material synthesis
problems and reaction mechanism generation.
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The current paper aims (i) to carry out ab initio calculations for a selected pool of
reference species, (ii) to perform a linear regression analysis to provide GAVs from the
reference species, and (iii) to compare the results of the GAV approach with results from the
atomization-energy method and with an isodesmic reaction network approach.

7.3 Methodology

7.3.1 Computational chemistry

Quantum chemical calculations were carried with three composite methods: G4 [188],
G4MP2 [169], and CBS-QB3 [199]. All of them are implemented in the GAUSSIAN 09
[136] package. Standard enthalpies of formation were calculated by (i) using the atomization-
energy method and (ii) by employing isodesmic reaction schemes. Heat capacities (Cp(T ))
and entropies (S(T )) were derived from molecular properties (vibration frequencies and
moments of inertia) also from quantum chemical calculations, using the GPOP (Gaussian
post processor) program [170]. For deriving GAVs, only the results from the G4 computations
were considered. For the purpose of method comparison, all three composite methods were
used to calculate standard enthalpies of formation. Within the G4 and G4MP2 protocols,
geometry optimizations and vibrational frequency analyses were carried out at the B3LYP/6-
31G(2df,p) level of theory and the computed frequency values are scaled by 0.99 for the zero
point energy and by 0.97 for the vibrational partition-function to account for the anharmonic
effect. In case of the CBS-QB3 method, the geometry optimization and frequency calculations
were conducted at the B3LYP/6-311G(2d,d,p) theory level.

For hindered internal rotations the energy barriers were obtained from relaxed potential
energy surface (PES) scans at the B3LYP/6-31G(2df,p) level of theory with dihedral angles
used as coordinates for the scans. Many internal rotors show symmetric potentials (Figure
7.1; left). However, OH moieties typically exhibit asymmetric potentials with respect to the
dihedral angle (Figure 7.1; right).

Internal rotations of the –CH3, –SiH3, and –OH groups about the bonds with carbon or
silicon atoms having symmetric potentials were treated using the Pitzer-Gwinn approximation.
For asymmetric potentials (e.g., of the OH moieties), the potential was fitted to a function
given by V (α) = a0 +[a1cos(c1α)+ · · ·+ a6cos(c6α)]+ [a7sin(c1α)+ · · ·+ a12sin(c6α)],
where α is the dihedral angle, a1 through a12 are the fitting parameters, and c1 through c6

are constants. An eigen-problem solver (BEx1D) was used to obtain the partition function of
hindered internal rotation from V (α).
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(a) (b)

Fig. 7.1 (a) Energy potential of an internal SiH3 rotor in (SiH3)2C(CH3)(OH) with a maximum
at nearly 750 cm−1; (b): energy potential of an OH rotor in the same molecule, illustrating
the asymmetric hindered rotor potential.

7.3.2 Atomization energy method

In an earlier work [7], we examined the enthalpy of formation of Si–C–H organosilane
species using the atomization energy method. In it, the enthalpy of formation at 0 K is
calculated as the difference between the theoretical atomization energy of a target species and
the experimentally determined enthalpies of formation of the constituent atoms. Enthalpies of
formation of the atoms were taken from version 1.122d of the Active Thermochemical Tables
(ATcT) [200, 201, 110] and from Chase [108]. The enthalpies of formation of the atoms
adopted are: 446.0 kJ/mol for Si [108], 246.8 kJ/mol for O [202], 711.4 kJ/mol for C [110],
and 216.0 kJ/mol for H [110], all at 0 K. According to the ATcT, the uncertainties regarding
the enthalpies of C, H, and O are less than 0.05 kJ/mol. According to ref. [108], the enthalpy
of formation of Si(g) at 0 K is assigned with an uncertainty of ±8 kJ/mol. By applying
sensible enthalpy corrections, standard enthalpies of formation at 298 K may be calculated
[137]. The aforementioned approach will be referred to hereafter as the G4/atomization
energy method. In the course of this work, two other composite methods (G4MP2 and
CBS-QB3) were used, but in applying the atomization method only the results based on the
G4 computations were considered.

7.3.3 Isodesmic reactions and uncertainty

A key disadvantage of the atomization-energy method is that its error scales with the molecu-
lar size; and for some of the large molecules considered here, it becomes a problem as far
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as the accuracy is concerned. In contrast, isodesmic reactions conserve the bond types in
such a way that systematic errors tend to cancel out [203]. For improving the accuracy, it is
beneficial to invoke the use of isodesmic reactions. Examples of isodesmic reactions are:

(CH3)3SiOH + 3SiH4 → 3CH3SiH3 + H3SiOH ,

(SiH3)3C(OH) + 3CH4 → 3CH3SiH3 + CH3OH ,

H3Si(OCH3) + CH3OH → CH3OCH3 + H3SiOH.

For which the standard reaction enthalpies may be computed by quantum chemistry meth-
ods. In the above reactions, (CH3)2SiH2, (CH3)3SiH, (CH3)4Si, (CH3)3SiOH, (SiH3)3C(OH),
and H3Si(OCH3) are the species whose standard enthalpies of formation are to be deter-
mined. The other species are employed as reference compounds, i.e., their ∆H◦

f values are
known. In the current work, the following species (their standard enthalpy of formation)
were regarded as reference compounds (reference values): SiH4 (∆H◦

f = 34.3±1.2 kJ/mol
[175]), CH4 (∆H◦

f = −74.5± 0.1 kJ/mol [110]), Si2H6 (∆H◦
f = 80.0± 1.5 kJ/mol [175]),

C2H6 (∆H◦
f =−84.0±0.1 kJ/mol [110]), CH3SiH3 (∆H◦

f =−29±4 kJ/mol [173]), CH3OH
(∆H◦

f = −200.8±0.2 kJ/mol [110]), C2H5OH (∆H◦
f = −234.6±0.2 kJ/mol), CH3OCH3

(∆H◦
f =−184.0±0.5 kJ/mol [110]), and C2H5OC2H5 (∆H◦

f = 250.8±2 kJ/mol25). Also,
H3SiOH, and H2Si=O are regarded also as the reference compounds, even though no experi-
mental ∆H◦

f data are available. The ∆H◦
f values of these two species are obtained from the

G4/atomization energy method, which yields ∆H◦
f =−285.2 kJ/mol for H3SiOH and ∆H◦

f

=−102.5 kJ/mol.
The G4 method is assumed to provide thermochemical data with an accuracy of ±4.2

kJ/mol. Accuracies of quantum chemical methods are reported in terms of mean absolute
deviations (MAD), which correspond to a confidence interval of 50%. According to Ruscic,
the 95% confidence interval is regarded as the universally accepted standard expression
of uncertainty in thermochemistry [201] and since the MAD is approximately three times
smaller than the 95% confidence interval, the uncertainties of the G4/atomization enthalpies
of H3SiOH and H2Si=O are estimated to be ±12.6 kJ/mol.

For some Si–C–H–O species, alternative isodesmic reactions are possible, but since
a relatively small number of reference compounds was used in this work, the possibility
to identify multiple isodesmic reactions per Si–C–H–O species is limited. Below are two
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examples for which alternative isodesmic reactions are possible.

Si(OH)3(SiH3) + 3SiH4 → Si2H6 + 3H3SiOH,

Si(OH)3(SiH3) + Si2H6 + 2SiH4 → Si3H8 + 3H3SiOH,

SiH(SiH3)2(OH) + 3SiH4 → 2Si2H6 + H3SiOH,

SiH(SiH3)2(OH) + 2Si2H6 → 2Si3H8 + H3SiOH.

The first two reactions are possibilities to estimate ∆H◦
f of Si(OH)3(SiH3), and the last

two reactions are possibilities to estimate ∆H◦
f of SiH(SiH3)2(OH). For Si(OH)3(SiH3), ∆H◦

f

= −947.6 kJ/mol and ∆H◦
f = −945.2 kJ/mol. For SiH(SiH3)2(OH), ∆H◦

f = −189.2 kJ/mol
and ∆H◦

f = −184.4 kJ/mol. For other target compounds, the deviations between two possible
isodesmic reactions range from 1−6 kJ/mol.

When establishing the network of isodesmic reactions, we attempted to consider only
those compounds with the lowest possible uncertainties as reference species. Alternative
isodesmic reactions were only formulated to check that there are no conspicuous differences
between two possible alternative reactions with regard to the calculated ∆H◦

f values. Due to
the small differences in calculated ∆H◦

f values obtained from alternative isodesmic reactions,
we assume that we have established a consistent network of isodesmic reactions.

For all isodesmic reactions considered herein, the standard reaction enthalpies (∆H◦
r )

were obtained using composite methods, including G4, G4MP2, and CBSQB3, all of which
have been widely used for thermochemical analysis. In combination with isodesmic reactions,
these composite methods are assumed to achieve reaction enthalpies within an accuracy of
ca. ±4.2 kJ/mol.

The methods just discussed are referred to as the G4/, G4MP2/, or CBSQB3/isodesmic
reaction method hereafter. Most of the GAVs shown in this manuscript are derived from the
G4/isodesmic reaction approach. An exception was made for large cyclosiloxanes, for which
only CBSQB3 calculations are possible given our computational resources. Table 7.1 shows
the isodesmic reactions used for single-bonded Si–C–H–O compounds and their standard
reaction enthalpies from G4, G4MP2 and CBSQB3 calculations. In this and other related
tables hereafter, the target species is always given by first reactant species, while the second
reactant species and reaction products are the reference species for which the ∆H◦

f values are
known.
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Table 7.1 Isodesmic reactions and their standard reaction enthalpies (∆H◦
r , kJ/mol) computed

using G4, G4MP2, and CBSQB3 composite methods for the Si–C–H–O system.

Reaction G4 G4MP2 CBSQB3

Si(OH)(SiH3)3 + 3SiH4 → 3Si2H6 + H3SiOH 2.9 0.5 5.0
Si(OH)(SiH3)2(SiH2CH3) + 4SiH4 → H3SiOH + CH3SiH3 + 3Si2H6 4.6 2.0 7.1
Si(OH)3(SiH3) + 3SiH4 → Si2H6 + 3H3SiOH 69.1 66.2 66.8
Si(OH)3(SiH2CH3) + 4SiH4 → 3H3SiOH + Si2H6 + CH3SiH3 67.9 64.9 66.1
Si(OH)2(SiH3)2 + 3SiH4 → Si2H6 + 3H3SiOH 20.8 18.1 20.8
Si(OH)2(SiH3)(SiH2CH3) + 4SiH4 → 2Si2H6 + CH3SiH3 + 2H3SiOH 19.5 16.7 20.1
Si(SiH3)2(OH)(CH3) + 3SiH4 → 2Si2H6 + CH3SiH3 + H3SiOH 4.6 4.2 6.5
Si(SiH3)2(OH)(CH2SiH3) + 4SiH4 → 3Si2H6 + CH3SiH3 + H3SiOH 17.2 15.8 23.7
SiH(SiH3)2(OH) + 3SiH4 → 2Si2H6 + H3SiOH −4.6 −6.0 −4.0
SiH(OH)(SiH3)(SiH2CH3) + 3SiH4 → 2Si2H6 + CH3SiH3 + H3SiOH −4.0 −5.6 −3.0
Si(CH3)2(OH)(SiH3) + 3SiH4 → Si2H6 + 2CH3SiH3 + H3SiOH 15.4 16.4 17.3
Si(OH)(CH3)(SiH3)(CH2SiH3) + 3SiH4 + CH4 → Si2H6 + 3CH3SiH3 + H3SiOH 31.9 29.8 32.3
SiH(CH3)2(OH) + 2SiH4 → 2CH3SiH3 + H3SiOH 22.1 22.1 21.6
SiH(OH)(CH3)(CH2SiH3) + 2SiH4 + CH4 → 3CH3SiH3 + H3SiOH 36.5 35.2 36.6
SiH2(SiH3)(OH) + SiH4 → Si2H6 + H3SiOH −4.9 −5.5 −5.0
SiH2(OH)(SiH2CH3) + 2SiH4 → Si2H6 + CH3SiH3 + H3SiOH −8.1 −8.7 −7.8
SiH2(CH3)(OH) + SiH4 → CH3SiH3 + H3SiOH 11.7 11.5 11.0
SiH2(OH)(CH2SiH3) + CH4 + SiH4 → 2CH3SiH3 + H3SiOH 23.5 22.1 23.1
Si(CH3)(OH)2(SiH3) + 3SiH4 → CH3SiH3 + Si2H6 + 2H3SiOH 40.9 39.0 40.3
Si(OH)2(SiH3)(CH2SiH3) + CH4 + 3SiH4 → Si2H6 + 2CH3SiH3 + 2H3SiOH 57.5 54.1 57.9
SiH(SiH3)(OH)2 + 2SiH4 → Si2H6 + 2H3SiOH 21.9 22.8 23.6
SiH(OH)2(SiH2CH3) + 3SiH4 → CH3SiH3 + Si2H6 + 2H3SiOH 22.4 21.0 22.4
SiH(CH3)(OH)2 + 2SiH4 → CH3SiH3 + 2H3SiOH 48.4 47.7 47.3
SiH(OH)2(CH2SiH3) + 2SiH4 + CH4 → 2CH3SiH3 + 2H3SiOH 63.2 61.1 63.0
SiH(SiH3)(CH3)(OH) + 2SiH4 → CH3SiH3 + Si2H6 + H3SiOH 5.5 4.8 5.3
SiH(OH)(SiH3)(CH2SiH3) + 2SiH4 + CH4 → Si2H6 + 2CH3SiH3 + H3SiOH 19.1 17.0 19.1
C(SiH3)3(OH) + 3CH4 → 3CH3SiH3 + CH3OH 6.3 −0.1 7.1
C(OH)(SiH3)2(SiH2CH3) + 3CH4 + SiH4 → 4CH3SiH3 + CH3OH 13.8 7.5 14.7
C(SiH3)(OH)3 + 3CH4 → CH3SiH3 + 3CH3OH 131.7 127.3 133.7
C(OH)3(SiH2CH3) + 3CH4 + SiH4 → 2CH3SiH3 + 3CH3OH 139.9 135.6 142.4
C(SiH3)2(OH)2 + 3CH4 → 2CH3SiH3 + 2CH3OH 24.4 19.3 25.9
C(OH)2(SiH3)(SiH2CH3) + 3CH4 + SiH4 → 3CH3SiH3 + 2CH3OH 46.6 41.5 48.5
C(SiH3)2(OH)(CH3) + 3CH4 → 2CH3SiH3 + C2H6 + CH3OH 15.8 11.3 15.7
C(OH)(SiH3)2(CH2SiH3) +4CH4 → 3CH3SiH3 + C2H6 + CH3OH 14.9 9.1 15.1
CH(SiH3)2(OH) + 2CH4 → 2CH3SiH3 + CH3OH −10.1 −12.9 −9.2
CH(OH)(SiH3)(SiH2CH3) +2CH4 + SiH4 → 3CH3SiH3 + CH3OH −3.7 −6.4 −2.6
C(CH3)2(OH)(SiH3) + 3CH4 → 2C2H6 + CH3SiH3 + CH3OH 68.6 42.3 44.9
C(OH)(SiH3)(CH3)(CH2SiH3) +4CH4 → 2C2H6 + 2CH3SiH3 + CH3OH 44.2 40.0 44.7
CH2(SiH3)(OH) + CH4 → CH3SiH3 + CH3OH −7.6 −8.5 −7.3
CH2(OH)(SiH2CH3) + CH4 + SiH4 → 2CH3SiH3 + CH3OH −7.6 −8.3 −6.9
C(SiH3)(OH)2(CH3) + 3CH4 → CH3SiH3 + C2H6 + 2CH3OH 72.4 68.7 73.6
C(OH)2(CH3)(SiH2CH3) + 3CH4 + SiH4 → C2H6 + 2CH3SiH3 + 2CH3OH 91.7 88.1 93.4
CH(SiH3)(OH)2 + 2CH4 → CH3SiH3 + 2CH3OH 47.7 45.2 48.8
CH(OH)2(SiH2CH3) + 2CH4 + SiH4 → 2CH3SiH3 + 2CH3OH 54.2 51.8 55.7
CH(CH3)(SiH3)(OH) + 2CH4 → CH3SiH3 + C2H6 + CH3OH 15.3 13.5 15.5
CH(OH)(SiH3)(CH2SiH3) +3CH4 → 2CH3SiH3 + C2H6 + CH3OH 15.9 13.1 16.4
Si(OH)4 + 3SiH4 → 4H3SiOH 121.0 118.5 115.9
SiH3(OCH3) + CH3OH → H3SiOH + CH3OCH3 −16.4 −17.3 −17.7

Continued on next page
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Table 7.1 – Continued from previous page
Reaction G4 G4MP2 CBSQB3
SiH2(OH)2 + SiH4 → 2H3SiOH 33.5 33.2 32.6
SiH(OH)3 + 2SiH4 → 3H3SiOH 77.4 76.1 74.2
SiH3(OC2H5) + C2H5OH → C2H5OC2H5 + H3SiOH −10.3 −11.5 −11.2
(SiH3)O(SiH3) + 2C2H5OH → C2H5OC2H5 + 2H3SiOH 0.7 −0.9 0.3
(SiH3)O(SiH2CH3) +SiH4 + 2CH3OH → CH3SiH3 + CH3OCH3 + 2H3SiOH 12.7 11.0 11.9
Si(OH)3(OCH3) + CH3OH + 3SiH4 → 4H3SiOH + CH3OCH3 103.0 99.4 97.4
SiH(OH)2(OCH3) + CH3OH + 2SiH4 → 3H3SiOH + CH3OCH3 59.1 56.9 55.4
SiH2(OH)(OCH3) + CH3OH + SiH4 → 2H3SiOH + CH3OCH3 16.2 14.8 14.1
Si(CH3)3(OH) + 3SiH4 → 3CH3SiH3 + H3SiOH 32.9 33.1 32.8
Si(OH)(CH3)2(CH2SiH3) + 3SiH4 + CH4 → 4CH3SiH3 + H3SiOH 47.9 46.9 48.1
Si(CH3)(OH)3 + 3SiH4 → CH3SiH3 + 3H3SiOH 92.6 90.7 89.7
Si(OH)3(CH2SiH3) + CH4 + 3SiH4 → 2CH3SiH3 + 3H3SiOH 107.1 103.6 105.4
Si(CH3)2(OH)2 + 3SiH4 → 2CH3SiH3 + 2H3SiOH 62.8 62.0 61.8
Si(OH)2(CH3)(CH2SiH3) + CH4 + 3SiH4 → 3CH3SiH3 + 2H3SiOH 77.0 74.8 76.5

Uncertainties of the ∆H◦
f values derived from the G4/isodesmic reaction method were

estimated by the “root sum squares” of the uncertainties in the reference species:

Uc =

√
n

∑
i=1

[CiU(xi)]2, (7.1)

where Uc is the combined uncertainty, ci are the stoichiometric coefficients in the
isodesmic reaction, and U(xi) is the uncertainty of reference species i. By inspecting
the differences between the three composite methods shown in Table 7.1 and by considering
that also uncertainties of reaction enthalpies should be stated at the 95% confidence interval,
an overall uncertainty of ±8.4 kJ/mol is assumed to be a more realistic uncertainty estimate
of the computed reaction enthalpies of isodesmic reactions.

In the majority of cases, i.e., in 49 out of 62 isodesmic reactions, the G4, G4MP2, and
CBSQB3 ∆H◦

r are within 4.2 kJ/mol of each other. We also calculated ∆H◦
r values with

CCSD(T) with the aug-cc-pVTZ and aug-cc-pVQZ basis sets for few selected reactions to
check how well the G4-based reaction enthalpies match the CCSD(T)/CBS (complete bases
set) results. This comparison is shown in the supplemental material.

Sixty-two Si–O–C–H references species were studied using isodesmic reactions at the
G4, G4MP2 and CBSQB3 levels of theory, and by the G4 atomization energy. In addition,
isodesmic reactions were applied to nine species with Si=O double bonds (also at the G4,
G4MP2, and CBSQB3 levels of theory), and 19 cyclosiloxanes (at the CBSQB3 theory level
only).
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7.3.4 Group additivity method

A group as defined by Benson [139] is a polyvalent atom (ligancy ≥ 2) in a chemical
compound surrounded by its ligands. The basic assumption is that thermochemical properties
of an entire chemical compound can be determined from the group contributions within
a molecule. In the current work, our focus is on obtaining GAVs for Si–C–H–O species.
To do so, we used a combinatorial approach in recognizing the relevant groups which by
means of them a comprehensive Si–C–H–O thermochemistry can be estimated, along with
the “combinations with repetition” relation.

7.3.5 Multivariable linear regression

GAVs are derived by a regression analysis [191]. The training set consists of the thermochem-
ical data of reference species obtained from quantum chemistry calculations on isodesmic
reactions. The regression analysis was performed for ∆H◦

f , entropy S◦, and heat capacity Cp

for eight temperature values from 298 to 2000 K. The methodology is described in detail in
the supplemental material.

7.4 Results and discussions

7.4.1 GAVs of Si–C–H–O species

Thermochemical datasets have been reported for Si–C–H–O species by Ho and Melius [180]
and Phadungsukanan et al. [8]. Ho and Melius carried out MP4(SDTQ) calculations and
applied bond-additivity corrections (BAC) for moieties of the Si–C–H–O species system.
When applying BAC for Si–O bonds, Ho and Melius [180] referred to G2 thermochemical
data as relevant experimental reference data are unavailable. Phadungsukanan et al. [8]
constructed a network of isodesmic reactions and obtained reaction enthalpies with DFT
calculations. They incorporated the MP4 values of Ho and Melius and those of Allendorf
et al. [204]. Table 7.2 lists the computed ∆H◦

f values obtained in the present work. Where
appropriate, we also compare our ∆H◦

f values with literature values. In general, the current
∆H◦

f values are within ∼20 kJ/mol of the earlier theoretical results. The largest discrepancy
is observed for SiH3(OCH3). Our ∆H◦

f values are 30 to 34 kJ/mol lower than that of
Phadungsukanan et al. [8].
The GAVs were obtained from the regression analysis. The resulting values are listed in

Table 7.3. In the regression procedure, we adopted the GAVs for O–(C)(H), C–(C)(H)2(O)
from Cohen and Benson [143], C–(C)(H)3 from Sabbe et al. [142], C–(H)3(Si), Si–(C)(H)3,
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Table 7.2 Comparison of ∆H◦
f (kJ/mol) and uncertainties calculated for the training set.

Species Atom.-G4 Isodesmic reaction Lit. Exp.

G4 G4-MP2 CBSQB3

Si(OH)(SiH3)3 −160.3 −151.0±16.2 −148.6 −153.1
Si(OH)(SiH3)2(SiH2CH3) −220.3 −216.0±17.0 −213.4 −218.4
Si(OH)3(SiH3) −938.0 −947.6±38.9 −944.5 −945.1
Si(OH)3(SiH2CH3) −995.1 −1009.6±39.3 −1006.7 −1007.9
Si(OH)2(SiH3)2 −533.9 −534.1±27.0 −531.3 −534.1
Si(OH)2(SiH3)(SiH2CH3) −591.0 −596.1±27.5 −593.3 −596.7
Si(SiH3)2(OH)(CH3) −264.2 −261.7±16.3 −261.3 −263.6
Si(SiH3)2(OH)(CH2SiH3) −232.9 −228.6±17.0 −227.2 −235.0
SiH(SiH3)2(OH) −195.3 −189.2±16.3 −187.8 −189.8
SiH(OH)(SiH3)(SiH2CH3) −254.3 −253.0±16.3 −251.5 −254.0
Si(CH3)2(OH)(SiH3) −376.3 −381.5±17.6 −382.4 −383.3
Si(OH)(CH3)(SiH3) (CH2SiH3) −344.3 −352.4±19.7 −350.4 −352.9
SiH(CH3)2(OH) −424.0 −433.9±15.8 −433.9 −433.4
SiH(OH)(CH3)(CH2SiH3) −391.6 −402.8±19.5 −401.4 −402.9
SiH2(SiH3)(OH) −237.6 −234.5±15.3 −233.9 −234.5
SiH2(OH)(SiH2CH3) −292.8 −294.7±15.9 −294.1 −294.9
SiH2(CH3)(OH) −355.2 −360.2±15.7 −360.0 −359.5
SiH2(OH)(CH2SiH3) −320.2 −326.5±17.2 −325.0 −326.1
Si(CH3)(OH)2(SiH3) −655.0 −663.1±27.1 −661.2 −662.5
Si(OH)2(SiH3)(CH2SiH3) −624.7 −634.2±28.0 −630.8 −634.6
SiH(SiH3)(OH)2 −589.4 −580.8±26.7 −581.8 −582.6
SiH(OH)2(SiH2CH3) −636.5 −644.7±27.1 −643.2 −644.7
SiH(CH3)(OH)2 −705.1 −716.3±27.0 −715.7 −715.3
SiH(OH)2(CH2SiH3) −673.1 −685.7±17.3 −683.6 −685.5
SiH(SiH3)(CH3)(OH) −306.4 −308.3±15.9 −307.5 −308.1
SiH(OH)(SiH3)(CH2SiH3) −273.2 −276.4±17.4 −274.3 −276.4
C(OH)(SiH3)2(SiH2CH3) −135.3 −141.4±18.1 −135.1 −142.3
C(SiH3)(OH)3 −541.4 −539.6±9.3 −535.2 −541.6
C(OH)3(SiH2CH3) −608.0 −611.1±11.7 −606.8 −613.6
C(SiH3)2(OH)2 −260.8 −260.5±11.6 −255.4 −262.0
C(OH)2(SiH3)(SiH2CH3) −341.4 −346.0±14.7 −340.9 −347.9
C(SiH3)2(OH)(CH3) −134.6 −135.1±11.6 −130.6 −135.0
C(OH)(SiH3)2(CH2SiH3) −86.8 −88.7±14.7 −82.9 −88.9
CH(SiH3)2(OH) −99.9 −99.7±11.6 −96.9 −100.6
CH(OH)(SiH3)(SiH2CH3) −164.7 −169.4±14.7 −166.7 −170.5
C(CH3)2(OH)(SiH3) −219.5 −242.9±9.3 −216.6 −219.2
C(OH)(SiH3)(CH3) (CH2SiH3) −171.8 −173.0±11.6 −168.8 −173.5
CH2(SiH3)(OH) −149.2 −147.7±9.3 −146.8 −148.0
CH2(OH)(SiH2CH3) −207.6 −211.0±11.7 −210.3 −211.8
C(SiH3)(OH)2(CH3) −364.5 −363.5±9.3 −359.8 −364.7
C(OH)2(CH3)(SiH2CH3) −442.1 −446.1±11.7 −442.5 −447.8
CH(SiH3)(OH)2 −330.9 −329.3±9.3 −326.8 −330.4
CH(OH)2(SiH2CH3) −395.8 −399.1±11.7 −396.7 −400.6
CH(CH3)(SiH3)(OH) −180.9 −180.1±9.3 −178.3 −180.3
CH(OH)(SiH3)(CH2SiH3) −134.6 −135.2±11.6 −132.4 −135.7
Si(OH)4 −1345.7 −1364.6±51.2 −1362.0 −1359.4 −1342.2±13.9a

SiH3(OCH3) −252.7 −252.0±15.2 −251.0 −250.7 −218.0±17.6a

SiH2(OH)2 −631.8 −638.2±38.7 −637.8 −637.2 −615.0±4.4a

SiH(OH)3 −988.8 −1001.5±38.8 −1000.2 −998.3 −981.6±6.9a

SiH3(OC2H5) −287.5 −291.1±15.3 −289.9 −290.2 −276.6±4.2a

(SiH3)O(SiH3) −351.4 −353.5±26.6 −351.8 −353.1 −331.8±8.2a

(SiH3)O(SiH2CH3) −421.7 −428.7±26.9 −427.0 −428.0
Si(OH)3(OCH3) −1311.6 −1329.8±51.2 −1326.2 −1324.2
SiH(OH)2(OCH3) −954.6 −966.5±38.8 −964.2 −962.7
SiH2(OH)(OCH3) −598.5 −604.1±26.6 −602.7 −601.9
Si(CH3)3(OH) −493.1 −507.9±19.7 −508.2 −507.9 −500.4±4.6b −499.6±4.2b

Si(OH)(CH3)2(CH2SiH3) −461.4 −477.5±22.3 −476.5 −477.7
Si(CH3)(OH)3 −1062.5 −1080.1±39.1 −1078.1 −1077.1
aRef. [8]. bRef. [180].
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Si–(C)2(H)2, Si–(C)(H)2(Si), Si–(H)3(Si), C–(C)(H)2(Si) and C–(H)2(Si)2 from Janbazi et al.
[203], because the values of these groups are well established. We intend to devise GAVs
of Si-organic species in a hierarchical way, i.e., only Si–O containing groups are subject
to the regression analysis, whereas well-established GAVs from the subset of Si–C–H and
C–H compound classes remain protected against the regression. This approach was also
applied to ensure consistency across already published GAV data. The C–(H)3(O) group is
the only non-Si containing group considered in the regression analysis. A similar approach
was adopted by Dellon et al. [198] who fixed the values of 55 groups to either known values
or analog values oxygenated hydrocarbons and molecule ions, while obtained 71 additional
GAVs from 195 species.
The residuals in ∆H◦

f are <0.3 kJ/mol, which are substantially smaller than the uncertainties
in the ∆H◦

f values. No outlier was found from the regression procedure. In Table 7.3, the
GAVs for the enthalpy of formation are based on the G4/isodesmic reaction values only,
as other methods produce ∆H◦

f values that are generally within the uncertainty limits of
the G4/isodesmic reaction values, as seen in Table 7.2. The GAVs for entropy and specific
heats from G4 and CBSQB3 calculations differ somewhat due to the small differences in
the molecular parameters calculated at the B3LYP/6-31(2df,p) and B3LYP/ 6-311G(2d,d,p)
levels of theory. Here, we adopted the B3LYP/6-31(2df,p) values for generating the GAVs of
Table 7.3.
Note that some entropy and specific heat GAVs show negative values. It is clear that
chemical species cannot have negative entropies or heat capacities, but these GAVs represent
contributions of specific groups to the overall thermochemistry of molecules. The negative
values are indications that the presence of the associated group in a molecule reduces the
specific heat contributions of the neighboring groups, e.g., by increasing the vibrational
frequencies of the normal mode associated with the molecular moeties. In the framework of
hydrocarbon thermochemistry, negative contributions of specific groups to entropies have
been also reported by Sabbe et al. [145] and Paraskevas et al. [144].
To compare the GAV predictions against literature ab initio data, we list in Table 7.4 the

enthalpies of formation of single-bonded molecules reported by Phadungsukanan et al. [8]
It can be seen that the enthalpies of formation derived from the GAVs are in reasonable
agreement with the literature values. The mean absolute deviation is 40 kJ/mol and the
maximum absolute deviation is 80 kJ/mol. All of the GAV-derived ∆H◦

f values are smaller
than the theoretical values of Phadungsukanan et al. [8] These differences are also readily
observed from Table 7.2 in which Phadungsukanan et al.’s values are compared to ours.
We want to briefly comment on these differences. One reason for these differences is
attributed to the choice of methods used to predict thermochemical data. Phadungsukanan
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Table 7.3 GAVs of ∆H◦
f (298 K), S◦(298 K) and Cp(T ) for stable and single-bonded

Si–C–H–O species. The GAVs of ∆H◦
f are based on the G4/isodesmic reaction values

listed in Table 7.2; the Cp and S◦ are calculated at the RRHO (rigid–rotor and harmonic-
oscillator) level with molecular parameters obtained using the B3LYP/6-31G(2df,p) method.
(unit: ∆H◦

f : kJ/mol. S◦ and Cp: J/mol K)

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

C–(C)2(O)(Si) −7.0 −149.0 29.4 37.6 41.4 43.0 43.1 42.7 43.2 42.0
Si–(C)2(O)2 −78.5 −79.2 1.8 3.0 4.2 4.7 5.1 5.1 5.0 4.4
Si–(C)2(H)2 −3.5 52.5 30.7 38.8 45.1 50.1 57.0 61.7 67.9 70.4
Si–(O)4 −115.8 −1.7 −19.8 −22.3 −24.4 −25.9 −28.0 −29.7 −31.7 −32.7
C–(H)(O)(Si)2 20.4 −36.5 31.9 40.1 45.2 48.1 51.6 54.0 59.2 63.0
Si–(C)(H)(O)2 −47.1 17.4 4.4 6.8 8.6 9.8 11.2 12.3 13.7 14.2
Si–(C)(O)2(Si) −35.2 −55.2 6.9 6.9 6.3 5.4 3.4 1.9 −0.4 −1.8
O–(C)(H) −158.5 121.6 18.1 18.6 20.1 21.9 25.2 27.7 30.0 31.0
Si–(C)(H)2(Si) 23.3 64.4 35.8 44.2 50.4 55.1 61.7 66.2 72.2 74.8
C–(C)(H)2(O) −33.5 31.9 21.9 30.1 37.0 42.6 49.4 54.6 62.9 66.7
Si–(O)3(Si) −45.0 −26.4 −1.3 −3.9 −6.8 −9.4 −13.1 −15.7 −19.0 −20.5
Si–(C)3(O) −58.9 −95.7 11.8 14.4 17.1 18.4 19.5 20.2 20.6 20.0
Si–(C)(H)(O)(Si) 9.1 5.3 19.8 22.5 24.9 26.8 29.5 31.3 33.7 34.6
Si–(C)2(O)(Si) −19.5 −73.8 17.1 17.9 19.0 19.4 19.6 19.7 19.6 19.0
C–(C)(H)(O)(Si) 0.4 −47.8 27.0 36.0 41.8 45.6 50.0 53.0 58.9 62.6
C–(O)(Si)3 30.0 −109.9 35.3 42.0 45.3 46.3 47.1 47.2 48.9 50.9
Si–(C)(O)3 −98.6 −41.8 −8.6 −10.0 −11.0 −11.7 −12.7 −13.5 −14.5 −15.2
Si–(H)3(Si) 40.4 138.4 38.4 45.7 51.7 56.7 64.6 70.2 78.0 81.9
O–(C)(Si) −236.1 4.2 25.3 27.4 29.5 31.2 33.7 35.4 36.9 34.9
Si–(C)(H)3 18.9 128.1 36.0 43.5 49.7 55.0 63.1 68.9 76.9 80.7
Si–(O)(Si)3 38.9 −56.4 23.3 23.5 23.3 23.0 22.7 22.5 21.9 21.7
O–(Si)2 −403.7 −24.6 43.4 49.7 53.5 55.5 57.9 59.3 61.3 61.5
C–(H)3(Si) −46.0 124.9 30.6 36.6 41.7 46.6 54.7 61.2 71.9 78.1
C–(O)3(Si) −84.5 −157.1 31.9 44.6 50.4 52.1 51.2 49.7 52.6 55.8
Si–(H)2(O)(Si) 38.6 84.5 20.3 24.3 28.1 31.3 36.2 39.8 44.5 46.9
C–(O)2(Si)2 10.2 −134.8 35.9 46.9 51.6 52.8 51.8 50.3 51.3 53.2
C–(C)(O)(Si)2 27.3 −122.4 32.3 39.9 43.3 44.6 45.3 45.5 47.1 48.7
Si–(H)2(O)2 −13.9 122.4 8.3 12.7 16.1 18.8 22.3 24.8 28.2 29.9
C–(H)3(O) −42.2 127.2 25.9 32.8 39.3 45.1 54.5 61.8 73.6 82.9
C–(C)(O)2(Si) −29.6 −158.4 30.4 40.2 44.6 46.1 45.6 44.8 46.6 46.9
Si–(H)(O)2(Si) 2.5 37.7 10.1 10.5 10.1 9.7 9.6 9.6 9.9 10.2
O–(H)(Si) −312.0 84.5 33.6 38.7 42.2 44.6 47.6 49.8 53.4 55.6
Si–(H)3(O) 24.5 174.1 21.8 28.1 34.3 39.8 48.1 54.1 61.8 66.2
Si–(H)(O)(Si)2 41.7 18.6 21.1 22.8 24.4 25.7 27.8 29.4 31.3 32.3
C–(H)2(O)(Si) −5.5 40.9 27.8 35.1 40.9 45.2 51.4 56.1 65.1 70.8
Si–(O)2(Si)2 9.8 −44.8 9.5 8.4 6.7 5.2 3.3 2.0 0.3 −0.5
C–(H)(O)2(Si) −31.9 −48.2 27.3 38.9 45.9 49.8 53.1 54.5 59.1 62.6
C–(C)(H)2(Si) −12.9 45.4 27.0 33.1 38.5 43.1 49.9 55.0 62.5 64.8
Si–(C)2(H)(O) −30.5 −6.4 13.7 16.9 20.3 22.7 25.9 28.0 30.7 31.5
Si–(C)(H)2(O) −2.2 74.1 18.1 22.8 27.3 31.1 36.5 40.4 45.5 47.8
C–(C)(H)3 −42.9 127.1 25.3 32.1 38.4 44.1 53.4 60.6 72.5 81.0
Si–(H)(O)3 −64.7 70.3 −5.8 −6.0 −6.0 −5.5 −4.5 −3.8 −2.4 −1.8
C–(H)2(Si)2 −32.4 65.6 28.2 36.0 42.3 47.4 54.5 59.8 67.5 72.2
Si–(C)(O)(Si)2 15.9 −80.9 23.1 24.2 24.7 24.8 24.8 24.7 24.5 24.1
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et al. [8] applied B3LYP and B97-1 functionals. According to a benchmark study by Krieg
and Grimme [205], the B3LYP functional for example yields MAD of 5̃0.0 kJ/mol from
CCSD(T)/CBS reference energies of a test set of isodesmic reactions for organic species. On
the other hand side, Phadungsukanan et al. set up an isodesmic reaction network, in which
more than one isodesmic reaction per species was applied.

Between our work and the study from Phadungsukanan et al. [8], there is almost
no overlap in the pool of reference species used in the isodesmic reaction network. In
Phadungsukanan et al.’s network, for example, compounds like Si(OH)4, SiH(OH)3, and
Si(OH)3(OCH3) are reference species, whereas we used isodesmic reactions to derive
∆H◦

f of these species. For Si(OH)4 and SiH(OH)3, Phadungsukanan et al. [8] adopted
∆H◦

f data computed by Allendorf et al. [204]: ∆H◦
f (Si(OH)4) = −1342.2 kJ/mol and

∆H◦
f (SiH(OH)3) = −981.6 kJ/mol. For Si(OH)3(OCH3), they adopted ∆H◦

f from Ho and
Melius [180]: ∆H◦

f (Si(OH)3(OCH3)3) = −1305.4 kJ/mol. The isodesmic reactions in our
work yield ∆H◦

f (Si(OH)4) = −1364.6 kJ/mol, ∆H◦
f (SiH(OH)3) = −1001.5 kJ/mol, and

∆H◦
f (Si(OH)3(OCH3)3) = −1329.8 kJ/mol. These three molecules can be used to formulate

another isodesmic reaction to determine ∆H◦
f of SiH3(OCH3): SiH3(OCH3) + 3Si(OH)4 →

Si(OH)3(OCH3) + 3SiH(OH)3 for which the G4 composite method yields ∆H◦
r = −14.2

kJ/mol. Using the ∆H◦
f values of Si(OH)4, SiH(OH)3, and Si(OH)3(OCH3) from Allendorf et

al. [204] and Ho and Melius [180], we obtain ∆H◦
f SiH3(OCH3) = −209.2 kJ/mol. If we use

our ∆H◦
f values for Si(OH)4, SiH(OH)3, and Si(OH)3(OCH3), we obtain ∆H◦

f SiH3(OCH3)
= −252.0 kJ/mol (see Table 7.2). Our isodesmic reaction/G4 approach yield systematically
lower ∆H◦

f data of species, which served as reference species in the isodesmic reaction
network of Phadungsukanan et al. [8] and these differences are then propagated in the
prediction of the thermochemistry of larger Si–O–C–H species like Si(OCH3)(OC2H5)3 and
Si(OH)3(OC2H5) (see Table 7.4). Ho and Melius [180] described that they applied BAC
to account for systematic errors in the ab initio calculations, but because of the lack of
experimental data for Si–O–C–H species, they had to rely on G2-based thermochemical data
of SiH2(OH)2 and H2Si=O for obtaining BAC in the Si–O–H and Si–O–C–H systems. In the
present work, our pool of reference species is largely based on compounds for which exper-
imental ∆H◦

f data are well known, and hence, we have confidence in our thermochemical
data.

7.4.2 GAVs of Si–C–H–O species with Si=O bonds

Species with Si=O double bonds are often produced as intermediates during the oxida-
tion of TMS and TEOS. Ho and Melius [180] studied the thermochemistry of several
species with Si=O bonds, including O=Si(OC2H5)2, O=Si(OH)2, O=Si(OCH3)OH, and
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Table 7.4 Comparison of ∆H◦
f (kJ/mol) reported in ref [8] and those predicted by the present

GAVs.

Species Lit. [8] GAVs/G4 Species Lit. [8] GAVs/G4

TEOS −1301.9 −1385.7 SiH2(OCH3)2 −535.1 −569.6
Si(OH)3(OCH3) −1305.4 −1329.8 SiH2(OC2H5)2 −607.5 −649
SiH(OC2H5)3 −956.9 −1017.2 SiH(OH)3 −981.6 −1001
Si(OH)4 −1342.2 −1364.1 SiH2(OH)2 −615.0 −638.2
Si(OH)3(OC2H5) −1341.0 −1369.5 Si(OH)2(OCH3)2 −1259.4 −1295.5
SiH3(OC2H5) −276.6 −291.1 Si(OH)2(OC2H5)2 −1324.6 −1374.9
Si(OCH3)(OC2H5)3 −1266.9 −1346 Si(OCH3)3(OC2H5) −1199.8 −1266.6
Si(OCH3)2(OC2H5)2 −1235.7 −1306.3 SiH(OCH3)2(OC2H5) −892.4 −937.8
Si(OH)(OCH3)(OC2H5)2 −1282.2 −1340.6 Si(OH)2(OCH3)(OC2H5) −1299.3 −1335.2
SiH(OCH3)(OC2H5)2 −930.3 −977.5 SiH(OH)(OCH3)(OC2H5) −941.1 −972.1
Si(OH)(OC2H5)3 −1309.2 −1380.3 SiH2(OCH3)(OC2H5) −578.8 −609.3
SiH3(OCH3) −218.0 −251.4 SiH2(OH)(OC2H5) −625.6 −643.6
SiH2(OH)(OCH3) −580.0 −603.9 Si(OCH3)4 −1172.3 −1226.9
SiH(OH)(OCH3)2 −901.4 −932.4 Si(OH)(OCH3)3 −1212.9 −1261.2
SiH(OH)(OC2H5)2 −972.1 −1011.8 SiH(OCH3)3 −850.0 −898.1
SiH(OH)2(OC2H5) −983.1 −1006.4 SiH(OH)2(OCH3) −946.0 −966.7

O=Si(OCH3)2. Davidson et al. [206] estimated the rate constants for the oxidation of sila-
isobutene ((CH3)2Si=CH2), producing (CH3)2Si=O as a product. (CH3)2Si=O was hypothe-
sized to be an important intermediate for SiO production in TMS oxidation [81, 186]. Species
with Si=O double bonds, such as O=Si(OC2H5)2, O=Si(OH)(OC2H5), and (OH)2Si=O, were
also considered in the TEOS oxidation mechanism of Nurkowski et al. [34]. We considered
the possibilities of SiH3, CH3, H, and OH as ligands to the Si=O moiety and used the
combinatorial approach to generate species relevant to the subsequent GAV estimation. In
deriving the ∆H◦

f values from isodesmic reactions, H2Si=O is used as the reference species.
Since no experimental ∆H◦

f value is available for H2Si=O, its ∆H◦
f is determined by the

G4/atomization energy method, which yields ∆H◦
f =−102.5±4.2 kJ/mol. Tables 7.5 and 7.6

list isodesmic reactions and the resulting ∆H◦
f values of the nine relevant species, respectively.

Clearly, the resulting ∆H◦
f values are insensitive to the level of theory used.

A similar regression analysis was carried out for species listed in Table 7.6, with the
resulting GAVs shown in Table 7.7. Again, the ∆H◦

f values are based on G4/isodesmic
reaction calculations, and S◦ (298 K) and Cp(T ) are derived from B3LYP/6-31G(2df,p)
molecular parameters. The group nomenclature differ somewhat from Benson’s convention.
We write a double-bonded center atom X in a group as Xd,i where the subscript “d” denotes
the double bond, and i refers to atom i with which X forms the double bond. For example,
(CH3)2Si=O contains two C–(H)3(Sid,o) and one Sid,o–(C)2.
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Table 7.5 Isodesmic reactions used for the species with Si=O double bonds and their standard
enthalpies of reactions (kJ/mol) calculated at several levels of theory.

Reaction G4 G4MP2 CBSQB3

(CH3)2Si=O + 2SiH4 → H2Si=O + 2CH3SiH3 35.6 34.7 35.2
(CH3)HSi=O + SiH4 → H2Si=O + CH3SiH3 19.8 19.0 19.1
(OH)2Si=O + 2SiH4 → H2Si=O + 2H3SiOH 87.4 86.1 83.9
(OH)HSi=O + SiH4 → H2Si=O + H3SiOH 55.5 54.6 53.7
(CH3)(OH)Si=O + 2SiH4 → H3SiOH + CH3SiH3 + H2Si=O 73.7 72.2 71.9
(SiH3)2Si=O + 2SiH4 → H2Si=O + 2Si2H6 9.0 6.4 9.5
(SiH3)HSi=O + SiH4 → H2Si=O + Si2H6 3.2 2.0 3.4
(SiH3)(CH3)Si=O + 2SiH4 → CH3SiH3 + Si2H6 + H2Si=O 22.3 20.8 22.8
(SiH3)(OH)Si=O + 2SiH4 → Si2H6 + H2Si=O + H3SiOH 63.9 61.7 63.2

Table 7.6 Enthalpies of formation ∆H◦
f (kJ/mol) values and uncertainties of double-bonded

Si=O species determined from the respective isodesmic reactions of Table 7.5

Species G4 G4MP2 CBSQB3

(CH3)2Si=O −264.7±17.3 −263.8 −264.3
(CH3)HSi=O −185.6±15.7 −184.8 −184.9
(OH)2Si=O −828.9±29.5 −827.5 −825.3
(OH)HSi=O −477.5±19.7 −476.6 −475.7
(CH3)(OH)Si=O −559.0±20.2 −557.5 −557.2
(SiH3)2Si=O −20.1±15.6 −17.5 −20.7
(SiH3)HSi=O −60.0±15.3 −58.8 −60.2
(SiH3)(CH3)Si=O −142.5±15.9 −140.9 −142.9
(SiH3)(OH)Si=O −440.2±19.9 −438.0 −439.5

Table 7.7 GAVs of ∆H◦
f (298 K), S◦ (298 K) and Cp(T ) for Si=O containing species. The

GAVs of ∆H◦
f are based on the G4/isodesmic reaction values listed in Table 7.5; the Cp

and S◦ are calculated at the RRHO level with molecular parameters obtained using the
B3LYP/6-31G(2df,p) method. (units: ∆H◦

f : kJ/mol, S◦ and Cp: J/mol K).

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

Sid,o–(C)2 −9.5 5.5 4.9 6.0 7.1 7.9 9.4 10.6 12.8 14.1
Sid,o–(H)(Si) −37.2 123.5 23.0 27.1 30.3 32.9 36.9 39.6 43.3 45.1
Sid,o–(C)(Si) 7.9 8.7 4.3 5.5 6.5 7.3 8.7 9.8 11.5 12.5
Sid,o–(H)(O) −104.5 127.9 22.5 26.3 29.3 31.7 35.0 37.0 39.0 39.8
Sid,o–(O)2 −82.9 −2.8 3.1 3.0 2.7 2.4 2.1 2.1 3.0 3.7
Sid,o–(C)(H) −58.0 126.5 23.7 27.6 30.8 33.5 37.5 40.5 44.6 46.7
Sid,o–(O)(Si) −44.4 10.2 3.6 4.6 5.4 5.8 6.2 6.2 5.7 5.4
O–(H)(Sid,o) −373.0 144.7 35.9 41.6 45.6 48.6 52.3 54.7 58.1 60.1
C–(H)3(Sid,o) −127.6 158.5 41.6 49.8 56.9 62.9 71.9 78.7 89.2 94.9
Sid,o–(C)(O) −58.4 12.2 3.7 4.7 5.5 6.1 6.9 7.3 7.5 7.4
Sid,o–(Si)2 25.5 21.5 12.0 13.2 14.1 14.9 16.2 17.1 18.5 19.2
Si–(H)3(Sid,o) −22.8 185.5 55.0 63.7 70.5 75.9 84.1 89.8 97.5 101.3
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7.4.3 GAVs of cyclic siloxanes

GAVs were also derived for cyclo-siloxanes such as hexamethyl-cyclo-tetrasiloxane (cyc-
Si4O4H2(CH3)6) or tetramethyl-cyclo-pentasiloxane (cyc-Si5O5H6(CH3)4). Specifically,
we considered derivatives of compounds with different ring sizes: D3 (hexamethyl-cyclo-
trisiloxane; Si3O3(CH3)6), D4 (octamethyl-cyclo-tetrasiloxane; Si4O4(CH3)8), and D5
(decamethyl-cyclo-pentasiloxane; Si5O5(CH3)10), because cyclosiloxanes such as D3, D4,
and D5 are used as precursor materials for silicon polymer synthesis [207] and for the produc-
tion of optical-grade fused silica and SiO2 nanoparticles [208]. Common to methyl-substitute
cyclo-siloxanes is the Si–(C)2(O)2 group, but cyclo-siloxanes are subject to different ring
strain energy depending on the ring size, making it necessary to consider D3, D4, and D5
derivatives separately. Due to the molecular size, we used CBSQB3 calculations only since
G4 and G4-MP2 are both too expensive. The list of isodesmic reactions used is presented
in Table 7.8. In these reactions, SiH4, H3SiOH, and CH3SiH3 are the reference species;
and the gas-phase ∆H◦

f values of D3, D4, and D5 were taken Voronkov et al. [209]: ∆H◦
f

=−1568.0±11.0 kJ/mol for D3,−2138.0±11.0 kJ/mol for D4, and −2708.0±13.0 kJ/mol
for D5. These ∆H◦

f values are in reasonable agreement with the measurement of Tanaka et
al. [210–212]. From ∆H◦

f values measured for liquid D4, and D5 and estimated enthalpy of
vaporization (45.6 and 46.0 kJ/mol for D4 and D5, respectively),[210] they found gas-phase
∆H◦

f =−2121.0 kJ/mol for D4 and −2698.7 kJ/mol for D5. For D3, they derived a gas-phase
∆H◦

f value of −1601.7 kJ/mol from a ∆H◦
f value of −1656.9 kJ/mol measured for the solid

state and an enthalpy of sublimation of 55.2 kJ/mol. Clearly, the gas-phase ∆H◦
f values of

D4 and D5 of Tanaka et al. [210] are in very good agreement with those of Voronkov et al.
[209] D3 has a larger difference, however, with Tanaka et al.’s value being about 34 kJ/mol
lower than that of Voronkov et al. The difference is probably still within the measurement
uncertainties.
The minimum-energy geometries of D3 and D4 are symmetric for which each Si atom may

be regarded as being equivalent. The consequence is that these species have two equivalent
additivity groups containing CH3. In cyc-Si3O3H4(CH3)2 and cyc-Si4O4H6(CH3)2, for
example, which Si atoms the CH3 groups are bonded is inconsequential as far as the group
additivity is concerned; and the same applies to the OH ligands. D5 behaves differently as
it has three non-equivalent types of Si atoms. As shown in Fig. 7.2, the Si atoms marked
by the blue arrows (1 and 5) are equivalent; and those marked by the green arrows (3 and
4) are also equivalent. However, the Si atom marked by the orange arrow (2) is unique.
This results in a range of isomers for which the ∆H◦

f values can differ by as much as 45
kJ/mol. We conducted CBSQB3 calculations on all five isomers of “cyc-Si5O5H8(CH3)2”,
i.e., cyc-Si5O5H8(CH3)2-vi where i = 1,5. As one would expect, the “cyc-Si5O5H8(CH3)2”
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Table 7.8 Isodesmic reactions used for the cyclosiloxane species their standard enthalpies of
reactions (kJ/mol) calculated at the CBSQB3 level of theory.

Reaction CBSQB3

cyc-Si3O3H4(CH3)2 + 4CH3SiH3 → D3 + 4SiH4 −72.1
cyc-Si3O3H2(CH3)4 + 2CH3SiH3 → D3 + 2SiH4 −35.5
cyc-Si3O3H4(OH)2 + 6CH3SiH3 → D3 + 2H3SiOH + 4SiH4 −26.2
cyc-Si3O3H2(OH)4 + 6CH3SiH3 → D3 + 4H3SiOH + 2SiH4 57.4
cyc-Si4O4H6(CH3)2 + 6CH3SiH3 → D4 + 6SiH4 −102.6
cyc-Si3O3H4(CH3)4 + 4CH3SiH3 → D4 + 4SiH4 −67.4
cyc-Si4O4H6(OH)2 + 8CH3SiH3 → D4 + 2H3SiOH + 6SiH4 −54.3
cyc-Si4O4H4(OH)4 + 8CH3SiH3 → D4 + 4H3SiOH + 4SiH4 28.0
cyc-Si5O5H10 + 10CH3SiH3 → D5 + 10SiH4 −142.4
cyc-Si5O5H8(OH)2-v1 + 10CH3SiH3 → D5 + 8SiH4 + 2H3SiOH −56.0
cyc-Si5O5H8(OH)2-v2 + 10CH3SiH3 → D5 + 8SiH4 + 2H3SiOH −51.8
cyc-Si5O5H6(OH)4 + 10CH3SiH3 → D5 + 6SiH4 + 4H3SiOH 31.1
cyc-Si5O5H8(CH3)2-v1 + 8CH3SiH3 → D5 + 8SiH4 −102.6
cyc-Si5O5H8(CH3)2-v2 + 8CH3SiH3 → D5 + 8SiH4 −149.8
cyc-Si5O5H8(CH3)2-v3 + 8CH3SiH3 → D5 + 8SiH4 −105.8
cyc-Si5O5H8(CH3)2-v4 + 8CH3SiH3 → D5 + 8SiH4 −105.9
cyc-Si5O5H8(CH3)2-v5 + 8CH3SiH3 → D5 + 8SiH4 −102.6

isomers with two CH3 groups bonded to Si atoms 1 and 5 are equivalent, and the “cyc-
Si5O5H8(CH3)2” isomers bonded to two CH3 groups at positions 3 and 4 are also equivalent,
whereas the “cyc-Si5O5H8(CH3)2” isomer with both CH3 groups bond to Si atom #2 is a
unique isomer. We have the same issue for the “cyc-Si5O5H8(OH)2” isomers, but generally
their ∆H◦

f values differ much less (around 8.0 kJ/mol). Also, the “cyc-Si5O5H8(OH)2”
isomers with the OH groups bonded to Si atoms 3 and 4 are equivalent, and expectedly so,
the CBSQB3 electronic energies of the two isomers are also identical to each other. The
isomer “cyc-Si5O5H8(OH)2-v2” with both of the OH groups bonded with Si atom 2 is a
unique isomer and its ∆H◦

f differs notably from those of other “cyc-Si5O5H8(OH)2” isomers.
It is for this reason we computed the relevant isomers separately, as listed in Table 7.8. To
obtain a more accurate estimation for the O–(Si)2 group, it was also necessary to consider
an additional D5 derivative: cyc-Si5O5H10, whose ∆H◦

f is derived from the isodesmic re-
action/CBSQB3 approach and Cp(T ) and S◦(T ) are obtained from molecular properties
optimized as a part of the CBSQB3 composite scheme. The cyc-Si5O5H10 has only H
atoms bonded to the Si atoms in the cyclo-siloxane ring. To be consistent with the GAVs
derived from the previous section, the GAVs of (C–(H)3(Si) and O–(H)(Si)) are fixed at their
known values. The GAV for C–(H)3(Si) was taken from our previous work [203], and that
of O–(H)(Si) taken from Table 7.3. With these treatments, we reproduced the experimental
∆H◦

f value for cyc-Si5O5H10 to within 2.7 kJ/mol. Table 7.9 lists the calculated ∆H◦
f values

and their uncertainties for cyclo-siloxane species; and the corresponding GAVs are presented
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Fig. 7.2 Structure of D5 (cyc-Si5O5(CH3)10) obtained from B3LYP/6 311G(2d,d,p) calcula-
tion. See text for the colored arrows with number labeling.

in Table 7.10. Also for the CBS-QB3 based reaction enthalpies, we assumed an uncertainty
of ±8.4 kJ/mol.

The GAVs in Table 7.10 are separately listed for D3, D4, and D5. Such an isomer-related
limitation is known for the group additivity method. With increasing molecular complexity, it
usually becomes necessary to consider subsets of groups, which renders the method increas-
ingly ineffective especially considering the ease with which quantum chemical calculations
are becoming routine in recent time. Similar limitation may arise for large molecules when
no useful isodesmic reactions can be defined because of a lack of reference compounds with
known thermochemistry. In such cases, atomization energy is sometimes the only viable
option. The D2 derivatives are examples of such cases: it represents the cyc-Si2O2(CH3)4

(tetramethyl-cyclodisiloxane) species for which the experimental thermochemistry is un-
available because of difficulties in isolating and characterizing it, despite the fact that mass
spectrometric experiments do suggest its existence [213]. Yet the GAVs of D2 derivatives are
useful for predicting the thermochemistry of larger silicon oxide clusters such as Si4O10H4

or Si5O12H4 [81, 186]. As the molecular analog of D2, these clusters comprise of Si atoms
bridged by two O atoms [214].

7.5 Conclusion

Thermodynamic properties of 62 non-radical Si–C–H–O-containing species were calculated
by means of G4/atomization energy and G4/isodesmic reaction methods. The standard
enthalpies of formation calculated by these two methods were compared. As expected, the
isodesmic-reaction approach gives a better accuracy than atomization-energy calculations.
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Table 7.9 The training set species and their standard ∆H◦
f (kJ/mol) values and estimated

uncertainties of cyclo-siloxanes from CBSQB3/isodesmic reaction.

Category Species ∆H◦
f

D3 derivatives

cyc-Si3O3H4(CH3)2 −1242.6±21.7
cyc-Si3O3H2(CH3)4 −1405.8±16.2
cyc-Si3O3H4(OH)2 −1800.9±37.8
cyc-Si3O3SiH2(OH)4 −2523.3±57.6

D4 derivatives

cyc-Si4O4H6(CH3)2 −1655.5±28.6
cyc-Si4O4H4(CH3)4 −1817.3±21.7
cyc-Si4O4H6(OH)2 −2216.2±43.6
cyc-Si4O4H4(OH)4 −2937.3±61.5

D5 derivatives

cyc-Si5O5H8(OH)2-v1 −2657.7±50.7
cyc-Si5O5H8(OH)2-v2 −2662.0±50.7
cyc-Si5O5H8(OH)2-v3 −2654.4±50.7
cyc-Si5O5H8(OH)2-v4 −2654.4±50.7
cyc-Si5O5H8(OH)2-v5 −2654.8±50.7
cyc-Si5O5H10 −1932.5±44.5
cyc-Si5O5H8(CH3)2-v1 −2098.9±36.8
cyc-Si5O5H8(CH3)2-v2 −2051.7±36.8
cyc-Si5O5H8(CH3)2-v3 −2095.7±36.8
cyc-Si5O5H8(CH3)2-v4 −2095.7±36.8
cyc-Si5O5H8(CH3)2-v5 −2098.9±36.8

The thermochemistry of nine Si=O containing species and 19 cyclic siloxanes are also
estimated by the G4/isodesmic and CBS-QB3/isodesmic reaction methods, respectively. A
combinatorial approach was used to recognize the groups required to completely describe
molecule categories of interest. Systematic regression analyses were performed to obtain the
GAVs of 30 Si- and C-centered groups, three O-centered groups and groups which contribute
to the thermochemistry of double-bonded and cyclic compounds. A statistical analysis
demonstrates that the precision of the regressed GAVs strongly depends on the quantity of
reference compounds considered in the training set, whereas the accuracy depends strongly
on the quality of the thermochemical data of reference compounds. Lastly, we note that
the GAVs must be updated regularly when new reliable data for reference compounds,
experimental or theoretical, become available.

Combining the current work with a previous study, we now have a comprehensive suite
of the GAVs for a range of Si containing species, including the single-bonded molecules of
the Si–C–H species and their associated radicals, the species with Si=C bonds, and the stable
Si–C–H–O species with single bonds and the species containing Si=O bonds. In addition,
the GAVs are also available now for cyclo-siloxanes.
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Table 7.10 GAVs of ∆H◦
f (298 K), S◦ (298 K) and Cp(T ) for D3, D4, and D5 derivatives

(units: ∆H◦
f : kJ/mol, S◦ and Cp: J/mol K).

Cp(T )

Groups ∆H◦
f S◦ 298 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K

D3 derivatives
O–(Si)2 −312.4 15.0 23.9 29.5 33.4 36.3 40.0 42.4 45.3 46.5
Si–(C)2(O)2 −118.8 −69.5 14.6 18.2 20.3 21.3 21.8 21.8 21.3 20.6
Si–(H)2(O)2 −47.2 105.2 18.3 22.9 26.8 29.9 34.2 37.2 41.3 43.4
Si–(O)4 −146.4 −20.7 −8.9 −11.7 −13.6 −14.9 −16.0 −16.7 −17.4 −17.5
D4 derivatives
O–(Si)2 −120.8 −66.7 15.1 18.6 20.6 21.7 22.2 22.2 21.7 20.9
Si–(C)2(O)2 −322.2 12.0 25.1 30.5 34.4 37.2 41.0 43.4 46.3 47.5
Si–(H)2(O)2 −51.4 109.7 18.8 23.3 27.1 30.2 34.5 37.6 41.6 43.7
Si–(O)4 −150.0 −30.9 −8.7 −11.4 −13.4 −14.6 −15.7 −16.4 −17.1 −17.1
D5 derivatives
O–(Si)2 −331.1 −1.8 25.2 30.9 34.9 37.8 41.6 43.9 46.9 48.1
Si–(C)2(O)2 −119.1 −71.2 15.2 18.9 20.9 21.9 22.4 22.4 21.9 21.1
Si–(H)2(O)2 −55.4 102.8 19.1 23.5 27.3 30.4 34.7 37.7 41.8 43.9
Si–(O)4 −156.6 −33.4 −9.1 −11.5 −13.3 −14.5 −15.5 −16.2 −16.8 −16.9

Future efforts will aim at determining GAVs of Si–C–H–O-containing radicals and
silylenes. Another possibility to further improve the thermochemistry of Si–C–H–O com-
pounds could deal with considering multiple isodesmic reactions. Buerger et al. [215]
described an algorithmic approach to setup reaction networks, which include several error-
cancelling reactions per target compound such that one obtains distributions of ∆H◦

f estimates.
Nevertheless, the available GAVs enable us to estimate the thermochemistry of many Si-
containing, organic species that are unavailable previously.
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8.1 Abstract

Tetramethysilane (TMS) is a precursor for flame synthesis of silica (SiO2) nanoparticles. A
chemical reaction mechanism was developed for the oxidation of TMS in a lean low-pressure
(p ≈ 30 mbar) H2/O2/Ar flame using species mole fractions, obtained from molecular-beam
mass spectrometry (MBMS) measurements in a matrix-supported flat flame doped with 600
ppm TMS. The thermodynamic data of Si-containing species were determined from quantum-
chemical calculations at the G4 level of theory. The formation and subsequent consumption
of Si(OH)4, one of the main products of TMS oxidation, and the formation of Si4O10H4



8.2 Introduction | 101

clusters are hypothesized to be the primary pathway in the synthesis of silica nanoparticles.
The reaction rate coefficients are either estimated via an algorithmic optimization procedure
or are assumed based on analogies to similar reactions in the literature. The mechanism was
further validated based on MBMS measurements with the same base flame doped with 400
and 800 ppm TMS.

8.2 Introduction

The importance of gas-phase nanoparticle synthesis by thermal decomposition of vapor-phase
precursor compounds has motivated many experimental studies and numerical simulations
with the goal to understand the underlying molecular and particle-forming processes [216, 21,
28]. Many studies on the Si/H/O system were conducted on SiH4 combustion: Lindackers et
al. [217] investigated low-pressure H2/O2/Ar flat flames doped with SiH4. Britten et al. [168]
developed a mechanism of 70 elementary reactions and 25 species for SiH4 combustion.
Besides SiH4, other silicon-containing species were investigated in the context of materials
synthesis. Shekar et al. [31] developed a kinetics mechanism that can be applied for numerical
simulations of flames doped with tetraethylorthosilicate (TEOS). A detailed kinetics model
of the thermal pyrolysis of TEOS was proposed by Nurkowski et al. [33]. In their model,
possible pathways for TEOS decomposition were suggested based on analogies to ethanol
combustion and, also in analogy to the ethanol high-temperature chemistry, a set of rate rules
describing the decomposition of –OC2H5 moieties in TEOS has been derived. In addition,
Nurkowski et al. [34] provided a skeletal mechanism for TEOS oxidation in H2/O2 flames.
Recently, Chen et al. [218] described a detailed reaction mechanism for the oxidation of
octamethylcyclotetrasiloxane (OMCTS).

Besides the radical-assisted oxidation in synthesis flames, precursor decomposition
kinetics have also been investigated under pyrolytic conditions: Sela et al. [75] investigated
the decomposition of tetramethylsilane (Si(CH3)4; TMS) and tetramethoxysilane (TMOS)
behind reflected shock waves and derived elementary kinetics mechanisms [76]. In particular,
TMS pyrolysis has been previously studied, e.g., by Baldwin et al. [78], Clifford et al. [79],
and Taylor and Milazzo [80]. In all these studies, a combination of a flow reactor with
gas chromatography was used to detect major stable reaction products. Under pyrolytic
conditions, for example in chemical vapor deposition (CVD) reactors, TMS is also used as a
precursor for the production of SiC films and particles and it has the advantage to be a safe,
non-explosive and non-corrosive precursor [74].

TMS can be employed as precursor for the production of silica nanoparticles in flames.
In a counter-flow diffusion flame, Zachariah and Semerjian [28] investigated the influence
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of SiH4, hexamethyldisiloxane (HMDSO), and TMS on the growth of silica particles and
found that particle formation from TMS and HMDSO starts to occur later and at higher
temperatures than from SiH4. In another recent study on HMDSO- and TMS-doped flames,
Chrystie et al. [72] studied the influence of the precursor on the gas-phase reactions before
the formation of silica nanoparticles with focus on SiO-based chemistry. They measured
temperature fields in the flame and quantitative SiO mole-fraction profiles [73, 72] along the
height above the burner (HAB) via laser-induced fluorescence (LIF) imaging using NO and
SiO as target species. They observed a double-peak behavior of SiO profiles, which was also
reported by Zachariah and Burgess Jr [70], Glumac [71] and Feroughi et al. [69].

Despite the large interest in silica-nanoparticle synthesis from the oxidation of silanes,
few studies have proposed detailed reaction mechanisms for the combustion of silanes. In
many previous investigations, global reaction models or possible reaction pathways, without
providing reaction rates and thermochemical species data, have been reported.

The first attempt to analyze the high-temperature combustion chemistry of TMS was
undertaken by Reed [77], who used the TMS pyrolysis reaction scheme reported by Baldwin
et al. [78] as a basis for developing a reaction model for TMS oxidation.

Recently, Karakaya et al. [81] proposed a possible decomposition pathway of TMS in a
H2/O2/Ar flame and discussed the formation of stable monomers and the first smaller silicon
oxide clusters based on their experimental observations. They conducted molecular-beam
mass-spectrometry (MBMS) measurements on a premixed laminar low-pressure flame to
detect Si-C-O-H- and Si-O-H-containing molecules as well as small hydrocarbons. Changes
of mole fraction were observed along the HAB. Their quantitative measurements of tempera-
ture and species mole-fraction profiles are a stepping stone to the development of a kinetics
mechanism. However, due to the unknown thermodynamic properties of many intermediate
species and unknown reaction rates, it was not possible to test the performance of the pos-
tulated reaction pathways of TMS proposed by Karakaya et al. [81]. This is one example
that emphasizes the need to obtain thermodynamic data for silanes and siloxanes as well as
theoretical calculations of reaction rates to facilitate reaction mechanism development.

In this work, we propose a more detailed kinetics model for the oxidation of TMS, which
is developed based on species mole-fraction profiles obtained during MBMS measurements
in low-pressure flames. The possible reaction pathways between crucial intermediates are
discussed. Rate coefficients of important reactions are estimated by means of optimizing our
kinetics model against quantitative mole-fraction profiles, analogies to similar reactions in
hydrocarbon chemistry, and theoretical calculations. In addition, the thermochemical data
of many intermediate species during oxidation of TMS are also calculated for the first time.
To better understand the structure of the mechanisms discussed in this work, reaction-path
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Table 8.1 Summary of flame conditions in the present work. Flow rates are in standard liter
per minute (273.15 K, 1013.25 mbar).

Flame H2/slm O2/slm Ar/slm φ Pressure/mbar TMS (ppm) Ref.

A 0.545 0.455 1 0.6 30 0 Karakaya
B 0.545 0.455 1 0.6 30 600 Karakaya
C 0.545 0.455 1 0.6 30 400 This work
D 0.545 0.455 1 0.6 30 800 This work

analyses were carried out. Lastly, the developed mechanism is further validated through
comparing predicted species profiles with experimental data from MBMS measurements in
low-pressure H2/O2/Ar flames doped with 400 and 800 ppm TMS.

8.3 Experiment

The formation and depletion of selected reaction products of TMS combustion (e.g., SiO2,
CO2, CO, CH4) was investigated in laminar H2/O2/Ar low-pressure flat flames by MBMS.
Details on the experiment, the data analysis, and uncertainties of the mole fractions can be
found in Karakaya et al. [81] and only a brief description is given here: All flames were
stabilized on a 36 mm diameter sintered bronze burner installed in a low-pressure reactor at
30±0.03 mbar. At various HAB, gas samples were taken from the flame along the center line
of the burner through a quartz nozzle. The distance between burner matrix and nozzle was
varied in a range of zero to 100 mm HAB. The chemical composition of the samples changes
only in the axial direction.

The flame conditions of the present work are shown in Table 1. The change in the base
flame’s equivalence ratio due to doped amount of precursor is neglected. The errors for the
reported mole fractions depend on the calibration procedure and range between 15% for
major species, 30-60% for most hydrocarbon intermediates and TMS, and a factor of two for
silicon-containing intermediates.

Flame temperature measurements close to the sampling probe were conducted with an
aluminum oxide coated thermocouple (type S) with a thickness of r = 200 µ m. A radiation
correction for heat losses of the thermocouple is performed by the method described by
Bahlawane et al. [219]. The uncertainty of the temperature measurement is evaluated to ±
100 K. Additionally, the temperature dependence of the argon signal (referred to as FKT
function) is evaluated to get the relative perturbed temperature profile as described by Cool
et al. [220] and Struckmeier et al. [221]. This temperature profile includes the influence of
the nozzle on the flame temperature and will be used for the simulations of flame A–D.
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8.4 Modeling approach

One-dimensional flames and their structures are popular targets for modeling studies to
validate chemical kinetics reaction mechanisms. Considering detailed kinetics in 2D or
3D simulations of reactive flows significantly increases the computational cost and the
complexity of the simulations. The experimental data, which were modeled in this study,
were determined in a flat burner-stabilized flame, which provides a nearly one-dimensional
flame structure for the region close to the burner surface.

In this work, temperature profiles of the low-pressure flames (flames C and D) are
determined. Before their use in modeling, the temperature data were smoothed. During
the optimization procedure, the laminar premixed flame was simulated with the prescribed
temperature profile.

For developing a kinetics model for the oxidation of TMS, we first attempted to identify
the major pathways that connect the precursor with the final products. Then we calculated
thermochemical data, i.e., heat capacities, enthalpies of formation, and entropies, of Si-C-O-
H-containing species. These thermochemical data were expressed in the format of NASA
polynomials. Finally, we determined rate coefficients, either by analogy to hydrocarbon
chemistry, by RRKM (Rice-Ramsperger-Kassel-Marcus) calculations or by optimization
of the kinetics model against experimental data. The RRKM calculations were carried out
with the KiSThelP code [134]. the Lennard-Jones potential parameters were estimated for
the Si-containing species using the rules in Eqs. (8.1) and (8.2). The well-depth ε is the
maximum energy of attraction between a pair of molecules and the collision diameter σ is
the distance at which the intermolecular potential between the two molecules is zero. The
volume-increments Vi for Si, H, CH3, OH, CH2, and O are 29.7, 2.8, 19.6, 9.7, 16.5, and 6.0
A3, respectively [92, 93].

ε[K] = 1.2T b (8.1)

σ [Å] = 1.45

(
n

∑
i=1

Vi

)1/3

(8.2)

In Eq. (8.1), Tb is the boiling point of the corresponding species.
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8.5 Calculation of thermodynamic data

The required thermodynamic data of the species and intermediates involved in the reaction
mechanism were determined from quantum-chemical calculations at the G4 level of theory
using the GAUSSIAN 09 package [188, 136]. Standard enthalpies of formation were
calculated using the atomization-energy method. In this method, the standard enthalpy of
formation at 0 K is obtained as the difference between the ab initio calculated (ai) atomization
enthalpy of a compound and the experimentally determined enthalpy of formation of the
gaseous atom:

∆H◦
f (0 K,Sia Cb Hc Od) = a∆H◦

f gas,exp (0 K,Si)+ b∆H◦
f gas,exp (0 K,C)

+ c∆H◦
f gas,exp (0 K,H) +d∆H◦

f gas,exp (0 K,O) − [aH◦
ai(0 K,Si)+bH◦

ai(0 K,C)

+ cH◦
ai(0 K,H)+ dH◦

ai(0 K,O)−H◦
ai (0 K,Sia Cb Hc Od)] (8.3)

In Eq. 8.3, ∆H◦
f (0 K, Si) = 446.2 kJ/mol, ∆H◦

f (0 K, O) = 246.8 kJ/mol, ∆H◦
f (0 K, C) =

711.5 kJ/mol, and ∆H◦
f (0 K, H) = 216.1 kJ/mol [108]. By applying enthalpy corrections to

∆H◦
f (0 K), standard enthalpies of formation at 298 K, ∆H◦

f , are calculated [137].
Simmie and Sheahan [222] reported that among the most common composite methods,

CBS-QB3, CBS-APNO, G3 and G4, the G4 approach is the most accurate one for calculating
enthalpies of formation via the atomization procedure. The results of our previous works, in
which a numerical method for deriving group additivity values for Si–C–H-containing species
was presented [7], suggests that this conclusion also applies for silicon-organic compounds.
Consequently, the G4 method was used in this work for obtaining thermodynamic data for
silicon organic molecules.

8.6 Reaction mechanism optimization

For all one-dimensional flame simulations in this paper, the devised TMS oxidation kinetics
model is merged with the C1 mechanism from Li et al. [5]. The resulting mechanism was
optimized against the experimental data with a genetic algorithm-based method; details
of the optimization process can be found in the work by Sikalo et al. [4] and Sikalo et
al. [150]. The optimization technique aims at finding improved reaction rate coefficients
that minimize the error between the reaction mechanism and the reference data. In other
words, the optimization alters the three Arrhenius parameters until the reaction mechanism
predicts the reference data. In principle, predefined uncertainty ranges for each reaction in
the mechanism can be considered for the optimization, but the elementary reactions of the
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C1 hydrocarbon mechanism and the initial TMS oxidation steps, i.e. H-atom abstractions
from TMS, were protected against the optimization algorithm.

For most of the reactions in the mechanism in Table 3, however, no uncertainty ranges are
available, since none of these secondary reactions have been studied in detail by laboratory
experiments or kinetics theories. The rate coefficients are estimated in such a way that
the experimental data can be reproduced by the kinetics model. During the optimization
procedure, the burner-stabilized flame model within the library of one-dimensional reacting
flow models implemented in Cantera [163] is used for the evaluation of the deviation between
experiment and simulation. Convergence can be achieved more easily if reasonable initial
values of key rate coefficients are provided because the optimization technique allows only
small changes during each iteration step. Therefore, initial estimates are used that are based
on RRKM calculations, reaction analogies, experiments, or theory reported in literature. The
activation energies (Ea/R) in the current mechanism were rounded to a precision of 1 K.

While reaction mechanisms for hydrocarbons are developed and iteratively improved
based on a large body of experimental and theoretical data as well as experience with the
reaction patterns of these molecules, such data and experience are simply not available to
the same extent for TMS-based nanoparticle synthesis. The goal of this work is to develop
an initial mechanism that represents the available data, even if the errors in the estimated
rate coefficients could be high because the optimization procedure is not well constrained
by a wide variation of validation experiments, experimental and theoretical rate coefficients,
etc. The mechanisms and the simulations performed with this mechanism will help to
identify promising targets for future experimental and theoretical investigations, which in
turn will provide the necessary constraints and allow the gradual improvement of the reaction
mechanism with respect to physical and chemical correctness.

8.7 Results and discussions

8.7.1 Thermodynamics data

Based on the molecular properties (molecular structures, frequencies and moments of inertia)
obtained from the quantum chemical calculations, thermodynamic data Cp(T ), Hf(T ) and
S(T ) were derived by using the GPOP program [170]. The vibrational frequencies calculated
at the B3LYP/6-31G(2df,p) level of theory during the G4 procedure were scaled by 0.99 for
the zero point energy calculation and by 0.97 for the vibrational partition function calculations
[188]. Internal rotations around the bonds of CH3 and OH groups attached to carbon and/or
silicon atoms were treated as hindered rotations using the Pitzer-Gwinn approximation as
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implemented in GPOP [190]. Rotational barrier heights for CH3 and OH rotors were obtained
from relaxed potential energy surface (PES) scans at the B3LYP/6-31G(2df,p) level of theory
with dihedral angles used as coordinates for the scans. Fig. 8.1 shows an example for
PES-scans of a CH3 and OH moiety to obtain the barrier heights V0.

(a) (b)

Fig. 8.1 Potentials of CH3 (left) and OH rotors in trimethyl-silanol (Si(CH3)3OH) with
maxima at 400 and 175 cm−1.

It is difficult to assess the quality of the thermodynamic data due to the lack of exper-
imental reference data. To develop group-additivity values for silicon-organic molecules
containing Si, C, and H atoms, we have also calculated thermodynamic data for selected
silanes. For these compounds, good agreement with available experimental thermodynamic
data was obtained: The calculated values of ∆H◦

f for SiH4, Si2H6, Si3H8, and Si(CH3)4

are 28.0, 70.6, 106.1, and −237.9 kJ/mol, respectively. The corresponding experimental
values are 34.1 [108], 71.5 [171], 108.4 [172], and −233.2 kJ/mol, respectively [173]. The
deviations between calculated and experimental values are on average below 8.0 kJ/mol but it
is more realistic to assume larger uncertainties regarding the thermochemical data of silicon-
organic compounds than of hydrocarbon compounds. For sila-isobutene ((CH3)2SiCH2),
the G4-calculation gives ∆H◦

f = 60.7 kJ/mol. Available experimental values are 20.9 [173],
36.0 [195], and 64.8 kJ/mol [223]. Allendorf et al. [204] calculated thermodynamic data for
a series of different silicon-organic compounds and they obtained a value of 51.5 kJ/mol.
For trimethylsilanol (Si(CH3)3OH), ∆H◦

f calculated is −493.1 kJ/mol. The recommended
reference value of ∆H◦

f for this compound is reported to be −499.5 kJ/mol [173]. For the
other silanols and corresponding radicals, it is not possible to clearly assess the error in
calculated enthalpies of formation due to the lack of available experimental data. Table 8.2
lists the species, for which thermodynamic properties were calculated in the present work.
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Table 8.2 Standard enthalpies of formation predicted by the G4-method.

Species ∆H◦
f / (kJ/mol) Species ∆H◦

f / (kJ/mol)

(CH3)2SiCH2 60.7 Si(CH3)2OH −248.9
(CH3)3SiCH2 −21.2 Si(CH3)CH2OH −203.7
Si(CH3)3 24.1 TMS −219.3
Si(CH3)2 136.9 Si(CH3)2O −255.2
Si(CH3) 301.1 Si(CH3)2(OH)2 −773.6
Si(CH3)3OH −493.1 OSi(CH3)3 −219.2
Si(OH)4 −1345.6 OSi(OH)2 −811.2
Si(OH)3 −799.2 HSiO(OH) −471.1
Si(OH)2 −503.4 (CH3)3SiCH2O2 −143.5
Si(CH3)(OH)3 −1062.5 Si4O10H4(linear) −3599.5
Si(CH3)(OH)2 −520.8 (CH3)2Si(CH2)(OH) −293.9
(CH3)(OH)SiCH2 −220.5 (CH3)Si(CH2)(OH)2 −574.4
(OH)2SiCH2 −461.1 (CH3)SiO −100.4

Even though the uncertainties of calculated species cannot be reported because accu-
rate experimental reference data are not available, the sensitivity of the simulations to the
enthalpies of formation can be tested. A set of simulations is performed, in which the
standard enthalpies of formation of TMS, (CH3)3SiCH2O2, OSi(CH3)3, and (CH3)3SiCH2

were changed by ± 4.2 kJ/mol. The results are shown in the supplementary material. It
can be seen that the modelling is not very sensitive to the ±4.2 kJ/mol change of standard
enthalpies of formation as one of the important thermodynamic properties.

8.7.2 Kinetics model

Figure 8.2 shows simulated and measured mole-fraction profiles of major species in an
undoped H2/O2/Ar flame (flame A). For sake of comparison, the predictions of three different
reaction mechanisms are shown in comparison to the experimental profiles: The low-pressure
lean H2/O2/Ar flame was simulated with the hydrogen-combustion mechanism by Ó Conaire
et al. [224], the C1 combustion mechanism by Li et al. [163], and the hydrogen and syngas
combustion mechanism by Varga et al. [225]. The measured temperature profile of the
undoped base flame is used as an input for the simulation. The slight deviations close to
the burner surface can originate from the nozzle effect on the flame [221]. The simulated
profiles using all three reaction mechanisms agree well with each other and thus the reaction
mechanism of Li et al. [163] was chosen as base mechanism. The colored areas in Fig.
8.2 and the other figures containing measured mole-fraction data, represent experimental
uncertainty ranges.
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Fig. 8.2 Mole-fraction profiles of the major species along the as a function of height above
burner (HAB) in flame A. The points are experimental data and the curved lines are the
simulation results. The colored area shows the uncertainty range of the measured data.

Figure 8.3 shows the measured and calculated mole-fraction profiles of the major species
O2, H2, H2O, CO, and CO2 in the flame doped with 600 ppm TMS (flame B) as well as the
measured temperature profile of the doped flame, which is prescribed in the simulations.

For the simulations shown in Fig. 8.3 and the figures appearing thereafter (except Fig.
8.4), the reaction mechanism in Table 8.3 for TMS oxidation chemistry is merged with the C1
mechanism from Li et al. [163]. Table 8.3 includes the reactions related to TMS combustion
and formation of silica clusters.

The simulations reproduce the experimental profiles quite well, but the deviation near
the burner surface must be due to high diffusion rates in the flame that are not captured
in the simulation. The error of the temperature measurement is ±100 K. To consider the
possible uncertainty of the temperature measurements, the experimental temperature profile
is shifted 100 K up and down and the simulations are repeated. Figure 8.3 shows the
effect of the assumed temperature on the predicted mole fractions of major species. It can
be seen that temperature uncertainties within ±100 K result in a shift of the calculated
mole-fraction profiles along HAB, but altogether, the shape of the calculated profiles is
not changed. Calculated mole fractions of Si-containing species are also sensitive to the
prescribed temperature.

For the development of a TMS mechanism, the measured temperature is used. Con-
sidering the mole fraction data, the overall uncertainties are estimated to be ±10-30%.
The uncertainty in measured temperatures also translates into an uncertainty in optimized
rate coefficients. For most rate coefficients, a temperature error of ±100 K leads to an
increase/decrease by approximately a factor of two. For three rate coefficients, those of
reactions R12, R20, and R26, the resulting uncertainties are substantially larger: In case
of k12 and k26, this temperature error results in an increase/decrease of around +300%
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Fig. 8.3 Sensitivity of major species’ mole fractions on the measured temperature; simulations
are performed with experimental temperature, shifted +100 K up, and shifted −100 K down.
The colored areas represent the uncertainties of mole-fraction and temperature measurements.
Symbols: experiment; lines: simulations.

and −80%, respectively. The largest temperature sensitivity is observed for k20, where
we get an increase/decrease of around +550% and −90%, respectively. The reason for
these pronounced temperature sensitivities are the higher activation energies of these three
reactions in comparison to the other optimized reaction rate constants.

Figure 8.4 shows the measured and calculated mole-fraction profiles of CH4. One
essential factor that influences the prediction of CH4 is related to the mechanism, which is
used for modeling the reactions of small hydrocarbons. When merging the TMS kinetics
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Table 8.3 List of reactions for describing TMS oxidation. Units of k = AT bexp(−Ea/RT )
are cm, s, mol, and K. As described in the text: Simulations were carried out using global
reactions 14, 18, and 19. Reactions 14a-e, 18a-f, and 19a-e are suggested to explain the
underlying chemistry behind these global processes and are discussed in the text. Also
reactions 21 and 25-28 are global reactions. Si2(OH)8 is envisioned as a hydrogen-bonded
adduct of two Si(OH)4 molecules.

No. Reaction A b Ea/R Ref.

1 TMS + OH = H2O + (CH3)3SiCH2 1.48E + 05 2.56 162 This work
2 TMS + H = H2 + (CH3)3SiCH2 4.97E + 06 2.40 3101 [226]
3 TMS + O = OH + (CH3)3SiCH2 2.50E + 06 2.50 2720 This work
4 TMS + O2 = HO2 + (CH3)3SiCH2 3.98E + 11 0.00 25136 [77]
5 TMS + HO2 = H2O2 + (CH3)3SiCH2 1.00E + 13 0.00 9742 [77]
6 (CH3)3SiCH2 + O2 = (CH3)3SiCH2O2 5.00E + 12 0.00 4026 This work
7 (CH3)3SiCH2 = (CH3)2SiCH2 + CH3 1.00E + 15 0.00 26580 This work
8 (CH3)2SiCH2 + H = Si(CH3)3 1.06E + 12 0.51 620 This work
9 Si(CH3)3 + OH = Si(CH3)3OH 6.00E + 13 0.00 0 This work
10 Si(CH3)3OH = (CH3)2SiCH2 + H2O 1.84E + 12 0.37 36142 This work
11 Si(CH3)3OH = CH4 + Si(CH3)2O 1.59E + 21 −2.3 32934 This work
12 (CH3)3SiCH2O2 = OSi(CH3)3 + CH2O 1.40E + 12 0.00 10064 This work
13 OSi(CH3)3 + H2 = Si(CH3)3OH + H 4.70E + 12 0.00 2617 This work
14 OSi(CH3)3 + M → 3 CH3 +SiO + M 1.20E + 13 0.00 4026 This work
14a OSi(CH3)3 = Si(CH3)2O + CH3 1.00E + 15 0.00 26580 This work
14b (CH3)2SiCH2 + O2 = Si(CH3)2O + CH2O 5.29E + 11 0.00 1804 [206]
14c Si(CH3)2O = (CH3)SiO + CH3 1.93E + 76 −18.26 53265 This work
14d (CH3)SiO = CH3 + SiO 3.00E + 12 0.00 33796 [218]
14e Si(CH3)2O = (CH3)(OH)SiCH2 5.33E + 27 −4.56 30450 This work
15 SiO + O2 = SiO2 + O 1.00E + 10 0.80 3249 [218]
16 SiO + OH = H + SiO2 1.00E + 09 0.80 755 [218]
17 SiO + O + M = SiO2 + M 2.5E + 12 0.00 2166 [218]
18 Si(CH3)3OH + OH → Si(CH3)2(OH)2 + CH3 1.60E + 08 2.65 2094 This work
18a Si(CH3)3OH + H = (CH3)2Si(CH2)(OH) + H2 4.97E + 07 2.65 3101 This work
18b Si(CH3)3OH + OH = (CH3)2Si(CH2)(OH) + H2O 1.48E + 05 2.56 162 This work
18c Si(CH3)3OH + O = (CH3)2Si(CH2)(OH) + OH 2.50E + 07 2.50 2720 This work
18d (CH3)2Si(CH2)(OH) = (CH3)(OH)SiCH2 + CH3 1.00E + 15 0.00 26580 This work
18e (CH3)(OH)SiCH2 + H2O = Si(CH3)2(OH)2 3.60E + 09 0.43 3869 This work
18f OSi(CH3)3 = (CH3)2Si(CH2)(OH) 1.00E + 13 0.00 10824 [77]
19 Si(CH3)2(OH)2 + OH → Si(CH3)(OH)3 + CH3 1.70E + 08 2.65 4107 This work
19a Si(CH3)2(OH)2 + H = (CH3)Si(CH2)(OH)2 + H2 5.74E + 06 2.38 3583 This work
19b Si(CH3)2(OH)2 + OH = (CH3)Si(CH2)(OH)2 + H2O 1.48E + 05 2.56 162 This work
19c Si(CH3)2(OH)2 + O = (CH3)Si(CH2)(OH)2 + OH 2.50E + 06 2.50 2720 This work
19d (CH3)Si(CH2)(OH)2 = (OH)2SiCH2 + CH3 1.00E + 15 0.00 26580 This work
19e (OH)2SiCH2 + H2O = Si(CH3)(OH)3 3.60E + 09 0.43 3869 This work
20 Si(CH3)(OH)3 → CH3 + Si(OH)3 1.00E + 15 0.00 13496 This work
21 Si(OH)3 + OH = 0.5 Si2(OH)8 3.50E + 16 0.00 4277 This work
22 Si(OH)3 + OH → Si(OH)4 2.60E + 14 0.00 3372 This work
23 SiO2 + H2O → OSi(OH)2 1.31E + 10 0.00 4026 This work
24 OSi(OH)2 + H2O → Si(OH)4 1.17E + 13 0.00 0 This work
25 Si2(OH)8 → 0.5 Si4O10H4 + 3.0 H2O 4.89E + 05 0.00 12329 This work
26 Si(OH)4 → 0.25 Si4O10H4 + 1.5 H2O 4.70E + 05 0.00 10165 This work
27 SiO + (SiO)n → (SiO)n+1 → particles 8.70E + 14 1.93 4006 This work
28 n Si4O10H4 → (SiO2)4nO2H4 + (2n−2) H2O → particles 2.70E + 14 0.00 1258 This work
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model with the C1-C3 mechanism by Ranzi et al. [6], the simulated mole fractions of CH4

are within the experimental uncertainty range.
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Fig. 8.4 Measured and calculated CH4 mole-fraction profiles as a function of height above
burner (HAB). The colored area represents the uncertainty range of the measurement. Simu-
lations were performed with the C1-C3 mechanism of Ranzi et al. [6] (blue dashed line) and
the C1 mechanism from Li et al. [5] (black line)

Another explanation for the over prediction of CH4 is related to uncertainties in the
underlying global reactions R14, R18, and R19, in which methyl radicals are assumed to
be rapidly released by bond fissions. According to the present TMS mechanism, this fast
release of CH3 radicals leads to an over prediction of CH4. For clarification, all simulations
were performed with global reactions R14, R18, and R19, instead of the elementary reactions
R14a-e, R18a-f, and R19a-e (see Table 3) that are assumed to be behind the global reactions.
For simulating mole fractions of Si-C-O-H-containing species, the present TMS oxidation
model has been merged with the Li et al. [5] mechanism. Though the mechanism of Ranzi
et al. [6] leads to a better prediction of the CH4 mole fractions, we did not apply that
mechanism for all simulations for the following reasons: First, the simulated mole fractions
of Si-containing species are not affected by the hydrocarbon combustion model; second, the
Ranzi et al. [6] mechanism is much larger than the Li et al. [5] mechanism. The Ranzi et
al. [6] mechanism contains 107 species and more than 2600 reactions, whereas the Li et
al. [5] mechanism includes only 19 species and less than 100 reactions which makes the
simulations almost 12 times faster than those using the Ranzi et al. [6] mechanism. For
the purpose of computational efficiency and since the simulations of Si-containing products
and intermediates are not affected by the hydrocarbon combustion chemistry, the smaller
mechanism was chosen. The mechanism of Ranzi et al. [6] predicts only the CH4 mole-
fraction profile better than Li et al. [5] mechanism and overall both mechanisms perform
within the uncertainty ranges of the measurements. It can be concluded that the Si sub-
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mechanism developed in this work is almost independent of the hydrocarbon combustion
chemistry. In case of simulating a TMS doped H2/O2/Ar low-pressure flame with methane
added, the authors recommend to merge the TMS mechanism with a detailed hydrocarbon
mechanism such as the one of Ranzi et al. [6]. Figure 8.5 outlines the reaction pathway from
the precursor to silica nanoparticles and helps to better understand the discussions below.

Fig. 8.5 Schematics of the reaction pathway for the oxidation of TMS based on the list of
reactions in table 3. The red-colored reactions are introduced as global reactions.

Figure 8.6 shows measured and calculated mole-fraction profiles of TMS. The red-
colored surface shows the uncertainty range of ±30% for the measured TMS mole fraction.
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TMS is consumed completely at 8 mm HAB, at which the temperature rises up to 800 K,
but according to the simulated mole-fraction profile, TMS is predicted to be completely
consumed at 6 mm HAB. The simulated TMS profile shows a concave-up behavior in contrast
to the concave-down behavior of the experiment. It is possible that the deviations are due
to the probing effect which can affect the flame flow and temperature field. Hartlieb et al.
[227] studied the effects of a sampling nozzle on the structure of a low-pressure flame. In
addition, Deng et al. [83] investigated numerically perturbed laminar flames to enhance the
interpretability of measurements obtained from mass spectrometry with molecular-beam
sampling. It can be seen later in this work that the simulations predict the peak positions of
Si-intermediates quite well which indicates that these profiles are less affected by sampling
issues.
At the early stage, the depletion of TMS is initiated by H-atom abstractions through reactions
with flame radicals OH, H, O, O2, and HO2, which are considered in our kinetics model in
terms of reactions R1 to R5. The rate coefficients for R1 to R5 are taken either from literature
or estimated based on analogies. The rate coefficients of the initial H-atom abstractions
from TMS are not optimized in this work. At these temperatures, the primary step of the
unimolecular TMS decomposition (a Si-C bond fission), is slow, i.e., k < 10−3s−1, and does
not significantly contribute to its depletion. The consumption of TMS is caused in particular
by the H-atom abstractions R1-R3. The rate coefficient for R1 is estimated by analogy to the
reaction of OH + neopentane. The rate coefficients of this reaction were directly measured
by Sivaramakrishnan et al. [228] by UV-absorption spectrometry behind reflected shock
waves. For R2, the rate coefficient was taken from literature: Peukert et al. [226] conducted a
shock-tube and modeling study on the reactions H + SiH4 and H + TMS. They have shown
that due to very similar C-H bond dissociation energies, TMS and the analog hydrocarbon,
neo-pentane, have very similar reactivities towards H-atom abstractions. The rate coefficient
of R3 is estimated in analogy to the reaction of O + neopentane calculated by Cohen and
Westberg [229].

As a result of H-atom abstractions, (CH3)3SiCH2 radicals are a primary Si-containing
intermediate. They can either react with oxygen to form (CH3)3SiCH2O2 (R6) or they
can dissociate to (CH3)2SiCH2 by releasing CH3 radicals (R7). The rate coefficient for
R7 is estimated by analogy to Si(CH3)3 = Si(CH3)2 + CH3 proposed by Sela et al. [75].
The (CH3)2SiCH2 itself can further react with hydrogen to form Si(CH3)3 (R8). The rate
coefficient for R8 is estimated by analogy to the reaction of H + iso-C4H8 calculated by
Curran [230]. The peroxide species (CH3)3SiCH2O2 (or its isomers) has also been detected
by Karakaya et al. [81] (Fig. 8.7). (CH3)3SiCH2O2 radicals in turn can decompose to
OSi(CH3)3 and CH2O (R12). The rate coefficients for R6 and R12 were initially taken from
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Fig. 8.6 Measured and calculated mole-fraction profiles for TMS in the flame B. The colored
area shows the uncertainty range of the measurement. Symbols: experiment; line: simulation.

Davidson and Thompson [231] and optimized in such a way that the simulated profile of
(CH3)3SiCH2O2 reproduces the measurement (Fig. 8.7).
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Fig. 8.7 Measured and simulated mole-fraction profiles of (CH3)3SiCH2O2 and OSi(CH3)3
as a function of HAB for Flame B. The colored area shows the uncertainty range of a factor
of two for the measured data.

Figure 8.7 also shows measured and simulated OSi(CH3)3 profiles. The bimolecular
reaction of OSi(CH3)3 and H2 forms Si(CH3)3OH (R13). Another possibility for OSi(CH3)3

consumption can be a stepwise release of CH3 to form SiO. The rate coefficient for R14a is
estimated by analogy to Si(CH3)3 = Si(CH3)2 + CH3 proposed by Sela et al. [75]. The first
Si–C bond fission from OSi(CH3)3 yields Si(CH3)2O, which is the Si-containing analog to
acetone. In principle, this molecule is expected to be a stable species. Si(CH3)2O itself can
further decompose via Si-C bond fission or it can undergo tautomerization towards an enol.
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With an energy barrier of 238.1 kJ/mol, the tautomerization Si(CH3)2O = (CH3)(OH)SiCH2,
with (CH3)(OH)SiCH2 being the enol-form of the siloxane, is the energetically preferred
process at low temperatures. The reverse reaction from the enol to the siloxane tautomer
has a barrier height of 186.2 kJ/mol. These barrier heights were calculated using the G4
method and refer to T = 0 K and exclude zero-point energies. The equilibrium will be clearly
on the side of the siloxane form Si(CH3)2O. Fig. 8.8 shows calculated rate coefficients of
reactions R14c and R14e at p = 30 mbar over the 600-1200 K temperature range. Since
argon is used as bath gas in the MBMS measurements, argon was also used as bath gas in
these calculations. This procedure applies to all RRKM calculations reported in this work.

(a) (b)

Fig. 8.8 a: RRKM calculations for reaction Si(CH3)2O → (CH3)SiO + CH3, for tautomer-
ization Si(CH3)2O → (CH3)(OH)SiCH2, and for the reverse process (CH3)(OH)SiCH2 →
Si(CH3)2O. All calculations were carried out for 30 mbar and cover 600–1200 K; b: Relative
stationary point energies (values in parentheses are relative to the energy of Si(CH3)2O)) for
the unimolecular reactions of Si(CH3)2O calculated at the G4 level of theory (present work).

For calculating rate coefficients of the Si-C bond fission R14c, a RRKM Gorin model
was applied [232, 233]. These reactions were also discussed by Karakaya et al. [81] and the
theoretical rate coefficient data suggest that Si(CH3)2O is primarily removed by Si-C bond
fissions, since the equilibrium of the tautomerization process is on the side of Si(CH3)2O.
Besides tauto-
merization, the enol form can also only decompose by bond fissions, which have bond
dissociation energies above 335 kJ/mol (Fig. 8.8). In the low-pressure flame at temperatures
below 1000 K, this unimolecular reaction should be negligible. The experimental evidence
indicates that Si(CH3)2O, or an isomer with the same composition, is a reactive compound,
even though it has not been observed in gas-phase studies before. To the best of our
knowledge, it has only been detected by cryogenic infrared spectroscopy in an argon matrix
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at temperatures around 12 K [234]. The reason for the high reactivity of Si(CH3)2O remains
unknown, but destruction by flame radicals may be a tentative explanation. The reactivity
of this intermediate molecule may be regarded as an additional possible justification for
assuming quite large rate coefficient values for the global reaction (R14). When we tried to
use the sequence of reactions R14a-e, the genetic algorithm could not find optimized rate
coefficients in such a way that it will be possible to simulate the experimental mole-fraction
profiles of OSi(CH3)3 and of the subsequent products Si(OH)x and SiO2. To circumvent the
sequence of reactions R14a-e, the decomposition of the radical OSi(CH3)3 was written as
a global reaction and led to successful optimization and simulation. These issues indicate
that important pathways may be missing from the proposed mechanism but that the overall
reaction sequence represented by reaction R14 is reasonable and in agreement with literature.

The global reaction OSi(CH3)3 → SiO + 3CH3 was considered in flame studies reported
by Chagger et al. [68], Yeh et al. [235], and Ma et al. [236] on particle formation during
HMDSO oxidation. The rate coefficient of the global reaction R14 is optimized to be able
to reproduce the experimental OSi(CH3)3 mole-fraction profile. Similar to the intermediate
(CH3)3SiCH2O2, the calculated peak and shape of OSi(CH3)3 are in a very good agreement
with the measurement.

Experimental observations illustrate that (CH3)2SiOH, (CH3)Si(OH)2, Si(OH)3, and
Si(OH)4 are the most abundant species among the detected compounds. Karakaya et al.
[81] proposed a series of reactions, which form Si(OH)4 starting from Si(CH3)3OH. One
possibility consists in stepwise losses of methyl radicals and recombination of silyl with
hydroxyl radicals. We also considered this as a possible pathway for Si(OH)4 formation, but
with rate constants that are typical for C-C bond fissions of stable molecules as start values
for an optimization procedure, the algorithm did not predict any significant formation of
Si(OH)4.

Karakaya et al. provided another pathway to form Si(OH)4 by reaction of Si(CH3)3OH
with flame radicals H, O, and OH. They reported that due to high Si-C bond-dissociation
energies of around 376 kJ/mol, these series of reactions R18a–f and R19a–e are more likely to
happen. The rate coefficients for reaction of Si(CH3)3OH with flame radicals H and OH and
reaction of Si(CH3)2(OH)2 with H and OH are estimated again by analogy to reaction of TMS
and neopentane with H and OH, respectively. Regarding Si(CH3)3OH, the calculated O-H
bond-dissociation energy is 486.7 kJ/mol, and the calculated C-H bond-dissociation energy is
412.3 kJ/mol. Since bond-dissociation energies and reactivities towards H-atom abstraction
correlate with each other, H-atom abstractions from the OH moieties of Si(CH3)3OH and
Si(CH3)2(OH)2 have not been considered. The rate coefficients of reactions of Si(CH3)3OH
and Si(CH3)2(OH)2 with O atoms are assumed to be analogue to the rate coefficients of
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the O + neopentane abstraction, which were calculated by Cohen and Westberg [229] by
transition-state theory. The rate coefficients of the unimolecular decomposition steps of
(CH3)2Si(CH2)(OH) and (CH3)Si(CH2)(OH)2 radicals to lose methyl groups are assumed
based on analogy to Si(CH3)3 = Si(CH3)2 + CH3 [75]. The rate coefficients of the hydration
steps (18e and 19e) to form Si(CH3)2(OH)2 and Si(CH3)(OH)3 are assumed based on analogy
to H2SiO + H2O = HSiO(OH) + H2 calculated by Zachariah and Tsang [237].

With the above mentioned rate-coefficient estimates for these reaction sets, the experimen-
tal Si(CH3)3OH, Si(OH)3, and Si(OH)4 mole fractions could not be matched and optimization
required the introduction of two global reactions R18 and R19. The rate coefficients for
reactions R18 and R19 are optimized so that our simulation is able to reproduce the measured
Si(CH3)(OH)3 mole-fraction profile. Fig. 8.9 shows that after optimizing R18 and R19,
the shape and the maximum peak of the simulated Si(CH3)(OH)3 mole-fraction profile are
in a very good agreement with the measurements. Fig.8.9 also shows the simulated and
measured profile of Si(OH)3. Now, the simulation can reproduce both, the profile shape
and maximum. Unfortunately, the optimization procedure results in A and Tn factors that
exceed the collision limit; for example, at T = 900K, 1.7× 108T 2.65 ≈ 1.1× 1016 cm–3

mol–1 s–1. The corresponding rate constant kR18 at 900 K is 1.05×1015 cm3 mol–1 s–1. For
the purpose of matching experimental mole fractions of Si(OH)x and Si(CH3)3OH species,
it was not possible to avoid exceeding the collision limit. This observation indicates that
other potentially important reaction pathways contributing to the formation and consumption
of these species are missing. Furthermore, we suggest to treat the profile of Si(OH)3 as
tentative, since we cannot exclude that the profile is overlapped by fragments of bigger silicon-
containing species. The rate coefficients of reactions R19 and R20 were also optimized to fit
the measured Si(OH)3 mole fractions.

There is a discussion in the literature about the contribution of SiO2 and Si(OH)4 in
the formation of silica nanoparticles. Many studies hypothesize that gas-phase SiO2 is a
major species that initiates the clustering and formation of silica nanoparticles. Other studies
reported that Si(OH)4 is the major species that contributes the most to particle formation
[33, 31]. In addition, some kinetics models available for silanes and siloxanes chose either
SiO2 or Si(OH)4 as the target species for their particle formation model. Si(OH)4 was found
to be a major intermediate during the combustion of TEOS [31]. Shekar et al. [31] showed
that the dimerization and dehydration of Si(OH)4 plays a key role in the formation of silica
nanoparticles.

In this work, the dimerization of Si(OH)4 is introduced in terms of the global reaction R21
(Si(OH)3 + OH → 0.5Si2(OH)8). According to Shekar et al. [31], the species “Si2(OH)8”
can be envisioned as a hydrogen-bonded complex of two Si(OH)4 molecules. This complex is
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Fig. 8.9 Measured and simulated profiles of Si(CH3)3OH and Si(OH)3. The colored area
shows the uncertainty range of a factor of two for the measured data.

regarded as an intermediate towards the formation of large molecular clusters like Si4O10H4

(Reaction R25) Without R21, Si(OH)3 would be quantitatively converted to Si(OH)4, which
would be in contradiction with the measured MBMS data for Si(OH)4 mole fractions. In
contrast, Feroughi et al. [238] suggested that nanoparticle formation takes place from the
secondary chemistry of gaseous SiO2. According to the mass spectrometric data of Karakaya
et al. [81], only low mole fractions of SiO2 were detected in comparison to Si(OH)4.

Figure 8.10 depicts simulated mole-fraction profiles of SiO2 and Si(OH)4 in comparison
to the measured profiles. In this study, we considered a two-step hydration of SiO2 (R23 and
R24) described by Plane et al. [239] to form Si(OH)4. Plane et al. [239] estimated the rate
coefficients for reactions of R23 and R24 using RRKM theory for mesospheric conditions,
which could not be applied in our flame conditions. Consequently, we optimized the rate
coefficients of R23 and R24, which led to very good agreement between experiment and
simulation for SiO2 and Si(OH)4 regarding the shape and peak. The shape of the profile
suggests that Si(OH)4 is consumed faster than SiO2 and reaches the equilibrium.

This observation is also reflected in our mechanism. Fig. 8.11 shows a reaction-path
analysis for Si-containing gas-phase species involved in TMS oxidation at 800 K. The
diagram in Fig. 8.11 indicates that Si(OH)4 is consumed faster than SiO2. The thickness and
color intensity of each arrow in this diagram is relative to the maximum reaction rate at this
temperature. The path analysis also illustrates that in the present model, the formation of
large molecular silicon clusters like Si4O10H4, which were detected by Karakaya et al. [81],
primarily takes place via the path, which involves Si(CH3)3OH and Si(OH)3.

Si(OH)4 is an important intermediate in our mechanism, since silicon clusters such as
Si4O10H4, Si5O12H4, and Si6O14H4 are suggested to be formed by stepwise addition of
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Fig. 8.10 Measured and simulated profiles of SiO2 and Si(OH)4. The colored area shows the
uncertainty range of a factor of two for the measured data.
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Si(OH)4 and elimination of H2O. This assumption is in conflict with the mechanism pub-
lished by Chen et al. [218] who assumed in their model that Si(OH)4, which is produced
from hydrolysis of OMCTS, dehydrates to form SiO2 as particle-forming species. Cluster
structures like Si4O10H4 are also reported in the experimental work of Xu et al. [240]. Timo-
shkin [241] shows that silicon oxide clusters can have different structures such as tetrahedral
cages or linear chains. Fig. 8.12 shows the simulated and measured profiles of the Si4O10H4

cluster. The rate coefficient of R28 is optimized to match the experimental Si4O10H4 mole-
fraction profile. The colored area shown in Fig. 8.12 shows the uncertainty range of the
measured mole fractions. In the mechanism developed in this work, Si4O10H4 is formed by
self-clustering of Si(OH)4 (R26). The consumption of Si4O10H4 and, correspondingly, the
growth of larger Si-O-containing clusters are considered by introducing the global reaction
(R28), which represents a self-clustering of Si4O10H4:

n Si4O10H4 → (SiO2)4nO2H4 + (2n−2) H2O (R28)

0 10 20 30 40 50 60 70 80
HAB / mm

0

1

2

3

4

5

6

m
o
le

 f
ra

ct
io

n
 /

 1
0−

6

Si4 O10H4

Fig. 8.12 Measured and simulated profiles of Si4O10H4. The colored area shows the uncer-
tainty range of a factor of two for the measured data.

With respect to silica particle formation, SiO and SiO2 are generally regarded as the
primary particle forming intermediate species. Karakaya et al. [81] did not detect SiO
because of interference with the signal of carbon dioxide in mass spectrometry, but SiO was
monitored selectively by laser-induced fluorescence in flames [72]. Zachariah and Burgess Jr
[70] reported a double-peak structure in SiO mole-fraction profiles in SiH4 doped counter-
flow diffusion flames. Glumac [71] could also detect such behavior for SiO by performing
LIF and emission spectroscopy in low-pressure H2/O2/hexamethyldisilazane flames as well
as Feroughi et al. [69], who observed it in low-pressure H2/O2/HMDSO flames. A possible
detailed cluster formation pathway has been described by Suh et al. [242], who suggested
a clustering and self-clustering mechanism of SiO, SiO2, SiH2O, and HSiOOH involving
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the formation of metastable (SiO)n clusters. In the present work, we have introduced one
global reaction, R27, to also account for the possibility of nanoparticle formation by SiO.
The measured SiO2 mole fractions shown in Fig. 8.10 depend on the rate coefficients of
reactions R15-R17, R23, and R27. For R15-R17, we have adopted rate coefficient data from
the mechanism from Chen et al. [218] and the rate coefficient of R27 was optimized to match
the experimental SiO2 mole-fraction profile. Without R27, all intermediate SiO molecules
would be transformed to SiO2 according to R15–R17. Reaction R27 and R28 were both
implemented in the mechanism to remove Si-containing species from the gas phase into the
condensed phase.Originally, we suspected that the thermal decomposition of the intermediate
compound Si(CH3)3OH can have an impact on SiO and hence on SiO2 production. Karakaya
et al. [81] reported that there are two possible and energetically preferred unimolecular
reaction channels: The elimination of CH4, and the elimination of H2O.

Si(CH3)3OH = H2O + (CH3)2SiCH2 (R10)

Si(CH3)3OH = CH4 + Si(CH3)2O (R11)

Based on the present G4 calculations, the barrier heights for reaction R11 is calculated to be
270.3 kJ/mol and for reaction R10 to be 309.4 kJ/mol. Based on these values, R11 could
have been a process contributing to the consumption of Si(CH3)3OH at temperatures below
1000 K. Fig. 8.13 shows RRKM calculations of rate coefficients of reaction R11 and R10 at
p = 30 mbar. Since reaction R11 yields Si(CH3)2O, which can decompose via Si–C bond
fission to CH3 radicals and SiO, we assumed that R11 might also influence the SiO2 mole
fractions and cluster formation. Using the calculated rate coefficients shown in Fig. 8.13
for 30 mbar, reaction R11 is too slow to have significant impact. Fig. 8.13 also includes a
potential energy surface of the main (CH3)3SiOH decomposition channels and it can be seen
that at T < 1000 K, besides the elimination reactions, bond fissions will not contribute to the
decomposition of this silanol. According to the present G4 calculation, the reverse reaction
of H2O elimination seems to be without a barrier, i.e., the energy of the products H2O and
sila-isobutene (CH3)2SiCH2 is approximately 0.2 kJ/mol below the energy of the transition
state structure. As mentioned in section 6.1 there is a substantial uncertainty regarding the
calculated and experimentally determined thermochemistry of (CH3)2SiCH2. It is very likely
that also the reverse reaction between H2O and (CH3)2SiCH2 is a reaction with at least a
small energy barrier.

When we tried to apply detailed reaction sequences (R14a–e, R18a–f, R19a–e) using the
rate coefficients k11 obtained from the RRKM calculation, the algorithm did not determine
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(a) (b)

Fig. 8.13 a: RRKM calculations for CH4 and H2O elimination reactions of Si(CH3)3OH;
both calculations were carried out for 30 mbar and 600-1200 K. b: Relative stationary
point energies (values in parentheses are relative to the energy of Si(CH3)3OH)) for the
unimolecular reactions of Si(CH3)3OH calculated at the G4 level of theory (present work).

an optimized rate coefficient that reasonably predicts SiO2 and Si(OH)x mole fractions. This
is another reason why we had to employ the global reactions R14 and R18.

Altogether it was possible to devise a reaction mechanism that is able to reproduce
measured mole fractions in a TMS-doped low-pressure H2/O2/Ar flame. However, it turned
out to be necessary to employ global reactions. When we tried to use more detailed reaction
sequences with rate coefficients estimated by means of RRKM theory or analogies to similar
reactions, the algorithm was not able to converge to a set of optimized rate coefficients that
makes it possible to reproduce experimental data. This indicates that still important parts
of TMS oxidation chemistry are missing and that - with respect to unimolecular reactions
- one needs to be cautious to apply analogies between Si-containing species and analog
hydrocarbons. Table 8.4 summarizes, which rate coefficient parameters were determined
through analogy, calculation or optimization. In this study, we proposed rate coefficient
parameters for a total number of 44 reactions (elementary and global reactions) and among
them, 16 are based on analogies, nine are taken from literature, four were calculated by
RRKM theory, and 16 were derived from optimization.

8.7.3 Comparison with different loads of TMS

The developed mechanism was further compared to new measurements performed in this
study for other initial TMS mole fractions in flames C and D to substantiate the development
of the present TMS mechanism. Figure 8.14 shows the measured and calculated mole-fraction
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Table 8.4 Source of reaction rates used in the TMS mechanism.

Analogy

R1: Analogy to OH + neopentane [228]
R3, R18(c), and R19(c): Analogy to O + neopentane [229]
R7, R14(a), R(18)e, and R19(d): Analogy to Si(CH3)3 = Si(CH3)2 + CH3 [75]
R8: Analogy to H + iso-C4H8 [230]
R18a and R19a: Analogy to TMS + H (R2)
R18b and R19b: Analogy to TMS + OH (R1)
R18e: Analogy to H2SiO + H2O reported by [237]

Literature

R2: [226]
R4, R5, and R18(f): [77]
R14b: [206]
R14d, R15, R16, and R17: [218]

Theoretical
calculation

R10, R11, R14c, and R14e: RRKM theory

Optimization

R6 and R12: Optimized against experimental profile of (CH3)3SiCH2O2
R9, R18, and R19: Optimized against the experimental profile of Si(CH3)3OH
R13: Optimized against the experimental profile of Si(CH3)3OH
R14: Optimized against the experimental profile of OSi(CH3)3
R20, R21: Optimized against the experimental profile of Si(OH)3
R22 and R26: Optimized against the experimental profile of Si(OH)4
R23 and R27: Optimized against the experimental profile of SiO2
R24: Optimized against the experimental profiles of SiO2 and Si(OH)4
R25 and R28: Optimized against the experimental profile of Si4O10H4

profiles of the major species O2, H2, H2O, CO, and CO2 as well as TMS. The experimental
and simulated mole fractions of flame B (600 ppm TMS) are also given in this figure for the
sake of comparison. The mole fractions in the legend indicate which molar percentage of
precursor is doped into the flames. The uncertainties of mole fraction measurements for the
400-ppm and 800-ppm case are the same as for the 600-ppm case, which is discussed in the
previous sections of this work. The colored areas that represent the uncertainty ranges of the
experiments in the previous figures are not included in Fig. 8.14. Simulated mole fractions
of major species and Si-containing intermediates are also sensitive to the uncertainties of the
prescribed experimental temperatures.

The measured mole fractions of H2, O2, and H2O as well as simulations are showing
similar response to the change of initial TMS mole fractions. The slight shifts of species
profiles toward the burner surface are due to the temperature differences caused by the
presence of precursor in the flames. Simulations predict measured CO and CO2 mole
fractions within the uncertainty ranges. In Fig. 8.14, the simulations predict consumption of
TMS at earlier HAB than the experimental observations. As discussed in the previous section,
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the deviation can be due to sampling effects. The experimental observations demonstrate
that TMS decomposes and oxidizes almost independent from the load of precursor for all
three cases at almost 8 mm HAB. This behavior is well captured by simulations but only
shifted 2 mm closer to the burner surface. It is worth to mention that the rate coefficients
of H-atom abstractions of TMS (R1-R5) are either taken from literature or estimated by
analogy to hydrocarbons chemistry and not optimized against the experimental profile of
TMS. The reason for not optimizing the initial oxidation reactions of TMS is that the peak
locations of Si-intermediates are perfectly captured by simulation results. Optimizing the
rate constants of R1–R5 to catch the measured TMS slows the total consumption of TMS
and all the simulated Si-intermediates shift farther from the burner surface.
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Fig. 8.14 Measured and simulated mole-fraction profiles of major species as a function of
HAB for a series of TMS doping concentrations: 400 ppm (flame C), 600 ppm (flame B),
and 800 ppm (flame D). Symbols: experiments, lines: simulations.
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Figure 8.15 shows the comparison of simulated Si-containing intermediates with experi-
mental values from measurements in flames with different TMS load. The TMS mechanism
is developed based on experimental observation for the 600-ppm case and evaluated for the
other two concentrations of precursor. For all species shown in Fig. 8.15, simulations predict
the peak mole fractions for 600-ppm case very well. The simulation results are all within the
uncertainty ranges of measurements. The uncertainty ranges are not shown in Fig. 15 due
to an overlap of the ranges, which makes it difficult to interpret the results. The measured
mole fractions demonstrate that (CH3)3SiCH2O2, OSi(CH3)3, and Si(CH3)3OH as major
Si-containing species are completely consumed at almost 8 mm HAB where the precursor is
also completely consumed. The measured mole fractions of all Si-containing species indicate
that the peak locations of intermediates do not shift toward the burner surface in contrast
to the base flame major species. Simulated SiO2 mole fraction overpredict the experiment
for the 400-ppm case and underpredict for 800-ppm case, but the simulated SiO2 profiles
are in the uncertainty ranges of the corresponding measurements. The substantially reduced
signal-to-noise ratio of the SiO2 mole-fraction profile in the flame doped with 800 ppm
is tentatively interpreted as an indication that condensation processes to solid SiO2 occur.
Figure 8.16 shows measured and simulated mole fractions of Si4O10H4 along the HAB. Peak
locations shift toward the burner surface and the formation of Si4O10H4 increases rapidly by
increasing the initial mole fraction of precursor.

As discussed earlier in this work, aggregation processes involving Si4O10H4 are assumed
to mainly contribute to the formation of larger silicon oxide clusters with the structure
(SiO2)4nO2H4. Fig. 16 shows that the mole fraction of clusters decreases around HAB =

50–60 mm. It can only be hypothesized that the transformation from pure gas-phase clusters
to nanoparticles takes places from 60 mm HAB and beyond. Unfortunately, there are no
particle measurements for these TMS-doped low-pressure flames available yet, which are
needed to further implement particle formations models in our mechanism.

It was not possible to detect nanoparticles in this work, because the mass spectrometric
setup is designed and optimized for measuring small molecules up to mass-to-charge ratio
m/z =400, limiting detection to gaseous Si-containing clusters with up to six silicon atoms.
The burner chamber was lightly coated by white particles from the synthesis flames. Measur-
ing the solid state of the silicon dioxide particles by means of a quartz crystal microbalance
is future work.

SiO could also not be detected in the experiments of this work because its signal could
not be resolved from the signal of CO2. As discussed earlier in this work, SiO is assumed
to be involved in the early cluster formation in the preheating zone and already consumed
completely in the reacting zone. Consequently, SiO is assumed not to be responsible for the



8.8 Conclusion | 127

0 5 10 15 20
HAB / mm

0

1

2

3

4

m
o
le

 f
ra

ct
io

n
 /

 1
0−

5

(CH3 )3 SiCH2 O2

400 ppm TMS
600 ppm TMS
800 ppm TMS

0 5 10 15 20
HAB / mm

0

1

2

m
o
le

 f
ra

ct
io

n
 /

 1
0−

5

OSi(CH3 )3

0 5 10 15 20
HAB / mm

0

1

2

3

m
o
le

 f
ra

ct
io

n
 /

 1
0
−

6

Si(CH3 )3 OH

0 5 10 20 30 40
HAB / mm

0

2

4

6

8

m
o
le

 f
ra

ct
io

n
 /

 1
0
−

6

Si(OH)3

0 10 20 30 40 50 60
HAB / mm

0

1

2

3

4

5

m
o
le

 f
ra

ct
io

n
 /

 1
0−

6

SiO2

0 10 20 30 40 50 60
HAB / mm

0

2

4

6

8

m
o
le

 f
ra

ct
io

n
 /

 1
0−

6

Si(OH)4
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HAB for a series of TMS doping concentrations: 400 ppm (Flame C), 600 ppm (Flame B),
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formation of silica-nanoparticles. Quantitative measurements for SiO would be appreciated
for further work as another potentially important speciation target for mechanism validation.
The evaluation of the developed mechanism for other equivalence ratios is subject of future
work.

8.8 Conclusion

This work presents a reaction mechanism, which was developed to model the oxidation
of TMS in a low pressure H2/O2/Ar flame. To the best of our knowledge, this is the first
attempt to develop a reaction mechanism that is validated against a dataset of quantitative
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measurements made via molecular-beam mass spectrometry. Rate coefficients of the reactions
included in this mechanism were derived by (1) using a genetic algorithm with experimentally
determined mole-fraction profiles as target data for optimization, (2) by applying reactivity
analogies, and (3) by using RRKM theory. As part of the mechanism development, also
thermochemical and transport data have been calculated and estimated. The G4 composite
method is used to calculate the thermodynamic data of Si-containing species. The present
reaction mechanism contains 24 species and 28 reactions, and the small number of reactions
in this mechanism will facilitate its application in chemical kinetics simulations for analyzing
other TMS-doped synthesis flames.

The present results suggest that important issues of TMS oxidation chemistry are still not
understood and that the development of a detailed reaction mechanism for TMS oxidation
requires much more effort regarding future quantum chemical and/or experimental kinetics
investigations. In particular, quantitative measurements of SiO and SiO2 are needed. The need
to employ global reactions in this reaction mechanism clearly indicates that reaction pathways
are missing. Consequently, future work should target reactions connecting Si(OH)3 and
Si(OH)4 as well as reaction sequences that can convert Si(OH)4 to SiO2 or SiO and vice versa.
Open questions also remain for example with respect to other detailed reaction pathways but
also the major intermediates contributing to particle formation need to be better identified. It
is important to extend the database to other fundamental experimental configurations, e.g.,
flow reactors that are less influenced by deviations from one-dimensionality. For future work,
the combination of MBMS data and new optimization targets, the genetic algorithm has the
potential to improve the mechanism.
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Chapter 9

Conclusion and outlook

The focus of the research conducted within the scope of this thesis was the development of a
chemical kinetic reaction mechanism for the combustion of TMS in low pressure H2/O2/Ar
flames. During the development of the TMS mechanism, it is found that the thermochem-
istry of many Si–C–H and Si–C–H–O molecules was not available in the literature. The
thermochemistry of species in the kinetic mechanisms is important since the heat release of
the reactions and the reverse rate constants depend on the accurate thermodynamics data.
Therefore, the thermochemistry of an exhaustive list of Si-containing species is calculated to
provide a database for the Si–C–H and Si–C–H–O systems. The thermochemistry database
gives a great opportunity to extend the developed TMS mechanism in the future by adding
more intermediates. A complete list of GAVs of Si–C–H and Si–C–H–O systems was also
calculated in this work. The GAVs have the advantage that they can be used to estimate
thermodynamics data of a non-ending list of species much more faster than quantum chemical
calculations. They can also be easily implemented in the automatic reaction mechanism
generator programs. A combinatorial approach was used to choose compounds with unique
groups of interest to GAV derivation. Quantum chemical calculations were used to calculate
thermodynamic data of reference species in the training sets for derivation of GAVs. A sys-
tematic and automated regression analysis were performed to obtain the GAVs. At the end,
the thermochemistry of species and the GAVs calculated in this work are stored in relational
and non-relational databases. The bipartite graph representation discussed in chapter 4 is an
example of non-relational databases.

As the science never stops and there is always room for improvement, there are some
recommendations at this point.

• Chapter 5, 6, and 7 of this thesis covered a complete list of GAVs for stable and radical
Si–C–H system as well as stable GAVs for Si–C–H–O system. It means the GAVs
of radical Si–C–H–O system are missing. The radicals play an important role for
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the prediction of major flame properties such as flame speed and ignition delay time.
In order to be able to develop or extend the reaction mechanism for combustion to
Si–C–H–O-containing precursors such as TEOS, the thermodyamics data of radicals
are crucial. These sets of GAVs can be calculated with similar methods and procedures
as discussed in this work.

• The uncertainties of GAVs are rarely reported in the literature. The uncertainties are
assumed similar to the uncertainty of the quantum calculation method used for the
calculation of the training set. It would be very interesting to calculate uncertainties of
GAVs reported in this work. The uncertainties of new molecules estimated by group
additivity method can be calculated by an error propagation law.

• The whole thermodynamics data of Si-containing species in our data base can be
used as training data for a machine learning algorithm to find a pattern for estimation
of radical species and compare the estimated species with the chemical quantum
calculated species. This approach does not only extend the thermodynamics data of
Si-containing species but also provides a great opportunity to apply machine learning
algorithms to bring more insight into the thermochemistry of organosilanes.

• Chapter 8 of this thesis covered the development of a chemical kinetic reaction mecha-
nism for the combustion of TMS. A similar approach based on the results of this work
can be applied to develop a chemical kinetic reaction mechanism for the combustion
of HMDSO or other precursors.

• A comprehensive database in relational and non-relational format for the thermo-
chemistry of Si-containing species is provided in this work. These databases can be
implemented in reaction mechanism generator programs or be published as stand-alone.
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The author’s other publications

This chapter gives a brief overview of the papers that the author of this thesis contributed
which are not directly related to this thesis but helped the author to be able to finish this
thesis.

A.1 Thermochemistry of Oxygen-Containing Organosilane
Radicals and Uncertainty Estimations of Organosilane
Group-Additivity Values

Authors: H. Janbazi, C. Schulz, I. Wlokas, S. Peukert
The paper is published in ‘The Journal of Physical Chemistry A’ [243]. The abstract is
reprinted with permission from American Chemical Society. This paper is published after the
original submission date of this dissertation. It is not considered in the examination process
of this dissertation.

Abstract

Si–C–H–O-containing radicals are important intermediates during the combustion and py-
rolysis of precursors applied for the gas-phase synthesis of silica nanoparticles. Despite the
industrial importance of silica nanoparticles, a comprehensive thermodynamics database
of organosilane species is still missing. This work presents thermochemical data of 91
Si–C–H–O radical species. Quantum-chemical calculations and isodesmic reaction schemes
are used to determine the standard enthalpy of formation, entropy, and heat capacities cover-
ing the 298–2000 K temperature range. In addition, 90 group-additivity values (GAVs) are
calculated, which cover all relevant group increments. A combinatorial approach is used
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to ensure that all possible group increments are considered. The theoretically calculated
species are used as a training set to derive 90 GAVs of Si–C–H–O radical species for the
first time. In addition, uncertainty contributions of GAVs were estimated. These uncertainty
estimates also comprise GAVs that were previously derived to compute thermochemical data
of stable Si–C–H species and radicals as well as stable Si–C–H–O compounds. Therefore,
uncertainty contributions of GAVs for a whole set of 243 group increments used to predict
thermochemical data of Si-organic species are reported.

A.2 Experimental and numerical study on the influence
of equivalence ratio on key intermediates and silica
nanoparticles in flame synthesis

Authors: Y. Karakaya, H. Janbazi, I. Wlokas, A. Levish, M. Winterer, T. Kasper
The paper is published in ‘Proceedings of the Combustion Institute 38 (2021) 1375-1383’.
The abstract and the contribution of the author of this work to this paper are reprinted with
permission from Elsevier.

Abstract

Tetramethylsilane is a precursor often used for the production of flame-synthesized silica
nanoparticles or coatings. This study investigates the chemical reaction mechanism of
tetramethylsilane in a series of H2 /O2 /Ar low-pressure (p=30 mbar) flames from fuel-lean
to slightly fuel-rich flame conditions (φ =0.8, 1.0 and 1.2). Mole fraction profiles are obtained
by molecular-beam mass spectrometry. The experimental data are compared to simulations
using a recently published reaction mechanism. The present study reveals the influence of
the flame composition on the depletion of the precursor TMS, the formation of its main
carbon-containing products (e.g. CO2 and CO) and the main silicon-containing intermediates
(e.g. Si(CH3)3(CH2)OO)), Si(OH)4 , SiO2 , Si4O10H4 ) appearing along the routes of particle
formation. TEM images of synthesized particles reveal that the nanoparticles obtained from
the gas-phase synthesis are spheres with a low degree of agglomeration. The particle size
distribution appears to be dependent on the equivalence ratio of the synthesis flames and
the changes can tentatively be traced to different particle formation pathways. The data set
provided in this work can serve a basis for improvements to the reaction mechanisms of the
Si–O–C–H system that are urgently needed to improve particle synthesis processes.
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Validation of developed mechanism for constant load of TMS at different
equivalence ratios

Figure A.1a compares the temperature profiles of the doped and the undoped flames with
different equivalence ratios. The maximum temperature is almost identical in the neat and
doped flames of identical equivalence ratio, but the temperatures in the reaction zone are
about 100 K higher. The temperature decrease in the exhaust gas is less pronounced in the
doped flames. Both observations, can be explained by exothermic reactions of TMS oxidation
close to the burner and exothermic hydrolysis reactions of silicon-containing intermediates
in the exhaust gas. Figure A.1 shows measured and simulated main species profiles for
the systematic change of equivalence ratios (φ ) between φ = 0.6, 0.8, 1.0, 1.2. For sake of
comparison, the equivalence ratio φ = 0.6 from the previous work of Karakaya et al. [81] is
included.

The simulated and measured mole fraction profiles of the main species H2, O2, H2O are
in a very good agreement. Small deviations occur close to the burner surface. These can
be traced for all species to the influence of the burner surface and the quartz-probe on the
flame structure as discussed before, e.g. in a study of Deng et al. [83]. The hydrogen and
oxygen are consumed in the reaction zone of the flame and reach equilibrium values around
HAB= 15 mm in all flames. Water also reaches an equilibrium value at the same HAB.
TMS is consumed completely at HAB= 10 mm (see Fig. A.1f). As a consequence, the TMS
consumption occurs at very different flame conditions for the flames of different equivalence
ratios. The oxygen mole fraction is approximately 50% higher, the hydrogen mole fraction
is 30% lower, and the water mole fraction differs by 40% between the flames with φ = 0.6
and φ = 1.2 in the TMS destruction region. The profiles of the other equivalence ratios fall
between the profiles of the flames with the largest and smallest equivalence ratio. The flame
temperatures rise at HAB= 10 mm to 1000 K for all doped flames. It can be observed that
the addition of TMS shifts all main species profiles closer to the burner surface as a result of
the temperature rise in the reaction zone.

The comparison of measured and simulated TMS profiles in Figure A.1f reveals signifi-
cant deviations. The simulated mole fraction profiles show a convex-down behavior and the
experiments a convex-up behavior, for all equivalence ratios. The difference in profile shape
can be explained by the effect of the sampling-probe on the flow- and temperature field of
the flame. In addition, the simulations predict a much faster TMS destruction than observed
in the experiments, that was also observed in the original reaction mechanism development
work [11]. TMS destruction is dominated by hydrogen abstraction reactions from TMS by
O, H and OH radicals. The rate coefficient for the hydrogen abstraction from TMS by H
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Fig. A.1 Measured (symbols) and simulated (lines) mole fraction profiles of main species (e.g.
H2, H2O, TMS, O2, CO, CO2) and temperature profiles in neat (open symbols) and doped
(closed symbols) H2/O2/Ar/TMS-flames. Error bars show the uncertainties of measured
temperature and mole fractions.

radicals is among the few rate coefficients in the Si/C/H/O system that has been accurately
measured by Peukert et al. [226].

The rate coefficients for the hydrogen abstraction by other radicals have been estimated
with reasonable accuracy based on analogies of H-abstraction from neopentane. These
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reaction rates were not changed in the reaction mechanism optimization. The reactions with
OH and H radicals contribute strongly to the decomposition of TMS for equivalence ratios
investigated here, while the reaction with O radicals plays only a minor role. The importance
of the H-abstraction by H radicals increases with increasing equivalence ratios in agreement
with the larger H radical mole fractions, while importance of the reaction with OH radicals is
unaffected. The fact that the overestimation of the reaction rate of TMS in the experiments is
also independent of the flame conditions, e.g. independent of mole fractions of O, H and OH
radicals, suggests that the discrepancies in the TMS consumption rate are most likely linked
to the H-abstraction reaction by OH radicals.

Figure A.1e presents measured and simulated mole fraction profiles of the CO2 and CO
formed during oxidation of the TMS. The carbon monoxide profiles peak around HAB= 10
mm, so at the same HAB where all TMS is consumed. In all flames, the CO is further
oxidized to CO2 reaching equilibrium values close to 2400 ppm. Carbon is only introduced
into the gas mixture by the TMS addition (2400 ppm). From the carbon balance, it is evident
that all carbon is converted to CO and subsequently CO2 at high HAB, which is desirable in
the synthesis of ultrapure silicon-oxide particles. The simulation reproduces the measured
CO2 and CO mole fraction profiles quite well, but deviations appear close to the burner
due probe perturbations. Deviations between measured and simulated CO2 mole fractions
at higher distances are slightly larger than the expected error limit of 15%. They can be
explained by a stream stall of the one-dimensional flow field leading to a source for further
perturbations.

The comparison of the experimental and simulated mole fraction values demonstrates that
the reaction mechanism reproduces the overall flame chemistry with and without addition of
TMS well. This is a prerequisite for further analysis and interpretation of observations using
the simulations.

Figure A.2a reports measured and simulated mole fraction profiles of SiO2, Si(OH)4,
Si4O10H4 that are important intermediates of particle formation pathway. These species
are formed from the initial intermediates and peak at HAB ⩾10 mm. According to the
reaction mechanism, two distinct pathways lead to the formation of silica nanoparticles. The
first pathway forms SiO, which condenses to SiO2 nanoparticles. Condensation of Si(OH)4

to larger clusters such as Si4O10H4 which in turn form silica nanoparticles constitutes the
second pathway.

The measured and simulated mole fraction profiles of SiO2 in Figure A.2a have their
maxima near HAB= 10 mm at 1000 K. SiO2 is consumed slowly in the exhaust gas. The
maximum mole fraction of SiO2 decreases with increasing equivalence ratio and reach the
detection limit in the richest flame H. The simulations predict the measured profiles within
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the accuracy of the data. According to the reaction path analysis at φ =1 and HAB= 10
mm SiO2 is mainly formed by the reaction SiO+O2 =SiO2+O, so consequently less SiO2

is formed with increasing equivalence ratio because less oxygen is available in the exhaust.
It is conceivable that as a consequence more SiO could react to nanoparticles. Figure A.2

0 20 40 60 80 100

HAB / mm

0.0

0.5

1.0

1.5

2.0

2.5

3.0

m
o
le

 f
ra

ct
io

n
 /

 1
0−

6

SiO2

0 20 40 60 80 100

HAB / mm

0

1

2

3

4

5

6

7

8
Si(OH)4

0 20 40 60 80 100

HAB / mm

0

1

2

3

4

5

6

7

8
Si4 O10H4

Fig. A.2 Measured (symbols) and simulated (lines) mole fraction profiles of SiO2, Si(OH)4,
and Si4O10H4 in TMS-doped H2/O2/Ar-flames.

presents measured and simulated mole fraction profiles of Si(OH)4. The simulation captures
the measurements within the absolute uncertainties of the data. Species like Si(OH)4 are
quantified using estimated ionization efficiencies and have large absolute uncertainties of a
factor of two. In addition, the model was optimized in the work of Janbazi et al. [186], to fit
the absolute mole fractions in flame B, so that a good match of experiment and simulation is
expected. When comparing profiles from different equivalence ratios, the uncertainties in the
ionization efficiency can be neglected because they will shift the mole fraction values in the
same direction.

Figure A.2 shows measured and simulated mole fraction profiles of Si4O10H4. Ac-
cording to the reaction pathways for HAB= 10 mm and HAB= 20 mm, the first cluster
Si4O10H4 is formed through Si(OH)3+OH=0.5Si2(OH)8 , followed by a dehydration se-
quence Si2(OH)8 =0.5Si4O10H4+3.0H2O or by Si(OH)4 =0.25Si4O10H4+1.5H2O.

At the maximum of the Si(OH)4 profiles at approximately HAB= 10 mm, the exper-
imental mole fractions of the cluster Si4O10H4 are about 40% lower in flame B (=0.6)
compared to flame H (φ =1.2), reflecting the decrease in the respective Si(OH)4 profiles
quantitatively. This observation confirms, that independent of the equivalence ratio of the
flame the formation of Si4O10H4 is linked directly to Si(OH)4.

In conclusion, the model describes the effect of equivalence ratio on important species in
the particle formation path correctly and can be used to estimate the relative importance of
both pathways as a function of equivalence ratio. The nanoparticles can be formed either via
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the SiO or via the Si4H10O4-cluster route. According to a rate of production analysis at φ = 1
at HAB= 10 mm, the ROP of nanoparticles by the SiO pathway is 105 time higher than the
ROP by the cluster pathway. At HAB= 20 mm the cluster pathway is more important with
a 104 times higher ROP. This observation indicates that the pathway for the formation of
nanoparticles changes within the flame with increasing HAB. The relative importance of
both pathways in the complete synthesis process is estimated by comparison of the integrated
ROP for both routes over all HAB. This analysis shows that 97% of the particles are formed
via the SiO route and 3% are formed via the Si4O10H4 cluster route.

A.3 Comparative study of flame-based SiO2 nanoparticle
synthesis from TMS and HMDSO: SiO-LIF concentra-
tion measurement and detailed simulation

Authors: R.S.M. Chrystie, H. Janbazi, T. Dreier, H. Wiggers, I. Wlokas, C. Schulz
The paper is published in ‘Proceedings of the Combustion Institute 37 (2019) 1221-1229’.
The abstract is reprinted with permission from Elsevier.

Abstract

Depending on the chemical nature of precursor species, the flame-based synthesis of silicon
dioxide nanoparticles in lean hydrogen/oxygen flames proceeds via different chemical routes,
which affects the generated particle characteristics. Modeling the flame chemistry and par-
ticle formation therefore can provide valuable understanding of the underlying gas-phase
and particle-formation pathways. In the present study we compare experimentally obtained
temperature and semi-quantified SiO-concentration profiles in low-pressure (3 kPa), lean
(φ < 0.6), inert-gas diluted H2/O2/Ar burner-stabilized flat flames doped with 200-4000
ppm hexamethyldisiloxane (HMDSO) or tetramethylsilane (TMS) with results from kinetics
modeling. Temperature fields in the flames were determined via multi-line laser-induced
fluorescence (LIF) imaging using both added NO and native SiO as target species. Gas-phase
silicon monoxide (SiO) was detected via LIF by exciting the rovibrational Q(42) transition in
the A1 ⊓−X1

∑+ (1,0) vibronic band system at 230.998 nm that provides a weak temperature
dependence when analyzing relative SiO mole fractions. Semi-quantitative SiO mole-fraction
profiles as a function of height-above-burner (HAB) were obtained for all flames from the
measured SiO-LIF intensities corrected for variations of the temperature-dependent ground-
state population and the collisional quenching using measured temperatures and effective
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fluorescence lifetimes, respectively. The experimental data were compared with results of
appropriate chemical kinetics mechanisms from the literature with suitable modifications to
best reproduce measured SiO mole-fraction profiles. Modeling initial cluster formation is im-
portant in this study to unravel the observed ‘double-peak’-structure of the SiO concentration
profiles assumed to originate from resublimed SiO from early-formed SiO2 nanoparticles in
the rising temperature gradient during initial particle nucleation, and which may be altered
by the availability of oxygen in the precursor species.

A.4 Investigation of a high Karlovitz, high Pressure pre-
mixed jet flame with heat losses by LES

Authors: P. Gruhlke, H. Janbazi, I. Wlokas, C. Beck, A. Kempf
The paper is published in ’Combustion Science and Technology 192 (2020) 2138-2170’. The
abstract is reprinted with permission from Taylor&Francis.

Abstract

A second, smaller mechanism (denoted as UDE mechanism) was generated for the specific
conditions of the present test case including NOx reaction paths. The starting point of
the reduction/optimization procedure was the CH4/O2 branch of the methane combustion
mechanism proposed by Cremer (1972), the H2/O2 branch of the C1 mechanism by Li
et al. (2007) and the CO and NOx reaction paths of the GRI-3.0. The latter is known to
over-predict NOx species which could be possibly avoided by reverting to the obsolete GRI
2.11 mechanism (Barlow et al., 2001). The transport and thermodynamic properties of the
gas components were taken from the GRI-3.0. The resulting mechanism was reduced and
optimized by a genetic-algorithm based method developed by Sikalo et al. (2014, 2015) to
match the laminar flame speed, the temperature profile and the mass fractions of CO and
NOx in a laminar flame calculated with the GRI-3.0 as a reference at the equivalence ratio of
the DLR flame. The resulting reaction mechanism consists of 20 species (7 N-containing
species) and 35 reversible reactions (18 from the C/N/O branch). For the validation of
the reaction mechanism, one-dimensional laminar premixed freely propagating flames, 0D
reactors and premixed counter flow flames have been used and tested against the GRI-3.0 and
DRM19 mechanisms, investigating laminar flame speeds, adiabatic temperatures, ignition
delay times, extinction strain rates, and spatial evolutions of YCO, YNO and temperature. In
comparison to the reference GRI-3.0, a very good agreement in the laminar flame speed,
temperature and spatial evolutions of YCO and YNO is achieved. The sensitivity to strain
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is in good agreement with GRI 3.0 up to around 103 s-1 while the extinction strain rate is
underpredicted. Significant deviations are identified for the ignition delay time τ which
are attributed to the non-consideration of τ as an optimization target during mechanism
development. In general, it should be noted that the UDE mechanism is purpose-made for the
present conditions and application and may not be satisfactory for different conditions. The
validation of the mechanism and the mechanism itself is available in appendices A and B.

A.5 Large-Eddy Simulation of a Lifted High-Pressure Jet-
Flame with Direct Chemistry

Authors: P. Gruhlke, H. Janbazi, P. Wollny, I. Wlokas, C. Beck, B. Janus, A. Kempf
The paper is published in ’Combustion Science and Technology’. The abstract is reprinted
with permission from Taylor & Francis.

Abstract

A reaction scheme is developed for lifted lean premixed high pressure methane jet flames, and
tested by three-dimensional large-eddy simulation of an experiment, for which very detailed
data is available. Auto-ignition-delay times of different mixtures of fresh gas and products
have been introduced as a novel optimization criterion for the mechanism development. The
new mechanism has been developed by a genetic algorithm based reduction and optimization,
and consists of 15 species and 18 reactions. The large-eddy simulations are performed using
a finite rate chemistry (FRC) approach and the dynamic thickened flame (DTF) model to
investigate the flame stabilization of a lifted jet flame at high pressure in a gas turbine model
combustor. In the simulations, the novel mechanism is compared to a similar mechanism
that was generated without this criterion, and a further well-established mechanism. With
the new mechanism, the LES predicts the flame as accurately as with the best reference
mechanism, at a significantly lower cost. Further post processing with Lagrangian tracer
particles confirmed that ignition events occur in the region corresponding to the lift-off height
estimated in the experiment, which is corroborated by a chemical explosive mode analysis
(CEMA). Overall, the newly developed mechanism with the novel optimization criterion
was found to provide a better agreement with the experiments than previous mechanisms of
similar cost, or a comparable agreement to a mechanism of significantly higher cost.
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A.6 Kinetics of the thermal decomposition of ethylsilane:
shock-tube and modeling study

Authors: P. Sela , S. Peukert, H. Somnitz, H. Janbazi, I. Wlokas, J. Herzler, M. Fikri, C. Schulz
The paper is published in ’Energy & Fuels’. The abstract is reprinted with permission from
American Chemical Society.

Abstract

The thermal decomposition of ethylsilane (H3SiC2H5, EtSiH3) is investigated behind re-
flected shock waves and the gas composition is analyzed by gas chromatography/mass
spectrometry (GC/MS) and high-repetition-rate time-of-flight mass spectrometry (HRR-TOF-
MS) in a temperature range of 990–1330 K and pressure range of 1–2.5 bar. The unimolecular
decomposition of EtSiH3 is considered to be initiated via a molecular elimination of H2

(H3SiC2H5 → H2 + HSiC2H5) followed by reactions of cyclic silicon-containing species.
The main observed stable products were ethylene (C2H4) and silane (SiH4). Measurements
are performed with a large excess of a silylene scavenger (C2H2) to suppress bimolecular
reactions caused by silylene (SiH2) and to extract unimolecular rate constants. A kinetics
mechanism accounting for the gas-phase chemistry of EtSiH3 is developed, which consists
of 24 Sicontaining species, 31 reactions of Si-containing species, and a set of new ther-
mochemical data. The derived unimolecular rate constant is represented by the Arrhenius
expression kuni(T) = 1.96×1012 s−1 exp(-205 kJ mol−1/RT). The experimental data is very
well reproduced by simulations based on the mechanism of this work and is in very good
agreement with literature values. It is shown that EtSiH3 is a promising precursor for the
synthesis of SiC nanoparticles.
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