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ABSTRACT OF THE DISSERTATION

Thermal Decomposition Mechanisms of Molecules Relevant to Chemical Vapor
Deposition and Fuel Combustion by Flash Pyrolysis Photoionization Time-of-Flight
Mass Spectrometry

by

Kuanliang Shao

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2023
Dr. Jingsong Zhang, Chairperson

Flash pyrolysis microreactor coupled with molecular beam extraction and
photoionization time-of-flight mass spectrometry along with theoretical calculations are
employed to study the pyrolysis of gas phase molecules with relevance to chemical vapor
deposition (CVD) and fuel combustion. This dissertation presents a comprehensive
exploration of the flash pyrolysis mechanisms of various organosilanes and hydrocarbons,
including allyltrichlorosilane, allyltrimethylsilane, 1,1,2,2-tetraethylsilane,
trimethylchlorosilane, tetraethylsilane, cyclohexane, and cycloheptane.

Chapters 3 to 6 of this dissertation focus on investigating the decomposition
pathways and identifying key reaction products of various CVD precursors through a
combination of experimental observations and theoretical analyses. The study specifically
examines allyltrichlorosilane, allyltrimethylsilane, 1,1,2,2-tetramethylsilane,
trimethylchlorosilane, and tetraethylsilane. The findings reveal that allyltrichlorosilane
decomposes primarily through Si-C bond homolysis, while the thermal decomposition of
allyltrimethylsilane proceeds primarily via molecular eliminations. The pyrolysis of
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1,1,2,2-tetramethylsilane involves molecular elimination reactions, Si-Si bond fission, H>
elimination, and  decomposition to  trimethylsilane and  methylsilylene.
Trimethylchlorosilane predominantly undergoes HCl molecular elimination, while
tetraethylsilane follows Si-C bond homolysis. These studies have conducted a thorough
examination of the pyrolysis mechanism of organosilane precursors, providing a
comprehensive overview, and investigating their potential applications in SiC thin film
production.

Additionally, Chapters 7 and 8 explore the thermal decomposition mechanisms of
cyclohexane and cycloheptane, elucidating the diradical mechanism in the primary
initiation reactions. These comprehensive studies provide valuable insights into the
intricate pyrolysis mechanisms of organosilanes and aviation fuel prototypes, facilitating
the development of accurate models and efficient utilization strategies for these

compounds.
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CHAPTER 1 Introduction

1.1 Pyrolysis.

Pyrolysis is a chemical process that involves the thermal decomposition of organic
materials in the absence of oxygen.! During pyrolysis, materials are heated to a high
temperature and break down into smaller pieces; then those smaller fragments could be
collected, analyzed, and utilized for various purposes. Pyrolysis is used extensively in the
chemical industry field to produce many forms of chemicals, such as petroleum, coal, SiC
thin films, and to treat organic waste materials.? Pyrolysis is also used to convert post-
consumer plastic waste into chemicals, to transform heavier hydrocarbons into lighter ones
under high temperatures, and to thermo-chemically treat biomass.®> Pyrolysis-related
material processing techniques also allow for the fabrication of SiC-based materials at a
lower temperature compared to traditional approaches.* In this work, the applications of
pyrolysis on the SiC thin film production and fuel combustion modeling will be discussed
in detail.

Pyrolysis process can be used in the manufacturing of a wide range of organic
materials into valuable products, such as SiC thin films.® SiC is a promising material due
to its unique properties, such as hardness, high thermal conductivity, thermal shock
resistance, chemical inertness, and large band gap.® Pyrolysis methods using chemical
vapor deposition (CVD) method for SiC thin film production involve the introduction of

the precursor mixture, gas phase chemical reactions of the precursor which leads to the



decomposition of a suitable precursor material at high temperatures in the absence of
oxygen, and finally production of the thin film of SiC that can be deposited on the
substrate.” 8 One of the advantages of this technique is that it allows for the deposition of
uniform thin films with controlled thickness, morphology, and crystallinity.®* This single
precursor pyrolysis process can also be readily scaled up for industrial applications, and it
is relatively cost-effective compared to other methods.*? 13

Pyrolysis has also been widely used in the study of fuel combustion modeling, and
it is an important method to understand the fundamental mechanisms of pyrolysis and
combustion processes, and to develop more efficient and environmentally friendly
combustion systems.* 1> In fuel combustion modeling, pyrolysis is used to simulate the
initial decomposition of fuel molecules into smaller, more reactive species, which then
undergo further reactions to produce more products. This approach can provide insight into
the chemical kinetics, heat transfer, and mass transfer processes that occur during fuel
combustion, which are crucial for the optimization of combustion efficiency and reducing
pollutant emissions.¢-*8 With ongoing research and development, the study of pyrolysis is
predicted to have an increasingly significant impact on the field of fuel combustion. It is
expected to contribute towards the development of more sustainable and energy-efficient

systems.

1.2 Flash pyrolysis method.

To fully understand the mechanism of a pyrolysis reaction, it is important to study
the early-stage reactive intermediates involved in the thermal decomposition process. The
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thermal degradation of molecules involves the breakdown of larger molecules into smaller
fragments, and those newly formed fragments (intermediates) can undergo a series of
secondary reactions to form other smaller fragments.'® 2° Some of those intermediates, for
example free radicals, are highly reactive and have very short lifetime, which makes it
challenging for them to be detected in the process.?’ By studying these intermediates,
researchers can have an insight into the fundamental mechanism of the reaction and can
identify different reaction pathways. Therefore, it is crucial to investigate the early-stage
reactive intermediates for the full characterization of the reaction mechanism in a pyrolysis
reaction.

Unfortunately, traditional pyrolysis studies cannot provide direct information on
the early-stage intermediates. The pyrolysis Kinetic study approaches, such as static
reactors, flow reactors, or shock tubes method, typically have pyrolysis and sampling times
on the scale of 10 ms to 10 s, and rely on the detection of stable, detectable products to
infer the identities of possible reactive intermediates.?> 2> Despite the advancements in
theoretical chemistry method and computational modeling, a comprehensive
understanding of the pyrolysis mechanisms still requires direct identifications of as many
intermediates and their kinetic parameters. Failure to address some of the key reaction
intermediates, or even the products, would lead to problematic numerical simulation that
does not fit the experimental data.?® 2* Therefore, conventional kinetic study methods have
made it challenging to verify and improve current kinetic models and identify previously

underestimated reaction pathways.



In this work, a flash pyrolysis micro-reactor coupled with supersonic cooling and
vacuum ultraviolet photoionization mass spectrometry (VUV-PI-TOFMS) is used to
overcome the limitations of traditional approaches to directly identify initial labile reaction
intermediates. The technique involves using a SiC microreactor with a short residence time
(~ 100 ps), followed by expanding the after-pyrolysis mixtures into vacuum and
undergoing supersonic cooling to freeze the species in a molecular beam.??" The frozen
species are then sampled by a skimmer and intercepted and ionized by a VUV radiation
beam in the photoionization region, and their signals are then recorded by the mass
spectrometry detector, which achieves the identifications of the unreacted reactants,
intermediates, and products in the pyrolysis reaction. Thus, the limitations of the
conventional methods for identifying reactive intermediates in pyrolysis reactions are
overcome, making it possible to obtain more comprehensive information on the reaction

mechanisms.

1.3 Flash pyrolysis studies in this work.

This thesis consists of two major components of study. The first part focuses on the
flash pyrolysis study of several gas-phase organosilane molecules. The main focus of this
part of the study is to investigate the initiation steps of the pyrolysis reaction by identifying
reactive intermediates in the system. To determine the most favorable reaction, the
energetics of several competing reactions are calculated. Based on the mass spectra and
computational chemistry results, several secondary reaction routes are also proposed,
resulting in a more comprehensive report of the pyrolysis mechanism. Additionally,

4



important parameters that would be of interest to the semiconductor industry are provided,
including the onset temperature for the organosilane pyrolysis and the onset temperature
to produce SiC. This component will include the mechanistic study of allyltrichlorosilane,
allyltrimethlysilane,?®  1,1,2,2-tetramethylsilane,?®®  trimethylchlorosilane,®*®  and
tetraethylsilane.3! In the study of trimethylchlorosilane and tetraethylsilane, a new
transition state theory calculation protocol is employed to generate more convincing
theoretical interpretations of the experimental results.

The second component is the pyrolysis study of two cycloalkane molecules, and
their applications in fuel combustion modeling.? 3 The main objective of this component
is to investigate the initiation of cycloalkane pyrolysis by examining the reactive
intermediates of two critical diradicals, namely, 1,6-cyclohexyl diradical and 1,7-heptyl
diradical, and their dissociation pathways. The results provide evidence to support the
diradical mechanism of their decomposition, which resolves a long-standing debate on how
cycloalkane pyrolysis is initiated. Additionally, several important thermodynamic

parameters are reported to help construct an improved cycloalkane combustion model.



REFERENCE

1.

10.

11.

12.

13.

14.

G. Wang, Y. Dai, H. Yang, Q. Xiong, K. Wang, J. Zhou, Y. Li and S. Wang,
Energy & Fuels, 2020, 34, 15557-15578.

M. Holubg¢ik, I. Klackova and P. Duréansky, Energies, 2020, 13, 4849.

N. Cai, H. Zhang, J. Nie, Y. Deng and J. Baeyens, IOP Conference Series: Earth
and Environmental Science, 2020, 586, 012001.

D. A. Hoffman and R. A. Fitz, Environmental Science & Technology, 1968, 2,
1023-1026.

R. R. Amashaev, N. M.-R. Alikhanov, A. M. Ismailov and I. M. Abdulagatov,
Journal of Vacuum Science & Technology A, 2022, 40, 052401.

M. A. H. Mohd Sohor, M. Mustapha and J. Chandra Kurnia, MATEC Web Conf.,
2017, 131, 04003.

C.-S. Hsu and B.-H. Hwang, Journal of The Electrochemical Society, 2006, 153,
Al478.

L. V. Interrante, W. R. Schmidt, P. S. Marchetti and G. E. Maciel, MRS Online
Proceedings Library, 1992, 271, 739-748.

K. P. Nolan and J. S. Shapiro, Journal of Polymer Science: Polymer Symposia,
1976, 55, 201-209.

G. Bailey, R. Dimlich, K. Alexander, J. McCarthy, T. Pretlow, A. Garg, D. R.
Hull and R. T. Bhatt, Microscopy and Microanalysis, 1997, 3, 743-744.

Z. Zhang, F. Wang, X. Yu, Y. Wang, Y. Yan, K. Li and Z. Luan, Journal of the
American Ceramic Society, 2009, 92, 260-263.

A. Hess, R. Parro, J. Du, J. Dunning, M. Scardelletti and C. A. Zorman, MRS
Online Proceedings Library, 2007, 1009, 403.

J. Du, N. Singh, J. B. Summers and C. A. Zorman, MRS Online Proceedings
Library, 2011, 911, 528.

H. Zhang, S. Shao, G. Ryabov, Y. Jiang and R. Xiao, Energy & Fuels, 2017, 31,
13639-13646.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

M. Piaskowska-Silarska, S. Gumuta, K. Pytel and P. Migo, E3S Web Conf., 2017,
14, 02016.

F. Vidian, A. Surjosatyo and Y. S. Nugroho, Journal of Combustion, 2016, 2016,
9243651.

S. Su, C. Chen, L. Wang, C. Wei, H. Cui and C. Guo, AIP Conference
Proceedings, 2018, 1971, 030011.

S. Bolegenova, A. Askarova, N. Slavinskaya, S. Ospanova, A. Maxutkhanova, A.
Aldiyarova and D. Yerbosynov, Physical Sciences and Technology, 2022, 69-
82%V 69.

X. Xing, X. Niu, Y. Liu, C. Yang, S. Wang, Y. Li and X. Jing, Polymer
Degradation and Stability, 2021, 186, 109534.

Q. Wang, H. Song, S. Pan, N. Dong, X. Wang and S. Sun, Scientific Reports,
2020, 10, 3626.

L.-N. Wu, Z.-Y. Tian, D. Wang, Z.-H. Zheng, K.-R. Jin, B.-Z. Liu, C. Xie, Q. Xu
and Z.-D. Wang, Combustion and Flame, 2022, 245, 112358.

J. Proano Aviles, J. Lindstrom, P. Johnston and R. Brown, Modeling the early
stages of cellulose pyrolysis, 2016.

G. SriBala, D. C. Vargas, P. Kostetskyy, R. Van de Vijver, L. J. Broadbelt, G. B.
Marin and K. M. Van Geem, ACS Engineering Au, 2022, 2, 320-332.

J. Ma, H. Luo, Y. Li, Z. Liu, D. Li, C. Gai and W. Jiao, Bioresource Technology,
2019, 282, 133-141.

D. W. Kohn, H. Clauberg and P. Chen, Review of Scientific Instruments, 1992, 63,
4003-4005.

Q. Guan, K. N. Urness, T. K. Ormond, D. E. David, G. Barney Ellison and J. W.
Daily, International Reviews in Physical Chemistry, 2014, 33, 447-487.

M. V. Zagidullin, R. 1. Kaiser, D. P. Porfiriev, I. P. Zavershinskiy, M. Ahmed, V.
N. Azyazov and A. M. Mebel, The Journal of Physical Chemistry A, 2018, 122,
8819-8827.

K. Shao, Y. Tian and J. Zhang, International Journal of Mass Spectrometry,
2021, 460, 116476.



29.

30.

31.

32.

33.

K. Shao, Y. Tian and J. Zhang, The Journal of Physical Chemistry A, 2022, 126,
1085-1093.

K. Shao, J. Brunson, Y. Tian and J. Zhang, International Journal of Mass
Spectrometry, 2022, 482, 116933.

K. Shao, X. Liu and J. Zhang, The Journal of Physical Chemistry A, 2023.

K. Shao, X. Liu, P. J. Jones, G. Sun, M. Gomez, B. P. Riser and J. Zhang,
Physical Chemistry Chemical Physics, 2021, 23, 9804-9813.

K. Shao, G. Sun, M. Gomez, X. Liu and J. Zhang, European Journal of Mass
Spectrometry, 2023, 29, 88-96.



CHAPTER 2 Research Approaches

2.1 Experimental Setup

The thermal decomposition experiments were conducted using a home-made flash
pyrolysis vacuum ultraviolet photoionization time-of-flight mass spectrometer (VUV-PI-
TOFMS).Y® The design of the flash pyrolysis microreactor was similar to that reported by
Chen and co-workers.” The design of the experimental setup was summarized in Scheme
2.1. The precursor was seeded in the carrier gas and introduced in the apparatus by bubbling

helium carrier gas through the liquid precursor sample; the total backing pressure of the
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Scheme 2.1 Setup of the flash pyrolysis vacuum ultraviolet photoionization time-of-flight
mass spectrometer (VUV-PI-TOFMS).



gas mixture was around 950 torr, while the precursor was diluted to ~ 1 % in the gas phase.
The concentration of the precursor in the gas mixture was calculated based on the
assumption that the vaporization and condensation of the precursor were in equilibrium
over the liquid phase.

The gas mixture then expanded into a SiC microreactor (Carborundum, 2 mm o.d.,
1 mm i.d.) after passing through a pulse valve (General Valve, Series 9). The pyrolysis of
the precursor took place in the heated region (10 mm length) of the SiC microreactor which
was heated resistively by electric currents that flowed through. The temperature was
monitored by a type C thermocouple which was attached to the outside surface of the
microreactor and was calibrated to the inside temperature of the microreactor. It is
important to mention that the temperature of the mixture inside the microreactor has a non-
uniform distribution both radially and axially due to the high flow rate and short residence
time. A complete understanding of the flow would require extensive computational fluid

dynamic calculations.® However, as the current study did not require a quantitative analysis
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Scheme 2.2 Design of the microreactor.




of the relationship between mass signal and its corresponding temperature, the temperature
utilized in this work was considered to be the same as the calibrated inside temperature, as
described previously. The design of the microreactor is summarized in Scheme 2.2.
Likewise, there is also a non-uniform distribution of pressure both radially and
axially. This estimation of the mass flow rate was based on the different vacuum reading
in the reaction chamber with and without the pulsed flow. After including other parameters
such as the gas throughput, pumping speed, and conductance of the different components,
the flow rates of the gas mixture could be estimated; and according to Zagidullin et al., the
average centerline pressure within the heated region in the microreactor could be estimated
to be ~ 10 torr.2 From there, the residence time within the heated region could also be
estimated to be around 100 ps.® ° From the simulation results, as well as the previous work,
the reaction conditions within the microreactor were found to significantly favor
unimolecular reactions, while bimolecular reactions and wall reactions were reduced.® 81
After exiting the nozzle, the gas mixture, which contained the products, reactive
intermediates, and unreacted reactants, supersonically expanded into the main chamber and
then underwent free expansion, resulting in significant cooling to translational and
rotational temperatures under 50 K due to collisions with the carrier gas.!* Those has
molecules entered a nearly collision-free environment referred to as the zone of silence
until the density of the expanding gases approaches that of the background. At this point,
a shock zone referred to as the Mach disk is formed, where the gas particles are rapidly
decelerated by collisions with background gases. The Mach disk’s location is given by an

equation involving the distance of the Mach disk from the source exit and the nozzle
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diameter.'? Chen and coworkers confirmed that the gas pulse duration and flow velocity
from a 4 cm long extension tube (the microreactor) versus that of a bare pulsed valve are
essentially identical above 1.0 atm stagnation pressure.’

After being selected by a skimmer, the isolated molecular beam was intercepted by
118 nm VUV radiation in the photoionization region. The 118 nm radiation was generated
by tripling the 355 nm radiation from a Nd:YAG laser in a xenon cell (with ~18 torr of
xenon). The reactive intermediates, products, and unreacted reactants in the molecular
beam were photoionized. The ions produced in the ionization region were extracted into
the linear TOF mass spectrometer. The ion signals were then detected and recorded using
a digital oscilloscope (Tektronix TDS3032) after averaging over 512 laser shots at each

SiC microreactor temperature. The TOF spectra were then converted to the mass spectra.

2.2 Theoretical Calculations.

Quantum chemistry calculations were performed in addition to the experimental
studies to investigate the energetics of the competing reactions. The energetics of the
reactants, products, and transition states involved in the precursor pyrolysis were
calculated. Density functional theory (DFT) calculations for geometry optimizations and
zero-point energies were performed at appropriate level of theory based on the nature of
the precursors, as it was recommended by Sirianni et al.**  The single-point energy
calculations were carried out based on a certain calculated structure.

For the selection of calculation method for geometry optimizations, it is important
to carefully select the appropriate method to carry out the calculations. The choice of the
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DFT method and corresponding basis sets can significantly impact the accuracy and
efficiency of geometry optimizations for gas-phase organic molecules. When selecting a
DFT method, one should consider its reliability in describing the electronic structure of the
molecule, the computational cost, and the limitations of the chosen method. Generally, one
should aim for a balance between accuracy and computational cost, with more accurate
methods requiring higher computational costs. Similarly, the choice of basis sets must also
find a balance between the accuracy and computational cost. Large basis sets do not
necessarily provide better accuracy, and the choice of the basis sets must depend on specific
molecules and intermolecular interactions. A common rule of thumb is to use a DFT
method and basis set that provide the highest possible accuracy while maintaining an
acceptable computational cost.

Some works reported in this thesis used a different computational method aimed
for better computational accuracy, as high-level single-point energy calculations may
achieve better accuracy with relatively affordable computational cost. For the zero-point
energy calculations, all the zero-point vibrational frequencies were calculated at the same
level of theory as the geometry optimization method, and were scaled by a factor as
recommended in literature to account for overestimations in the vibrational frequency
calculations.® Furthermore, all transition states were verified using IRC calculations at the
same level of theory as the geometry optimization method. All computations in this work

were performed using the Gaussian 16 package.®



2.3 Transition State Theory Calculations.

While theoretical calculations can provide reasonable explanations for the relative
competitiveness of the competing reaction pathways, they have certain limitations when it
comes to explain certain competing reaction channels. For instance, a bond-dissociation
reaction and a concerted reaction with a tight transition state are difficult to compare from
a pure thermodynamic point of view. These two reactions exhibit a significant disparity in
their pre-exponential factor and temperature dependence from a kinetic standpoint, which
could result in a substantial difference in the reaction rate constant despite the energy
barriers being similar. As a result, kinetic factors must be taken into consideration, and
(\Variational) Transition State Theory calculations should be utilized.

In the pyrolysis study of trimethylchlorosilane and tetraethylsilane, unimolecular
reaction rate constants of the initiation reactions were calculated using transition state
theory (TST). For the unimolecular dissociation reaction with a conventional transition
state, the rate constant was calculated using TST with Wigner tunneling correction.*’%°
The single point energy and frequencies of reactants and transition states were obtained
from the DFT calculations at the corresponding level of theory used in their computational
studies.® For the bond homolysis (barrierless) reactions, variational transition state theory
(VTST) with Wigner tunneling correction was applied.}’! A series of constrained
optimizations along the reaction path were carried out, and at each optimized geometry
(“trial transition state”), the potential energy and vibrational frequencies were calculated.
The dividing surface for the barrierless reactions at different temperatures were determined
by finding the maximum Gibbs free energy change AG®(T) of the “trail transition state”

14



along the reaction pathway at the different temperatures.?® All the rate constant calculations

were performed using the KISTHELP program. 1922 23
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CHAPTER 3 Thermal decomposition mechanism of allyltrichlorosilane and

allyltrimethylsilane

3.1 Introduction

SiC thin film has wide applications in material science and electronic engineering
for its remarkable physical and chemical properties such as high thermal conductivity,
exceptional hardness and high chemical inertness. 2 Organosilicon compounds are
commonly used as precursors in chemical vapor deposition (CVD) of SiC film. The gas
phase pyrolysis studies of organosilicon precursors are useful for understanding SiC film
productions.>®> As a potential precursor, a number of studies on the pyrolysis of
allyltrimethylsilane have been carried out over the past several decades. In 1969, Bailey
and Kaufmann first reported the retro-ene reaction (3.1) forming Me>Si=CH> and C3He and
that Me,Si=CH, further reacted to form a silene dimer (reaction (3.2)).° Sakurai et al.” did
the pyrolysis experiment at 500°C in a nitrogen steam environment, but failed to observe
reaction (3.2) and instead considered Me,Si=CH>, HSiMegz, and vinyltrimethylsilane as the
major products of allyltrimethylsilane decomposition (reaction (3.3), (3.4) and (3.5)). They
postulated the homolysis of Si-C bond (reaction (3.3)) producing trimethylsilyl radical

(MesSi¢) and allyl radical («CsHs) as one of the initiation channels.

Me3SiCH2CH:CH2 g Me2Si=CH2+C3H6 (31)
~o N\~
] /Sl Sl\
2M6281:CH2 g N (32)



Me3SiCH2CH:CH2 g Me3Si° + 'C3H5 (33)

2Me3 Sie — Mezsi:CHz + HSIMC3 (34)
. 3-member ring TS .

Me;SiCH,CH=CH, ——""" , Me,SiCH=CH, + :CH, (3.5)

Me3 SICH2CH:CH2 g MezsiCH2CH:CH2 + 'CH3 (36)
.. rearrangement . .

Me,SiCH,CH=CH, — "% Me,CH,SiCH=CH, (3.7)
. . H addition i

M62CH2 SICH:CHZ +H— Me3 SICH:CHz (38)

Me3 Sie — Mezsi:CHz +H (39)

As for the formation mechanism of vinyltrimethylsilane, Sakurai et al.” believed
that reaction (3.5) proceeded via a three-member carbon ring transition state leading to the
vinyltrimethylsilane and carbene products. This mechanism was later challenged by Neider
et al®, who examined the pyrolysis of allyltris(trideuteriomethyl)silane
((CD3)3SiCH,CH=CH,). They claimed that vinyltrimethylsilane was formed from a
rearrangement of Me, SiCH,CH=CH,, which was produced from «CHj loss from the parent
molecule (reaction (3.6), (3.7) and (3.8)). Davidson in 1980 argued that reactions (5)-(8)
were not primary pyrolytic steps and the primary reaction was initiated by rupture of the
Si-C (allyl) bond (reaction (3.3)), and the production of vinyltrimethylsilane was a
bimolecular process.® Later, in 1984, Wood and co-workers investigated the decomposition
of allyltrimethylsilane using low-pressure pyrolysis (LPP) technique, and proposed that
reaction (3.3) was an important initiation pathway in the allyltrimethylsilane pyrolysis and

confirmed the formation of trimethylsilyl radical by trapping it with CHsCIl forming



MesSiCL¥ In 1988, they further demonstrated that formation of vinyltrimethylsilane was
strongly pressure dependent.!

In the above studies, the main thermolysis initiation steps were not clear due to the
relatively long reaction time utilized (on the order of seconds). Also, direct observation of
labile radicals and initial reactive intermediates (such as MesSie and *C3zHs) were not
presented. Recent work on the pyrolysis of tetramethylsilane reported by Zhang and co-
workers'>13 revealed that the trimethylsilyl radical could decompose via a He loss channel
to form Me.Si=CH: (reaction (3.9)), and this channel, together with reaction (3.3), could
compete with reaction (3.1). This work indicated that without the direct detection of
radicals involved (such as MesSie and *CzHs), the mechanism of the primary reactions is
still unclear, and more information of the competing initiation channels is needed. These
facts motivate us to reconsider the initiation steps in the allyltrimethylsilane thermal
decomposition.

At the same time, because of the complexity of the secondary reactions of the allyl
radical in the allyltrimethylsilane pyrolysis,** it is helpful to isolate the *C3Hs chemistry
and clarify the reaction behavior of the allyl radical. For this purpose, allyltrichlorosilane
is selected as an analog to allyltrimethylsilane and to separate the chemistry of the allyl and
the Si-containing component. Since the typical bond dissociation energy of the Si-C bond
(76.3 kcal/mol) is smaller than that of the Si-Cl bond (91.1 kcal/mol), the major
decomposition products of allyltrichlorosilane are believed to be the allyl radical and

trichlorosilyl radical (+SiCl3) (reaction (3.10)).
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C3HssiC13 i 'C3H5 + 'SIC13 (310)

C3HssiC13 i 'C3H5 + 'SIC13 i 'C3H5 + SIC12 + «Cl (311)
TS

C3H5SiC13 - C3H5C1 + SIC12 - 'C3H5 + S1C12 + «Cl (312)

CyHSSICly — +Cl + C3HsSiCLy — +C3Hs + :SiCl, + «Cl (3.13)

Boganov et al. studied the pyrolysis of allyltrichlorosilane using matrix isolation
coupled with infrared (IR) spectroscopy under 102 Torr and found *C3Hs, :SiCl,, and Cle
as three major products.®® They proposed three possible reactions pathways that led to those
three products (reaction (3.11)-(3.13)), and considered that reaction (3.11) was the main
decomposition pathway.® In their conclusions, thermal decompositions of the allyl radical
and trichlorosilyl radical were independent from each other, which could provide with
information on the isolation of <CsHs chemistry when compared with the
allyltrimethylsilane pyrolysis.

Based on these motivations, thermal decomposition of allyltrimethylsilane and
allyltrichlorosilane were performed in this chapter using flash pyrolysis coupled with
vacuum ultraviolet single-photon ionization time-of-flight mass spectrometry (VUV-SPI-
TOFMS).*? 13 This experimental approach could provide with pyrolysis mass spectra of
the products, intermediates and unreacted reactants from a short residence time (~ 100 ps)
in the reaction zone. It allows direct detection of initial reactive intermediates and products
for a better characterization of the initial thermal dissociation mechanisms. Quantum

chemistry calculations were also employed to characterize the organosilicon species
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involved in this chapter, including the geometries and energies of reactants, transition

states, reactive intermediates, and products.

3.2 Experimental and computational method

Allyltrimethylsilane (98%+) was obtained from Alfa Aesar, and allyltrichlorosilane
(95%) was purchased from Sigma Aldrich. The liquid sample was placed in a glass bubbler
immersed in a cold temperature bath and the sample vapor was diluted to ~ 1% in helium
carrier gas. The density functional theory method was employed to carry out quantum
chemistry calculation in this chapter. The geometries and single-point energies of the
different species involved were calculated at the UB3LYP/6-311++g(d,p) level. Frequency
calculations and zero-point-energy (ZPE) correction were made for each geometry at the
same level of theory. Transition states were justified using intrinsic reaction coordinate
(IRC) calculations. The energy barrier in this chapter was defined as the difference of the
ZPE corrected electronic energies between geometries of interest at 0 K. All computational

works were performed using the Gaussian 09 program.
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3.3 Results and discussions

(a) Pyrolysis of allyltrichlorosilane

The pyrolysis of allyltrichlorosilane was performed in the temperature range from
295 K to 1330 K. The pyrolysis mass spectra are shown in Figure 3.1 and 3.2. At room
temperature (295 K), peaks at m/z = 174, 176, 178, and 180 were the parent peaks (with
Cland ¥ Cl). As the isotope natural abundance of **Cl and *’Cl is 75.8:24.2, a combination
of 3 Cl atoms gives rise to an intensity ratio of ~ 27:27:9:1 for the m/z =174, 176, 178, and
180 peaks. The Si atom has an isotope natural abundance of 8Si: 2°Si: 3°Sj = 92.2: 4.7:

3.1.Y7 Since the contributions of 2°Si and *°Si are small, mainly the isotopes of the chlorine
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Figure 3.1 Mass spectra of the pyrolysis of allyltrichlorosilane (1% in He) at 295-1330K. The
mass spectra are offset for clarity.
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Figure 3.2 Mass spectra of the pyrolysis of allyltrichlorosilane (1% in He) at 295-1330K, with
enlarged regions for the products.

atom are considered here. At 295 K, mass peak of m/z = 133, as well as its isotope peaks
m/z = 135 and 137, corresponded to the SiCls™ ion fragment from photoionization
fragmentation of the parent molecule. They had a peak intensity ratio of ~ 27:27:9 that
satisfied the isotope abundance of **Cl and *’ClI (the m/z = 139 peak intensity was too low).
At 295 K, m/z = 41, which corresponded to the C3Hs" ion signal, was also caused by parent
photoionization fragmentation.

As the temperature increased (above 980 K), the set of peaks at m/z = 133, 135 and
137 (with a ratio of ~ 3:3:1) increased above the photoionization fragmentation intensities
at the room temperature, indicating production of neutral <SiClz from thermal
decomposition of allyltrichlorosilane (reaction (3.10)) and its photoionization. In order to

characterize the onset of reaction (3.10), the peak area ratio of m/z = 133 (+SiCls with *Cl)

24



versus m/z = 174 (the parent molecule with **Cl) was obtained from the pyrolysis mass
spectra and plotted as a function of temperature in Figure 3.3. The peak area ratio could be
expressed by the formula in Equation (3.1). The increase of the ratio as a function of the
pyrolysis temperature indicates thermal decomposition reactions. The expression is derived
with the assumption that photoionization fragmentation of species cooled in the molecular
beam is largely independent of the pyrolysis temperature, giving rise to a constant baseline
of the peak area ratio curve, while the increase of the curve is an indication of thermal

decomposition of the parent molecule. The detailed derivations could be found in the
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Figure 3.3 Ratio of peak area of m/z = 133 (trichlorosilyl) versus m/z = 174
(allyltrichlorosilane). The trend shows that the Si-C bond breaking (reaction (3.10)) was
initiated at around 980 K.
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Sp(T)

Sg+(T)

=D -X(T")-a;(T)+D-Y(T")

Equation 3.1 General expression for the ratio between peak area of the fragment peak
(Spi‘}(T)’ p;j represents the j-th product in the i-th reaction channel) and peak area of the

parent peak (Sz+(T)). D is a constant for detection efficiency, X(T') and Y (T") are constants
that depend on molecular beam temperature T'and are assumed to be largely independent of
the pyrolysis temperature T, and «; (T) is the thermal dissociation fraction of the i-th channel
at temperature T

Supplementary Materials. Figure 3.3 shows that at temperatures below 980 K, the m/z =
133 to 174 peak area ratio was nearly constant (supporting the assumption in Equation
(3.1)). Note that the ratio at 295 K is slightly higher than the baseline, possibly caused by
contribution from the parent molecule clusters in the beam. When the temperature reached
to ~ 980 K, the ratio started to increase, indicating that the m/z = 133 signal was composed
of not only photoionization fragmentation of the parent molecules, but also thermal
decomposition of the parent molecule that started to take place. Although the *SiCls radical
was postulated as the initial reactive intermediate in the thermal decomposition of
allyltrichlorosilane (reaction (3.11)) by Boganov et al.,*® it was not directly observed in
their matrix isolation IR spectroscopy experiment. This current work provides the first
direct evidence and observation of this initial reactive intermediate from

allyltrichlorosilane.

26



The m/z = 98 peak and its isotope peaks m/z = 100 and 102 were from :SiCl, with
a relative intensity of ~ 9:6:1, and the m/z = 98 peak was chosen to represent the :SiCl;
signals. At room temperature (298 K), the m/z = 98 peak was not observed. When the
temperature increased, it started to appear at 1170 K. C;H5Cl (m/z = 76), the possible
counterpart of :SiClz in the elimination channel (reaction (3.12)) of allyltrichlorosilane,
was not observed in this chapter, although CsHsCl is detectable by the 10.5 eV
photoionization radiation (the ionization potential of CsHsCl is 10.05 eV'®). This implied
that reaction (3.12) was not significant and not a source of :SiCl,. On the other hand, since

the homolysis of Si-C bond (reaction (3.10)) was believed to take place at 980 K, the
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Figure 3.4 Gibbs free energy with zero-point energy correction of species during the
pyrolysis of allyltrichlorosilane at 298 K at the G4(MP2) level of theory reported by
Boganov et al.*®
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secondary dissociation of «SiClz (reaction (3.14)) started to take place at higher
temperatures (such as 1170 K), and the signal of m/z = 98 peak was attributed to :SiCl, by
reaction (3.14). This observation was consistent with the conclusions by Boganov et al.*®
According to their calculations at the G4 (MP2) level of theory (as shown in Figure 3.4),
the elimination channel forming :SiCl> + C3HsCl (reaction (3.12)) need to overcome an
82.2 kcal/mol energy barrier, while that for the Si-C bond breaking (reaction (3.10)) is only
64.9 kcal/mol and therefore preferred. Note that Cl atom was the co-product of :SiCl; in
reaction (3.14); however, since the ionization potential of chlorine atom is 12.97 eV,° it

was not detected in the mass spectra in this chapter.

+SiCl; — :SiCl, + *Cl (3.14)

The intensity of m/z = 63 and 65 peaks had a ratio of 3:1, and they represented
Si®Cl and Si*’CI. As shown in Figure 3.2, the m/z = 63 and 65 peaks appeared at 1200 K
and further increased as the temperature increased. As the :SiCl, peak (m/z = 98, 100, and
102) was first observed at 1170 K, it is reasonable to consider that SiCl was produced at

higher temperatures via sequential Cl loss from :SiCl (reaction (3.15)).

SiCl, > SiCl + CI (3.15)

At the higher temperature of 1320 K, the mass peak m/z = 28 appeared. This could be
attributed to further decomposition of SiCl to Si and ClI, following reaction (3.15). The

signal of Si (m/z = 28) was very weak, and the isotopic peak m/z = 29 and m/z = 30 could
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not be detected. Alternatively, the m/z = 28 peak could be attributed to CoHa, produced
from secondary reactions of the allyl radical. However, the ionization potential of CH4
(10.51 eV)? is slightly above the photon energy in this chapter (10.5 eV), suggesting that
the detection of C2Hs was less likely.

The mass peak at m/z = 41 was due to the allyl radical «C3sHs, and m/z = 39, 40 and
42 corresponded to CsHs, CsHa, and CsHe. As shown in Figure 3.2, at room temperature
the m/z = 41 peak was a photoionization fragment of the parent molecule. The m/z = 41
peak started to grow above ~ 1000 K and increased further when the temperature increased.
This agrees with the observation of its co-product «SiCls at the onset temperature of ~ 980
K and supports reaction (3.10) as the primary initiation process. With further increase of
the temperature, other peaks such as m/z = 39, 40, 42 started to show up, which suggested
that secondary reactions of the allyl radical also took place. The mechanism of allyl radical
dissociation has been investigated previously.!* 222% It has been accepted that *CsHs
undergoes H elimination and the main products are allene (m/z = 40) + H (reaction (3.16a))
or propyne (m/z = 40) + H (reaction (3.16b)). As the temperature increased, further H
elimination reactions were observed. According to the calculations reported by
Narendrapurapu et al,** propargyl (m/z = 39) was produced predominately by H-
elimination from allene. These were consistent with the mass spectra in Figure 3.2, where
m/z = 40 first appeared at 1200 K, and m/z = 39 was then recorded at 1250 K. A very minor
mass peak at m/z = 15 started to appear at 1320 K. The methyl radical could be produced
by *CH3 elimination following isomerization of allyl to 1-propenyl (CHsCHCH) (reaction

(3.17)). The small mass peak of m/z = 42 at high temperatures suggested a minor secondary
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reaction in which H combined with an allyl radical (reaction (3.18)). The mass peak of m/z
= 42 did not appear until the temperature reached 1250 K; therefore, at the temperatures

below 1250 K, the secondary reaction of allyl radical («CsHs) producing C;Hg was

insignificant.
-H —-H

‘C3H5 (allyl) — CHzZC:CHZ — C3H3 (316&)
-H -H
isomerization

‘C3H5 (allyl) _— CH3CH:CH° i 'CH3 + HCCH (317)

(b) Pyrolysis of allyltrimethylsilane

The thermal decomposition of allyltrimethylsilane was carried out at temperatures
from 295 K to 1360 K. The pyrolysis mass spectra are displayed in Figure 3.5 and 3.6. The
mass peaks at room temperature corresponded to the photoionization fragmentation
background. The growths of these peaks at the elevated temperatures would indicate the
production of neutral species from thermal decomposition. As shown in Figure 3.5, m/z =
114, 115 and 116 corresponded to the allyltrimethylsilane parent peaks with 28Si, 2°Si and
305, respectively. The mass peaks at m/z = 73, 74 and 75 represented Me3?®Sie and its
isotope peaks Mes®Sie and Mes®Si. The m/z = 99 peak corresponded to
Me,SiCH,CH=CH,. The signals of m/z = 40, 41 and 42 corresponded to CsHs, C3Hs and

CsHs.

30



)
5 28 |
5 |11210K / U e J Lo
: TN M
3 [1170K TR
F) 56 58
c
@ | 1140K T Y A ﬂb
c
o 15 99
% 4 Y1090K " J N
[ 41
42

o 1050K s J

880K J bh e

T T T T T T

20 40 60 80 100

m/z (amu)

Figure 3.6 Mass spectra of the pyrolysis of allyltrimethylsilane (1% in He) at 880-1260 K, with
enlarged regions to show the initiation steps and product masses. The spectra are offset for clarity.

As shown in Figure 3.5 and 3.6, both m/z = 41 and 42 peaks appeared at around
1050 K. The appearance of m/z = 41 peak indicated the Si-C homolytic reaction (3.3), and
it will be discussed in the following section. The peak area ratio of m/z = 42 vs 114 is
plotted in Figure 3.7 and implied that reaction (3.1) started to take place at around 1050 K.
This observation was in contrast with what was observed in the allyltrichlorosilane
pyrolysis, where the m/z = 41 peak started to be produced at around 980 K while the m/z

= 42 peak was not observed until at much higher temperature (~ 1250 K) as a secondary

31



product of the allyl radical. This difference indicated that the production of C3sHe (M/z =
42) from allyltrimethylsilane near the onset temperature of ~ 1050 K followed a different
formation mechanism. Unlike in the thermal decomposition of allyltrichlorosilane where
the CsHe (M/z = 42) peak was produced via the secondary H-addition reaction (reaction
(3.18)) at high temperatures, the early production of the m/z = 42 peak (C3Hg) in the
allyltrimethylsilane pyrolysis at ~1050 K proceeded via a direct, primary initiation
reaction, consistent with the molecular elimination reaction (3.1). This mechanism was also

supported by the growth trend and significant intensity of the m/z = 42 peak at temperatures
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Figure 3.7 Peak area ratios of m/z = 41, 42 and 99 versus m/z =114 (allyltrimethylsilane). The reaction
(3.1), (3.3) and (3.6) were initiated around 1100 K. The inserted figure is the peak area ratio of
trimethylsilyl versus allyltrimethylsilane.
> 1140 K, which were different and much higher than in the allyltrichlorosilane pyrolysis.
At higher temperatures, there might be a minor contribution to m/z = 42 from :Si=CHy, as
a secondary product of *SiMesz and :SiMe; (as discussed in Section 3). However, the
previous study indicated that this contribution was negligible below ~ 1200 K and
insignificant at ~ 1280 K.13

In addition, as the co-product of CsHe in reaction (3.1), m/z =72 (Me,Si=CH,) was

identified. In Figure 3.6, m/z = 72 peak started to appear at 1140 K. It was not
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simultaneously captured with the m/z = 42 peak at ~ 1050 K, possibly due to the fact that
the intensity of m/z = 72 peak was relatively low and it was located next to the shoulder of
the intense m/z = 73 peak, which overwhelmed the weak m/z = 72 peak. This was
consistent with the previous studies showing that it was difficult to trace the m/z = 72
peak.’* The consideration of reaction (3.1) as a primary initiation reaction was also
supported by quantum chemistry calculations (Figure 3.8). The reaction (3.1) has the
lowest energy barrier of 55.9 kcal/mol (via TS2) and is therefore kinetically favored.
Therefore, the reaction (3.1), which was initiated at around 1050 K, was considered as the
major contributor of the m/z = 72 peak. Another possible source of the mass peak m/z =
72 could be H-loss secondary decomposition of the trimethylsilyl radical (reaction (3.9)),
following the Si-C bond fission (reaction (3.3)) of the parent molecule. The reaction (3.3)
has a 64.3 kcal/mol energy threshold, and as discussed in the following, it could be
significant at higher temperatures. Furthermore, our previous studies have shown that H

loss from trimethylsilyl forming Me,Si=CH- (m/z = 72) is possible.*?
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The mass peak m/z = 41 (+CsHs), was first detected at ~ 1050 K, and the intensity

increased as the temperature increased. This trend was revealed in the peak area ratio

depicted in Figure 3.7. It showed that the peak area ratio of m/z = 41 vs. m/z = 114 started

to increase at around 1050 K. Based on the discussion from the previous section, C3Hes was

also produced at around 1050 K. However, it was unlikely for «CsHs to be produced from

secondary dissociation of propene CzHs via a H atom loss at that temperature, as the energy

required to break a C-H bond in propene is ~ 86.8 kcal/mol?* (consistent with the value of
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Figure 3.8 Potential energy diagram of pyrolysis pathways of allyltrimethyisilane. The geometry
optimization and the energy (0 K) of each species were performed at UB3LYP/6-311++G(d,p)
level, with ZPE correction. The mass to charge ratio (m/z) of some species were shown in the
brackets. More information is provided in the Supplementary Materials.
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82.6 kcal/mol (at 0 K) in our calculation), which is almost 20 kcal/mol higher than the
energy required for reaction (3.3). Hence, CsHs was produced via reaction (3.3) as a
primary dissociation channel, instead of via secondary reactions of CsHs from reaction
(3.1), and the increase of peak intensity of m/z = 41 was mostly due to reaction (3.3).

It is also important to discuss the counterpart of «CsHs in reaction (3.3), MesSie
(m/z =73). As shown in Figure 3.5 and 3.6, since the m/z = 73 peak was overwhelmed by
the parent ion fragmentation, the ratio of peak areas was hence inspected. The inset in
Figure 3.7 shows that the ratio of peak areas of MesSie against the parent C3HsSiMes. It
indicated that as temperature increased, the relative intensity of MesSis over CsHsSiMes
increased. This ratio started a sharp increase at ~ 1100 K, implying the onset of thermal
decompostion. However, unlike in other peak area ratio curves, the baseline prior to the
sharp rise was not constant. The possible reason was that the photoionization fragmentation
contribution Y(T") (see Equation (3.1)) was relatively large, and its change with the
temperature change (AT’) within the molecular beam could not be omitted. Nevertheless,
it is resonable to consider that reaction (3.3) contributed to the production of m/z = 73
because the trend in the ratio of peak areas increased with the increasing temperatures, with
the onset of this reaction being around 1100 K. Therefore, as a competing reaction with
reaction (3.1), reaction (3.3) also took place.

The m/z = 40 peak was first observed at ~ 1090 K, as shown in Figure 3.6, and it
increased as the temperature increased and became higher than the m/z = 41 peak above
1210 K. Near the onset temperature of 1090 K, the m/z = 40 peak was not likely produced

from secondary reactions of the allyl radical or propene which started to be produced at
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~1050 K. Figure 3.2 shows that in the allyltrichlorosilane pyrolysis, in which m/z = 40
peak could only be produced from secondary decomposition of the allyl radical, the m/z =
40 peak was not observed until the temperature reached around 1200 K, and in addition it
stayed in a lower intensity than the m/z = 41 peak when the temperature further increased.
These comparisons suggested that in allyltrimethylsilane the appearance of the m/z = 40
peak near the onset temperature of 1090 K was not due to secondary dissociation of the
allyl radical (although it could contribute to m/z = 40 at higher temperatures) and was from
a different pathway. According to the energetics displayed in Figure 3.8, the direct
dissociation reaction from allyltrimethylsilane to form CH,=C=CH, (m/z = 40) and
HSiMes (reaction (3.19)) would require a 79.9 kcal/mol threshold energy, which suggested

that reaction (3.19) could be competitive in the m/z = 40 formation.

Me;SiCH,CH=CH, — HSiMe; + CH,=C=CH, (3.19)

Since the signal of the co-product HSiMes (m/z = 74) overlapped with one of the
isotope peaks of the major fragment Me;Sie, it was difficult to establish the ratio of peak
areas from the mass spectra. However, there could be other indirect evidence (in addition
to the m/z 40 peak) for the formation of HSiMes via reaction (3.19). The production of
HSiMes could be suggested by the appearance of m/z = 59 peak which was first observed
at 1140 K. Previous study has shown that HSiMe, (m/z = 59) was a major thermal
decomposition product of HSiMes.® At 1140 K, the m/z = 59 peak was observed
simultaneously with the m/z = 40 peak (CsHs, the co-product of HSiMes in reaction (3.19)),

possibly as a secondary decomposition product of HSiMez. Meanwhile, the formation of
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m/z = 59 could not be readily explained by any other sources; for example, as discussed
later in Section 3 and 4, secondary decomposition of the main primary products,
Me2Si=CH, Me; Sie, and Me,SiCH,CH=CH,, did not lead to a product at m/z = 59.% It is
therefore plausible that HSiMes was produced via the CsHs elimination reaction from
allyltrimethylsilane (reaction (3.19)), based on the computational calculations and the
indirect suggestions, and the onset temperature was around or above 1090 K.

Since the m/z = 99 peak could be produced by photoionization fragmentation of the
parent molecule, the ratio of peak areas between the Me,SiCH,CH=CH, (m/z = 99) peak
and the parent peak is plotted in Figure 3.7, in order to identify the onset of the thermal
decomposition reaction (3.6). It showed that when the temperature reached ~ 1100 K, the
curve started to increase. *CHs was the co-product of Me,SiCH,CH=CH, in reaction (3.6),
and in Figure 3.6, the lowest temperature that m/z = 15 signal appeared was 1090 K, in
agreement with the appearance of the Me, SiCH,CH=CH, co-product (m/z = 99). Although
secondary reactions of other primary hydrocarbon products such as CsHs could produce
«CHj3,% they were considered to be less likely at this temperature. Based on the quantum
chemistry calculations shown in Figure 3.8, the methyl loss channel from
allyltrimethylsilane (reaction (3.6)) has an energy threshold of 82.3 kcal/mol, while the
methyl loss energy from propene is 95.9 kcal/mol.® Therefore, it is more likely that
reaction (3.6) was initiated at around 1100 K and led to the formation of m/z = 15 peak and
the increase of peak intensity of m/z = 99 (Me,SiCH,CH=CH,) above the photoionization

fragmentation.
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The m/z = 98 peak was first observed at 1260 K, and the signal did not increase
significantly as the temperature increased. There were two possible reaction pathways

leading to its appearance. The first possible mechanism was direct elimination of CH4 from

55.2 56.6
7 SiC,H,,(98) +H AlISiMe(84) + CH,
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s ] 38.8
é :SiMe,, + C,H,
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Figure 3.9 Potential energy diagram of secondary reaction pathways of AllSiMe;
(Me,SiCH,CH=CH,). The energy (0 K) of each species were calculated at UB3LYP/6-311++G(d,p)
level, with ZPE corrections.

the parent molecule. According to Figure 3.8, the parent molecule could decompose to
Me,Si=CHCH=CH, and CHg directly through a transition state (TS3). The energy barrier
was calculated to be 82.4 kcal/mol, which is almost as high as the energy required in the
formation of *CHs and Me,SiCH,CH=CH, (reaction (3.6)). CHa is the counterpart of
Me,Si=CHCH=CH, in this elimination reaction; however, CH4 was not detected as its
ionization potential is higher than the 10.5 eV VUV radiation used in this chapter. Another
possible reaction route leading to the m/z = 98 peak was H-loss channel from
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Me,SiCH,CH=CH, (m/z = 99). The m/z = 98 peak seemed to follow m/z = 99 and
appeared at higher temperatures after m/z = 99 was produced. As indicated by the quantum
chemistry calculations in Figure 3.9, Me,SiCH,CH=CH, could undergo secondary
dissociation to H + Me,Si=CHCH=CH, (m/z = 98), which was activated by additional
collisions, over a 55.2 kcal/mol energy barrier.

In Figure 3.5, the signal at m/z = 100 was not found at any elevated temperatures.
This is consistent with the previous studies, where vinyltrimethylsilane was produced
mainly by bimolecular mechanisms.® ' Due to the short reaction time and low
concentration of the precursor in this chapter, bimolecular reactions were minimized, and

thus no vinyltrimethylsilane was produced.

(c) Secondary reactions of MezSi=CH:2 and Me;Sie

SiCsH4 (m/z = 68) has been found as a major product among thermal decomposition
of organosilicons and its structure and isomers have been reported.?: 2" In this chapter, the
m/z = 68 product was observed and considered to be produced via sequential Hx lost
channels initiated from Me,Si=CH,. This mechanism has been reported by Liu et al.

(reaction (3.20)).23

Me,Si=CH, — :Si(H)C;H, — :Si=CHCH,CH, + H, — :Si(H)CH,CH=CH, + H,
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The m/z = 54 — 58 peaks were produced by secondary reactions of MesSie.
Although their production from direct elimination reactions of the parent molecule was
considered theoretically (Figure 3.8), the energy required for TS1 (115.0 kcal/mol) to the
target molecules was too high compared to other reaction pathways. The secondary
reaction pathways of MesSie were summarized by Liu et al.'® It was proposed that MesSis
went through a *CH3 loss channel (reaction (3.21)) forming :SiMez (m/z = 58), and :SiMe>
further underwent H. elimination channels (reaction (3.22)), leading to m/z = 56 products
such as :Si=CHCHs; and m/z = 54 products such as :Si=C=CH>." :SiMe; could also lose a
methyl group forming SiMe (m/z = 43) and a methane forming :Si=CH2.*> 1* However,

these contributions to m/z = 43 and 42 were considered to be small.1% 13

Me3 Sie — :SiMez + 'CH3 (321)

:SiMez g SIZCHCH3 + Hz g :Si:C:CHz + 2H2 (322)

A minor peak at m/z = 28 was observed at temperatures > ~ 1200 K. This might be
attributed to the production of the Si atom, following isomerization and decomposition of
Me,Si=CH,.1? Alternatively, it could correspond to CzHa, which was produced from

secondary reactions of the C3Hs or CsHe species.

(d) Secondary reactions of Me,SiCH,CH=CH,
As described previously, at around 1100 K, the mass peak of m/z = 99 became

obvious compared to the intensity of the parent peak, which suggested the formation of
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Me,SiCH,CH=CH,. The theoretical calculations suggested that there were three possible
decomposition pathways of Me,SiCH,CH=CH, (m/z = 99), as shown in Figure 3.9. It
could form :SiMe, by losing an allyl group, with an energy threshold of 38.8 kcal/mol.
However, this reaction pathway could not be clearly determined from the mass spectra,
since :SiMe, could also be produced from the secondary reaction of MesSie (reaction
(3.21)) and the allyl radical from the primary decomposition of the parent molecule
(reaction (3.3)). Me,SiCH,CH=CH, could lose an additional methyl group to form
MeSiCH,CH=CH, (m/z = 84) with a threshold energy of 56.6 kcal/mol, and this was
observed as a very minor channel at temperatures higher than 1260 K. The H-loss channel
forming Me,Si=CHCH=CH, (m/z = 98), as discussed previously, was also possible, with

a 55.2 kcal/mol energy threshold.

3.4 Conclusion

The thermal decomposition of allyltrichlorosilane and allyltrimethylsilane were
examined experimentally by flash pyrolysis mass spectrometry and theoretically by DFT
method. The main decomposition pathways are summarized in Scheme 3.1 and 3.2. The
initial step in the decomposition of allyltrichlorosilane was the Si-C bond cleavage
producing *SiClz and *CzHs. *SiCls then decomposed via sequential Cl losses forming
:SiClp, SiCl and Si. The CsHs radical went through secondary decompositions, and the
main product were CsHs (m/z = 40) + H. As the temperature increased, further H

elimination reactions took place.
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Scheme 3.1 Main decomposition mechanisms of allyltrichlorosilane.

In the pyrolysis of allyltrimethylsilane, Me;Si=CH;, Me;Sie  and
Me,SiCH,CH=CH, were considered as three main initial reaction products. Our
investigations showed that starting around 1050 K, Me,Si=CH, and C3Hs were produced
via reaction (3.1) and Me;Sie and *CsHs via reaction (3.3). The methyl-loss channel of
allyltrimethylsilane leading to the formation of Me,SiCH,CH=CH, and *CHj3 started at
around 1100 K. The yield of HSiMe; and C3Ha4 from the parent molecule was also found
to be possible at or above ~ 1090 K. Secondary reactions of these primary products were
also examined. Vinyltrimethylsilane was not identified as a product.

In comparison, allyltrichlorosilane decomposed primarily via the Si-C bond homolysis, and
the subsequent reactions of the allyl and trichlorosilyl radical were isolated and proceeded
independently. Allyltrimethylsilane, with the availability of the methyl groups,
decomposed via both molecular eliminations and Si-C bond fissions. The study on the
isolated allyl reactions in allyltricholorosilane helped to unravel the complex

decomposition mechanism of allyltrimethylsilane.
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Scheme 3.2 Main decomposition mechanism of allyltrimethylsilane. The secondary reactions
displayed in blue color have been reported by Liu et al.*®
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CHAPTER 4 Mechanistic study of thermal decomposition of 1,1,2,2-

tetramethyldisilane

4.1 Introduction

Tetramethyldisilane (Me2HSi-SiHMe), for its thermodynamically weak Si-Si bond
and more stable Si-C bond, has been considered as a good decomposable precursor for
chemical vapor decomposition (CVD) of silicon carbide (SiC). Its application in producing
amorphous silicon carbide (a-SiC:H) has been reported by Koinuma et al.! and Yoshida et
al.? Because silanes could be activated by several transition-metal complexes,* interest in
synthesizing alkenylsilanes from disilane and corresponding alkynes has increased, and
investigations using tetramethyldisilane as reactants in the presence of gold and palladium
catalysts have been reported.”” Recently, efforts have been made by scientists to obtain
stable substances containing sp-hybridized Si atoms;!®!> however, the fundamental
property of the Si=Si bond especially its reactivity in the gas phase is less known.
Therefore, 1,1,2,2-tetramethyldisilane, besides its wide applications in industrial
production and synthesis chemistry, is a potentially important precursor leading to the
formation of a highly reactive intermediate tetramethyldisilene (Me2Si=SiMe,), and is an
ideal candidate for exploring the fundamental property of the Si=Si double bond in the gas
phase pyrolysis regime.

Tetramethyldisilene was first recognized as a labile intermediate in the reaction of

7,8-disilabicyclo[2.2.2]octa-2,5-dienes by Roark et al. in 1972.12 A few years later, Barton
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and co-workers proposed that tetramethyldisilene could isomerize to
trimethylsilylmethylsilylene followed by the formation of disilacyclopropane (reaction
(4.2)) in the study of the gas-phase vacuum-flow pyrolysis of 2-chloroheptamethyltrisilane
at 700 °C (0.15 Torr). Disilacyclopropane would further isomerize to two four-member
ring isomers through silylene intermediates (reaction (4.2) and (4.3)).1* Several theoretical

chemistry investigations have also discussed the possibilities of those reaction channels.*>

18
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There are only a limited number of investigations on the pyrolysis of 1,1,2,2-
tetramethyldisilane.'® 2° O’Neal and co-workers studied its thermal decomposition
mechanism using the static methods, and they argued that the thermal dissociation of
1,1,2,2-tetramethyldisilane primarily proceeded via reaction (4.4) under the pressure from
50 - 200 Torr and at a temperature of 573 - 650 K in 90% argon diluent. They also argued
that, unlike other disilanes, the elimination of H> (reaction (4.5)) was not identified as an
initial step in 1,1,2,2-tetramethyldisilane pyrolysis, as D> was not detected in the

thermolysis of 1,2-dideuterated tetramethyldisilane (Me>DSi-SiDMe»). An alternative
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explanation (a bimolecular reaction model) for the formation of Me>Si=SiMe> was

therefore raised (reaction (4.6) and (4.7))."”

Me,HSi-SiHMe, — Me,SiH, + Me,Si: (4.4)
Me,HSi-SiHMe, — Me,Si=SiMe, + H, (4.5)
Me,HSi-SiHMe, + Me,Si: — Me,HSi-SiMe,SiHMe, (4.6)
Me,HSi-SiMe,SiHMe, — Me,SiH, + Me,Si=SiMe, 4.7)

Understanding the unimolecular decomposition mechanism of 1,1,2,2-
tetramethyldislane is not only useful for better CVD processes, but also has the potential
of elucidating the Si=Si double bond chemistry, whose relevant studies have been limited.
Based on these motivations, the thermal decomposition of 1,1,2,2-tetramethyldisilane was
performed experimentally using flash pyrolysis coupled with vacuum ultraviolet
photoionization time-of-flight mass spectrometry (VUV-PI-TOF-MS). This experiment
allowed the detection of reactive intermediates during the early stage of thermal
decomposition. Computational studies regarding the decomposition pathways and their
energetics were also carried out. Initiation steps in the 1,1,2,2-tetramethyldisilane
pyrolysis, as well as important secondary reactions including the secondary reactions
involving Me;Si=SiMe,, were identified and reported in this chapter. A more

comprehensive decomposition mechanism of 1,1,2,2-tetramethyldisilane was developed.
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4.2 Experimental and Computational methods

The 1,1,2,2-tetramethylsilane sample was purchased from Alfa Aesar (98+ %) and
was diluted to ~1-2 % in the helium carrier gas. The precursor was introduced in the
apparatus by bubbling the helium gas through the liquid sample. The experimental method
was similar to what have been discussed in the previous chapters. Theoretical calculations
on the geometries and energetics of corresponding transition states, intermediates,
products, and reactants were performed using the Gaussian 09 program.?* All geometries
including transition states were optimized using the UB3LYP density functional theory
(DFT) method?? 2 under 6-311++G(d,p) basis sets.?* Energies and vibrational frequencies
for each species were obtained at the same level of theory, and zero-point energy
corrections were made for all species involved. Transition states with only one imaginary
frequency were tested using IRC calculations under the same level. All results are

displayed with relative energies at 0 Kelvin (AEok).
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4.3 Results and discussions

(a) Initiation steps of the thermal decomposition reactions

The pyrolysis mass spectra of 1,1,2,2-tetramethyldisilane thermal decomposition
are shown in Figure 4.1. At room temperature (295 K), the peak at m/z = 118 corresponded
to the parent molecule; smaller peaks, such as m/z = 119 and 120, were caused by the
isotopes of Si and C (?°Si, %°Si, and *3C). The fragment signals at m/z = 43, 58, 59, 60, 73,
102, 103, and 116 were caused by dissociative photoionization of the parent molecule, not

by the corresponding neutral fragments at 295 K. Unlike other fragmentation peaks, the
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Figure 4.1 Mass spectra for the 1,1,2,2-tetramethyldisilane pyrolysis at 295 K to 1340 K. Two mass
spectra at temperature between 410 K and 550 K were identical to that at 720 K and were omitted. The
mass spectra are offset horizontally for clarity.
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shape of m/z = 73 showed a tailing feature, which was caused by the metastable nature of
the trimethylsilyl ion.2> 2

Figure 4.2 (the enlarged graph of Figure 4.1) shows that, at 930 K, the signal of m/z
= 116 started to increase, and at 1050 K, the increase became significant. The intensity of
the m/z = 116 peak further increased until 1200 K, and then gradually decreased.
Meanwhile, the signal of the parent molecule decreased significantly with the increasing
temperature. As the signal of fragments could be composed of the parent dissociative
photoionization and direct photoionization of the corresponding neural thermal
decomposition products, the ratio of the peak area of the fragment peak to that of the parent

molecule as a function of the increasing temperature could be examined to elucidate the
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Figure 4.2 The enlarged graph of Figure 4.1 showing the signals of smaller peaks.
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Figure 4.3 Peak area ratio of m/z = 116 to m/z = 118 in the temperature range of 295 K to 1340 K.

dissociation process at elevated temperatures.?’ Figure 4.3 shows that the ratio of the peak
area of m/z = 116 over m/z = 118 which provides evidence that around 930 K, neutral
species with m/z = 116 started to be produced. The ratio of the peak areas increased with
the increase of temperature until ~ 1200 K, and then the ratio started to decrease, which is
likely due to the faster consumptions of the m/z = 116 species than its production from the

primary initiation reactions at high temperatures.
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In Figure 4.4, the DFT calculations regarding the initiation reaction pathways of
the parent molecule are presented. The H. elimination reaction (4.5) via TS2 has an energy
barrier of 82.6 kcal/mol which is higher compared to other possible initiation channels but
is still feasible. Although Nag et al.'® and Boo et al.,'” have demonstrated that multiple
isomerization processes could form different isomers at m/z = 116 (reaction (4.1) - (4.3)),
it is still considered that the m/z = 116 species was initially produced as tetramethyldisilene
(Me2Si=SiMe) at around 930 K because tetramethyldisilene was the most likely isomer of

m/z = 116 initially evolved from 1,1,2,2-tetramethyldisilane.

90 14 H 87.5
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30 J
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Figure 4.4 Potential energy diagram of the initiation steps in the pyrolysis of 1,1,2,2-
tetramethyldisilane. The energy (0 K) of each species were calculated at UB3LYP/6-
311++G(d,p) level, with ZPE correction.

Evidence for the occurrence of reaction (4.4) was found. As shown in Figure 4.1

and 4.2, the signal at m/z = 58 (Me>Si:) increased at around 930 K. The signal remained
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constant when the temperature further increased, and when the temperature reached higher
than 1200 K, the peak intensity started to decrease, probably due to secondary
decomposition reactions that became more significant as the temperature built up. The ratio
of peak areas for fragment signals against that of the parent molecule are depicted in Figure
4.5 to clarify the contributions from the thermal decompositions. It shows that at around
930 K, the curve of m/z 58/118 started increasing, and when the temperature reached
around 1130 K, the ratio of m/z 58/118 started to decrease all the way to the highest
temperature of 1340 K. Also, Figure 4.5 shows that the m/z 60/118 curve started to increase
at around 1000 K, and then decreased when it reached its highest value at 1200 K. The m/z

60 peak could represent the signal of Me2SiH> from thermal decomposition reaction (4.4).
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Figure 4.5 Plots of the m/z = 58, 59 and 60 peak area over m/z = 118 peak area at
temperatures ranging from 295 K to 1340 K.
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Although m/z 58 and m/z 59 peaks could have a small isotope peak at m/z 60 (due to natural
isotope abundance of Si, 28Si:2°Si:*Si = 0.92:0.05:0.03), the intensity of the observed m/z
60 peak was significantly higher than that expected from the +1 and/or +2 isotope peaks of
the m/z = 59 and 58 species, indicating small contributions from the isotope peaks of the
m/z = 59 and 58 species and main contribution from the thermal decomposition reaction
(4.4). The decrease in the ratio of the peak area value of m/z 58/118 and 60/118 was
possibly caused by the secondary decomposition reactions of these two intermediates. The
m/z 60/118 curve was not found to increase simultaneously as the m/z 58/118 curve at
around 930 K, probably due to its smaller ionization cross section value and/or significant
dissociative photoionization,?® thus, making the detection of the m/z 60 signal difficult.
Note that as the dissociative photoionization of Me>SiH2 at m/z 60 could produce a
significant amount of m/z 58 fragment ions,?® the peak m/z 58 could also be an indication
of MexSiH,. As Me,SiH, at m/z 60 and Me.Si: at m/z 58 were co-products of the
dissociation reaction (4.4). the m/z 58 Me,Si: peak thus can have two components from the
same reaction (4.4), thermal dissociation of the parent and dissociative photoionization of
its co-product Me>SiH.. Therefore, the increase of m/z 58/118 was used to determine the
onset temperature for reaction (4.4), which was around 930 K. According to Figure 4.4,
the thermal decomposition of 1,1,2,2-tetramethyldisilane to Me,Si: and Me;SiH> via
reaction (4.4) through a transition state (TS1) has the lowest energy barrier (52.6 kcal/mol)
among all the initiation reaction channels, and this supports the arguments above.

The Si-Si single bond homolysis forming dimethylsilyl radicals (reaction (4.8)) was

also observed in this chapter. As mentioned earlier, at 295 K, the m/z = 59 signal was
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produced from the dissociative photoionization of the parent molecule. The signal for m/z
= 59 started to decrease as the temperature gradually built up. Instead, the ratio of the peak
areas for m/z 59/118 is more informative showing the growth of m/z = 59 peak with respect
to the parent (see Figure 4.5). It indicates that the ratio for m/z 59/118 increased around
1000 K, while it was nearly constant below 1000 K. The baseline for the m/z 59/118 curve
at low temperatures was not well defined, making it difficult to determine the onset
temperature of reaction (4.8). The possible reason is that the contribution of the dissociative
photoionization of the parent molecule to the m/z = 59 peak was large, so the overall
intensity of m/z = 59 decreased with decreasing parent intensity when temperature built
up, and the growth of the neutral fragment at m/z = 59 can only be detected by the ratio of
peak areas.?’ The possibility of the secondary reactions that occurred between m/z = 58 —
60 species also made the determination of the initiation reactions complicated. According
to Toukabri et al.,?® dimethylsilane could lose Hz to form dimethylsilylene or methylsilene
(MeHSi=CH), and it could also decompose into dimethylsilyl radical by losing one H
atom (reaction (4.9) - (4.11)). The isotope peak (+1) of m/z = 58 could also contribute to
the signal of the m/z = 59 peak; however, this contribution should be very small based on
the isotope abundance of Si. Figure 4.4 shows that reaction (4.8) requires an energy
threshold of 68.9 kcal/mol which is 16.3 kcal/mol higher than that of reaction (4.4) and
lower than any other competing pathways. This indicated that reaction (4.8) was also one
of the main decomposition channels in the 1,1,2,2-tetramethyldisilane pyrolysis. The
reaction (4.11) was believed to contribute little to the m/z = 59 peak, because this first

required Me,SiH, production from reaction (4.4) and furthermore the S-H bond in
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Me,SiH, is 89.9 kcal/mol, higher than the energy threshold for reaction (4.8). Therefore,

it is considered that the m/z = 59 peak was primarily produced by reaction (4.8) at around

1000 K.

Me,HSi-SiHMe, — 2 Me,HSie (4.8)
MeZSiHZ — Mezsi: + Hz (49)
MeZSiHZ — MGHSIZCHZ + Hz (410)
Mezsin — MezsiH° + He (411)

In addition, evidence for the production of Me3SiH and :SiHMe (reaction (4.12))
was identified. As shown in Figure 4.2, the m/z = 73 peaks were caused by dissociative
photoionization of the parent molecule at 295 K. When the temperature increased, the
signal of the m/z = 73 peak started to decrease. The ratio of the peak area of m/z = 73 vs
m/z = 118 as a function of temperature is plotted in Figure 4.6. The tail of the m/z = 73
peaks was included in the peak area integration. It shows that at around 1050 K, the curve
started to increase, which might suggest that the neutral trimethylsilyl radical was produced
from the thermal decomposition reaction, or from the dissociative photoionization of

MesSiH. According to theoretical calculations in this chapter, the isomerization of 1,1,2,2-
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Figure 4.6 Peak area ratio of m/z = 73 to m/z = 118 in the temperature range of 295 K to 1340 K.

tetramethyldisilane to 1,1,1,2-tetramethyldisilane leading to the formation of the
trimethylsilyl radical was unlikely to occur; instead, 1,1,2,2-tetramethyldisilane
decomposed into MesSiH + :SiHMe reaction (4.12)), and MesSiH then readily lost one H
producing trimethylsilyl radical (reaction (4.13)). The energy barrier for reaction (4.12)
was determined to be 66.8 kcal/mol via TS3, as shown in Figure 4.4. Figure 4.1 and 4.2
show that the m/z = 74 peaks overlapped with the tail of the m/z = 73 peaks, making its
direct observation difficult. As the counter-product of MesSiH in reaction (4.12), :SiHMe
(m/z = 44) was first observed at 1050 K, suggesting that the onset temperature for reaction
(4.12) was probably around 1050 K. This is consistent with Figure 4.6, which showed that
MesSiH was formed via reaction (4.12) at around 1050 K and it might readily decompose
into *SiMes (reaction (4.13)). This also agreed with the appearance temperature of the m/z

= 72 peak at 1050 K, as the m/z = 72 species (Me2Si=CH>) could be produced from H-
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atom loss reaction from the trimethylsilyl radical (reaction (4.14)) according to previous
studies.?”-2° Although the signal of Me3sSiH could not be observed directly, the appearance
of its counter-product (:SiHMe) and the relatively low energy barrier according to Figure
4.4 suggested that reaction (4.12) could also be considered as a major initiation reaction
channel of 1,1,2,2-tetramethyldisilane. An alternative source or additional contribution to
the increase of m/z 73 peak at and above ~1050 K (as shown in the m/z 73/118 ratio curve
in Figure 4.6) could be dissociative ionization of Me3SiH from reaction (4.12). It is known
that photoionization of Me3SiH at 10.49 eV produces a significant amount of m/z 73 ion
fragment.®® Nevertheless, this contribution to m/z 73 also supported that MesSiH was

produced from reaction (4.12).

Me,HSi-SiHMe, — Me;SiH + MeHSi: (4.12)
-H
Me;SiH > Me;Sie (4.13)
. -H .
Me;Sie - Me,Si=CH> (4.14)

In addition to the initiation reaction channels discussed above, the methyl-loss
channel (reaction (4.15)) and CHs elimination channel (reaction (4.16)) of the parent
molecule were also identified in this chapter. As shown in Figure 4.1 and 4.2, the m/z =
102 (Me,Si=SiHMe) and m/z = 103 (Me2HSIi-SiHMe) peaks were detected at 295 K as
dissociative photoionization peaks. The intensities of these two peaks decreased as the
temperature gradually increased. The ratio of the peak area against the parent peak for these
two peaks are presented in Figure 4.7. An increase was observed in Figure 4.7 for both
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Figure 4.7 The plot of the m/z = 102, 103 peak area over m/z = 118 peak area under temperature
ranging from 295 K to 1340 K.

curves at around 1050 K, and it suggests that the onset temperatures for reaction (4.15) and
reaction (4.16) were likely to be around 1050 K. The energetics for these two reactions
were calculated and displayed in Figure 4.4. 1t showed that reaction (4.15) has an energy
threshold of 77.1 kcal/mol while the energy barrier for reaction (4.16) is 87.5 kcal/mol via
transition state TS4. Me,Si=SiHMe could also be produced from the H loss channel of
Me>HSi-SiHMe (reaction (17)). However, since the intensities for both peaks were small,

reaction (4.15) — (4.17) were considered minor.

Me,HSi-SiHMe, — Me;HSi-SiHMe + *CH; (4.15)

Me,HSi-SiHMe, — Me:Si=SiHMe + CH4 (4.16)
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Me;HSi-SiHMe — Me,Si=SiHMe + «H (4.17)

(b) Secondary reactions of 1,1,2,2-tetramethyldisilene
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Figure 4.8 Potential energy diagram of secondary reactions of tetramethyldisilene. The energy (0 K)
of each species were calculated at UB3LYP/6-311++G(d,p) level, with ZPE correction.
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The secondary reactions of MezSi=SiMe2 were also considered. The chemistry of
tetramethyldisilene (m/z = 116) has been focused on in several earlier studies.'®*>
Isomerization of disilene to silylsilylene has been accepted as one of the initiation steps in
disilene chemistry. According to Nag et al.'® and Boo et al.,'” silylsilene will further
rearrange to disilacyclopropane (reaction (4.1)). And according to Auner et al.%
disilacyclopropane could decompose into two smaller fragments (reaction (4.18a) and
(4.18b)) in the thermolysis study of 1,3-dimethyl-1,3-disilacyclobutane. Here, reaction
(4.18a) provides an alternative way of explaining Me;Si=CH> (m/z = 72) via the secondary
reactions of 1,1,22-tetramthyldisilene (Me.Si=SiMe;). Similarly, reaction (4.18b)
provides another possible explanation for the formation of the m/z = 58 species. In the
current work, the dissociation mechanism of tetramethyldisilene was proposed, and its
energetics were calculated and displayed in Figure 4.8. Me;Si=SiMe, (1,1,2,2-
tetramethyldisilene), which was produced from reaction (4.5), first isomerizes to
MeSi-SiMe; with an energy barrier of 24.5 kcal/mol (TS5), and then MeSi-SiMe; further
isomerizes to disilacyclopropane via TS6 with an energy barrier of 21.7 kcal/mol (reaction
(4.1)). After that, the decomposition of disilacyclopropane can lead to the formation of
Me,Si=CH; and :SiHMe (reaction (4.18a)) or HMeSi=CHy> and :SiMe: (reaction (4.18b)).
The overall energy thresholds for these two channels were determined to be 45.5 and 44.1
kcal/mol relative to 1,1,2,2-tetramethyldisilene, respectively. Me,Si=CH, then undergoes
a series of secondary reactions which leads to the formation of the m/z = 68 species

(reaction (4.19)), as studied previously.?* 2" 29.32-34
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i, ./\ s anitt
' SI—SI;""

\d — Me,Si=CH, + :SiHMe (4.18a)

iy, ax £t
" SI—SI"“

- H — HMeSi=CH, + :SiMe, (4.18b)
Me,Si=CH, « :Si(H)Pr — :Si=CHCH,CH;+H, < :Si(H)CH,CH=CH,+H,

— :Si=CHCH=CH, +2H, (4.19)

The possible reaction channels which lead to the production of 1,3-dimethyl-1,3-
disilacyclobutane or 1,1-dimethyl-1,3-disilacyclobutane were also calculated and are
shown in Figure 8. Both could be evolved from the secondary reactions of
disilacyclopropane by overcoming two transition states. The potential energies of these two
species are ~ 30 kcal/mol lower than that of tetramethyldisilene which indicates that they
are thermodynamically more stable than tetramethyldisilene. The existence of those two
species was suggested by the appearance of the m/z = 101 peak from 930 K to 1200 K, as
the m/z = 101 peak was likely to be the CHs-loss dissociative photoionization signal of 1,3-
dimethyl-1,3-disilacyclobutane or 1,1-dimethyl-1,3-disilacyclobutane, similar to the CHs-
loss channel in the dissociative ionization of an analogous compound 1,1,3,3-tetramethyl-
1,3-disilacyclobutane.®

In addition to the reaction pathways mentioned above involving the formation of
dimethylsilene from disilacyclopropane, the cycloreversion reactions of 1,1-dimethyl-1,3-
disilacyclobutane could also lead to dimethylsilene (Me2Si=CH,). The ring-opening
mechanism of 1,3-disilacyclobutane and its derivatives were reported previously.*¢-3°

There were two pathways reported for the further reactions of 1,3-disilacyclobutane and its
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derivatives that could be responsible for the formation of Me,Si=CH>; one was stepwise
2+2 cycloreversion and the other was concerted 2+2 cycloreversion. The possible reaction
pathways for 1,1-dimethyl-1,3-disilacyclobutane applying those mechanisms were
depicted in Scheme 4.1. As shown in Scheme 4.1, 1,1-dimethyl-1,3-disilacyclobutane
could decompose into MezSi=CH> and H.Si=CH directly via the concerted 2+2
cycloreversion pathway, or the stepwise 2+2 cycloreversion pathway through a diradical
intermediate. According to the theoretical investigations of 1,3-disilacyclobutane reported
by Badran et al.,*® the two 2+2 cycloreversion pathways were less kinetically favored. Also,
the formation of 1,1-dimethyl-1,3-disilacyclobutane, although it has slightly lower energy
barrier than reaction (4.18a), required the formation of disilacyclopropane as an
intermediate, and disilacyclopropane has been considered as a key intermediate for the
formation of Me>Si=CH>. Therefore, the contributions of those two 2+2 cycloreversion
channels of 1,1-dimethyl-1,3-disilacyclobutane (reaction (4.20)) were considered possible
but not significant in the formation of dimethylsilene. Similarly, the cycloreversion
reaction of 1,3-dimethyl-1,3-disilacyclobutane producing MeHSi=CH, and MeHSi=CH

(reaction (4.21)) were also considered to be minor.

NG

HZS|\/S|\
— Me2Si:CH2 + H2Si:CH2 (420)

I-I\Si/\SiH
"N\, MeHSi=CH, + MeHSi=CH> (4.21)
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T three-member ring intermediate pathway
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Scheme 4.1 Possible reaction pathways for the dimethylsilene formation from 1,1-dimethyl-1,3-

disilacyclobutane.

(c) Analysis of other secondary reactions

As discussed earlier, the m/z = 72 species Me;Si=CH> could be produced from two
major pathways, from secondary decomposition (reaction (4.18a) and (4.20)) of
tetramethyldisilene produced in reaction (4.5), and from secondary reactions of
trimethylsilane that was produced in reaction (4.12) via sequential H loss (reaction (4.13)
and (4.14)) or H> elimination (reaction (4.22)). According to the theoretical calculations,
the threshold energy for the H-loss channel producing SiMes (reaction (4.13)) and the H>
elimination channel (reaction (4.22)) forming Me,Si=CH, are 90.4 kcal/mol and 95.1
kcal/mol, respectively. Combined with Figure 4.4 and 4.8, the overall energy barrier to

produce Me,Si=CH> from MesSiH via reaction (4.22) was around 140 kcal/mol, while the
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corresponding energy barrier of the tetramethyldisilene channels was around 95 kcal/mol.
Therefore, compared to the tetramethyldisilene channels, the secondary reactions of
trimethylsilane producing Me,Si=CH, were less favored. The secondary reaction of
trimethylsilane could also lead to *SiHMe, at m/z 59 (reaction (4.23)). Although the
product signal overlapped with one of the major initiation channels (reaction (4.8)),
theoretical calculations indicated that the energy barrier for reaction (4.23) is 82.1 kcal/mol,
which is lower than the threshold energy of the H-loss channel. Therefore, this secondary

reaction pathway was considered possible.

-H>

M€3SiH - MezSiZCHz (4.22)
-CH3

Me;SiH —  *SiHMe» (4.23)

The m/z = 54 and 56 peaks were produced by sequential Hz loss from
dimethylsilylene (Me2Si:). As shown in Figure 4.1, these two peaks started to show up at
around 1250 K, which was consistent with the study by Liu et al (1280 K).?® According to
the earlier work, Me>Si: first isomerized to MeSi(H)=CH2 with an energy barrier of 36.1
kcal/mol, and then converted to :Si(H)Et by 1,2-methyl shift with an energy barrier of 48.0
kcal/mol, and further lost one H> leading to :Si=CHCHa. :Si=CHCHj3 then isomerized to
:Si(H)CH=CH with an energy barrier of 27.7 kcal/mol, followed by another H> lost

forming :Si=C=CH, (reaction (4.24)).2°
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-H
Me:Si: <> MeSi(H)=CH, < :Si(H)Et — :Si=CHCH3 — :Si(H)CH=CH>

-H
—3 :Si=C=CH> (4.24)

The mass peak of m/z = 45 was first observed at 1050 K, and its intensity remained
nearly constant as the temperature increased. The appearance of the m/z = 45 peak could
also be caused by the methyl loss reaction of dimethylsilane (m/z = 60), which was
produced in reaction (4.4). The chemistry involving the species with m/z = 40-44 could be
complicated because they could have multiple sources in the overall reactions. The m/z =
44 peak (:Si(H)-CHa) could be the direct products of reaction (4.12) and (4.18a). Its
possible reaction pathways and corresponding energetics were calculated and are presented

in Figure 4.9. Methylsilylene (:Si(H)-CHz) could directly decompose to SiCHs with one H
90 ~

80

70 3 SiCH; + He
60
50 3

40 3

AE , (kcal/mol)

30 3
20 egi—

10 4

0

Figure 4.9 Potential energy diagram of methylsilylene. The energy (0 K) of each species were
calculated at UB3LYP/6-311++G(d,p) level, with ZPE correction.
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loss or isomerize to silene with a 33.9 kcal/mol energy barrier (TS12) followed by H loss
with a 87.7 kcal/mol threshold energy. Methylsilylene could also decompose into :Si=CH>
and H. over a 46.4 kcal/mol energy barrier. Some previous studies have shown that
:Si=CHj> could also be produced by a methane elimination from dimethylsilylene (:SiMey)
with an energy barrier of 56.6 kcal/mol.?® 4% The m/z = 40 peak did not show up until the
temperature reached 1250 K, and it could correspond to SiC which was evolved from an
H> elimination from :Si=CH>. The sequential H> loss from propane (m/z = 44) which was
produced from the propane elimination of :Si(H)Pr could also contribute to the signal from
m/z = 40-44.2% 2". 2 The observations of the m/z = 28 peak at 1130 K indicated the

formation of Si atom, and it could be produced from the further reaction of SiC.2" %

4.4 Conclusion

The flash pyrolysis of 1,1,2,2-tetramethyldisilane was performed at the temperature
ranging from 295 K to 1340 K coupled with molecular beam sampling and VUV-PI-TOF-
MS. DFT regarding the energetics of important reactants, transition states, and products
were performed at the UB3LYP/6-311++G(d,p) level to support the experimental
observations. The four major initiation steps of 1,1,2,2-tetramethyldisilane were the
molecular elimination reaction channel leading to dimethylsilane and dimethylsilylene
(reaction (4.4)), the Si-Si bond fission producing dimethylsilyl (reaction (4.8)), the
production of tetramethyldisilene produced by H: elimination (reaction (4.5)), and the
decomposition to trimethylsilane and methylsilylene (reaction (4.12)). Theoretical

calculations revealed that reaction (4.4) was the most kinetically favored reaction channel
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among all initiation reactions. Possible isomerization and dissociation channels of

tetramethyldisilene were examined theoretically and considered as the source of the

si

7 H

-H. H,
TSI12 Ts1

SICH3 p,si= > M2

Scheme 4.2 Main reaction mechanism of the pyrolysis of 1,1,2,2-tetramethyldisilane and the
corresponding secondary reactions.
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observed Me,Si=CH> (m/z = 72) and SiC3sH4 (m/z = 68) mass peaks. The direct dissociation
of disilacyclopropane, which was produced by the isomerization of tetramethyldisilene via
two transition states, was considered as the major reaction channel for the formation of
Me,Si=CH2 (m/z = 72) and SiCsH4 (m/z = 68), while the two 2+2 cycloreversion channels
of 1,1-dimethyl-1,3-disilacyclobutane were considered less important. Other secondary
reactions, for example, decomposition reactions of trimethylsilane, dimethylsilane and the
dimethylsilyl radical, were found, and the results agreed with the previous studies. The
overall mechanism of 1,1,2,2-tetramethyldisilane pyrolysis was summarized in Scheme

4.2.
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CHAPTER 5 Flash pyrolysis mechanism of trimethylchlorosilane

5.1 Introduction

The preparation of silicon carbide (SiC) by chemical vapor deposition (CVD) is
important in industrial processing.l 2 A series of chloromethylsilanes (SiMes.xClx) have
been considered as suitable CVD precursors,® # and it therefore becomes important to
understand their gas-phase thermal decomposition behaviors. A number of studies have
focused on the pyrolysis mechanisms of several SiMesxClx species, such as
trichloromethylsilane and dichlorodimethylsilane.® >! However, there are relatively fewer
investigations on the gas-phase thermal decomposition of trimethylchlorosilane. The gas-
phase  dyotropic  arrangement  between chloromethyldimethylsilane  and
trimethylchlorosilane was studied by Martin et al. using a static cell at 636 K to 690 K.*? It
was reported that the isomerization between chloromethyldimethylsilane and
trimethylchlorosilane was carried out in two parallel channels, a concerted dyotropic
rearrangement and a free radical chain reaction. Davidson et al. examined the pyrolysis
mechanisms of trimethylchlorosilane by using a low-pressure pyrolysis technique at
temperatures between 1020 K and 1110 K. The reactions were believed to be initiated by
Si-C bond rupture (reaction (5.1)), and the main product was determined to be methane,
which was proposed to be formed by a bimolecular reaction (reaction (5.2)). The
CH.2SiClMe; radical produced in reaction (5.2) could further undergo dissociation reaction
leading to the formation of CIMeSi=CH, and <CHs (reaction (5.3)). The significant
presence of hydrogen chloride was observed, and molecular elimination of HCI (reaction
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(5.4)) was proposed as a possible formation channel.*® With the significant amount of HCI
present in the pyrolysis system, several bimolecular reactions involving HCI were
identified (reaction (5.5) and (5.6)). Trimethylchlorosilane is known for its extreme
sensitivity to moisture. Papanastasiou et al. studied the rate coefficient of the reaction
between trimethylchlorosilane and OH radical over the 295-375 K temperature range and
showed that trimethylchlorosilane may have a short lifetime in the atmosphere due to its

high sensitivity to moisture and radicals.'*

CISiMe; — SiCIlMe, + *Me (5.1)
*Me + CISiMe; — *CH,SiCIMe, + CHy (5.2)
*CH,SiCIMe, — CIMeSi=CH, + *Me (5.3)
CISiMe; — Me,Si=CH, + HCI (5.4)
CIMeSi=CH, + HCI — Me,SiCl, (5.5)
*SiClMe, + HCl — Me,SiCl, + *H (5.6)

Among the SiMesxClx compounds mentioned above * ®13 1518 the pyrolysis
mechanism of trimethylchlorosilane was less studied. Furthermore, as discussed by
Davidson et al.,, HCI was always present in the pyrolysis system, but its formation
mechanism was not completely clear.'® Therefore, studying the initiation reactions in the
thermal decomposition of trimethylchlorosilane, especially on the formation mechanism of
HCI, is informative. We describe here an investigation on the flash pyrolysis mechanism

of trimethylchlorosilane using a SiC microreactor coupled with vacuum ultraviolet

76



photoionization time-of-flight mass spectrometer (VUV-PI-TOFMS) under predominantly
unimolecular reaction conditions. The detection of the early reaction products and reactive
intermediates at elevated temperatures provided insights into how the dissociation reaction
of trimethylchlorosilane was initiated. Quantum chemistry calculations were also
employed to study the energetics of possible initiation channels. The experimental
evidence for the HCI molecular elimination channel of trimethylchlorosilane leading to the
production of dimethylsilene (Me2>Si=CHz) and HCI (the HCI elimination channel) was
found, and the conclusion was supported by the theoretical calculations. Other important
initiation reactions and secondary reactions were also examined. A comprehensive

decomposition mechanism of trimethylchlorosilane was developed.

5.2 Experimental and computational methods

The trimethylchlorosilane precursor (> 99 %) was purchased from Sigma Aldrich.
Precaution was taken during the sample introduction process as trimethylchlorosilane is
extremely sensitive to moisture, and it could lead to the production of
hexamethyldisiloxane as a major impurity. The liquid sample of trimethylchlorosilane was
taken out by a glass syringe and introduced to a bubbler filled with helium gas in a glove
box. The mass spectrum showed that the contamination of hexamethyldisiloxane was
negligible. The precursor was diluted to ~3.7 % in the helium carrier gas at a total pressure
of ~970 torr.

Quantum chemistry calculations were performed in addition to the experimental

investigations. The energetics of the reactants, products, and transition states involved in
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the trimethylchlorosilane pyrolysis were calculated. Density functional theory (DFT)
calculations for geometry optimizations and zero-point energies were performed at the
UMO05-2X/aug-cc-pVDZ level of theory, as it was recommended by Sirianni et al.*® for the
geometry optimizations of bimolecular van der Waals complexes identified in this work.
The single-point energy calculations were obtained at the UCCSD(T)/cc-pVTZ level, as
similar methods have been widely used in benchmark calculations of silane systems.?° For
the zero-point energy calculations, all the zero-point vibrational frequencies were scaled
by a factor of 0.9725 as recommended by Laury et al.?! to account for overestimations in
the vibrational frequency calculations. Transition states in this work were verified by IRC
running calculation at the UMO05-2X/aug-cc-pVDZ level of theory. All the computations
in this work were carried out using the Gaussian 16 package.??

Unimolecular reaction rate constants of the initiation reactions were calculated
using transition state theory (TST). For the unimolecular dissociation reaction with a
conventional transition state, the rate constant was calculated using TST with Wigner
tunneling correction.% The single point energy and frequencies of reactants and
transition states were obtained from DFT calculations at the UMO05-2X/aug-cc-pVDZ level
of theory using the Gaussian 16 package as described before.?? For the bond homolysis
(barrierless) reactions, variational transition state theory (VTST) with Wigner tunneling
correction was applied.®>?” A series of constrained optimizations along the reaction path
were carried out, and at each optimized geometry (“trial transition state”), the potential
energy and vibrational frequencies were calculated. The dividing surface for the barrierless

reactions at different temperatures were determined by finding the maximum Gibbs free
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energy change AG®(T) of the “trail transition state” along the reaction pathway at the
different temperatures.?’ All the rate constant calculations were performed using the

KISTHELP program.?>28.29
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5.3 Results and discussion

The pyrolysis mass spectra of trimethylchlorosilane at temperatures ranging from
295 K to 1400 K are shown in Figure 5.1 and Figure 5.2. At 295 K, the m/z = 108, 109,
and 110 peaks represented the parent molecule trimethylchlorosilane (CISiMes). The
relative natural abundance for **Cl and 3’Cl are 76 % and 24 %, and the relative abundance
for 28Si, 2°Si, and %°Si are 92.2 %, 4.7 %, and 3.1 %.% The ratio of peak area of m/z = 108

to m/z = 110 is determined to be 2.56 based on Figure 5.1, which is close to the theoretical
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Figure 5.1 Mass spectra of the chlorotrimethylsilane pyrolysis at 295 K to 1400 K. The mass
spectra are offset for clarity.
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value of 2.86. Other peaks at 295 K, such as m/z = 73, 95, and 97, were caused by
photoionization fragmentation of the parent molecule. At 295 K, the signal of m/z = 72
was not caused by photoionization of neutral Me>Si=CH> molecule as the parent molecule
could not readily decompose at room temperature. But it was not likely caused by
photoionization fragmentation of the parent molecule, as the m/z = 72 signal was not
observed in the electron impact spectra of trimethylchlorosilane.®! The m/z = 72 peak was
probably caused by ionization fragments of the very minor parent molecule clusters formed
in the molecular beam (which was possible after supersonic cooling of room temperature
gas sample). This was consistent with its temperature dependence; when the temperature
increased to 460 K, which was not high enough to induce thermal dissociation reactions
but sufficient to destroy the molecule clusters in the molecular beam, the m/z = 72 signal
disappeared. A very minor peak at m/z = 88 was probably an impurity in the liquid sample,
as its signal kept minor and nearly constant throughout all temperatures and could be

treated as a spectator at all temperatures.
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(a) The HCI molecular elimination channel forming Me2Si=CH..
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Figure 5.2 Mass spectra of the chlorotrimethylsilane pyrolysis at 295 K to 1400 K. The spectra
were enlarged to identify the peaks of smaller fragments. The mass spectra are offset for clarity.

As shown in Figure 5.1 and 5.2, the m/z = 72 peak was first observed at 295 K.
However, as discussed earlier, it was likely caused by the ionization of molecule clusters
in the molecular beam. The signal of the m/z = 72 peak reappeared at 1210 K, and its
intensity was nearly constant until reaching 1400 K. This indicated that Me,Si=CH> was
formed via the HCI elimination channel (reaction (5.4)) of the parent molecule. The
appearance of the m/z = 68 peak also served as evidence for the presence of Me.Si=CHo,

as the SiCsHs species was readily produced by secondary reactions of Me,Si=CH;
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according to previous studies.> * The counter fragment of the elimination reaction, HCI,
was not observed since its ionization potential of 12.79 eV34 is higher than the photon
energy of the 118 nm (10.49 eV) laser radiation. As will be discussed later, trimethylsilyl
radical losing one hydrogen atom forming Me,Si=CH: was considered to be negligible (as
the production of Cl and *SiMe; from the parent molecule was very small).

Quantum chemistry calculations on the energetics of the initiation reactions of
trimethylchlorosilane were summarized in Figure 5.3. The HCI molecular elimination
channel was determined to have the lowest energy barrier. Trimethylchlorosilane
overcomes an energy barrier (TS2) of 75.4 kcal/mol and forms a van der Waals complex
at an energy of 71.2 kcal/mol relative to MesSiCl. The van der Waals complex may further
decompose into Me,Si=CH; and HCI (at an energy of 75.2 kcal/mol). Overall, Me2Si=CH
and HCI can be viewed to be formed via TS2 with a 75.4 kcal/mol energy barrier.
Compared to other possible initiation channels, the HCI elimination channel has the lowest

energy barrier and is the most energetically favored.
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Figure 5.3 Energetics (0 K) of the possible initiation channels for the pyrolysis of
trimethylchlorosilane at the UCCSD(T)/cc-pVTZ//UMO05-2X/aug-cc-pVDZ level.

(b) Other initiation channels.

Two other possible initiation channels of the trimethylchlorosilane pyrolysis are the
CHs loss channel (reaction (5.1)) and the Cl loss channel (reaction (5.7)). According to
Figure 5.1 and 5.2, the m/z = 73 (sSiMes) and the m/z = 93 (-Si®*®*CIMe;) and 95
(+Si®’CIMe,) signals appeared as photoionization fragmentation peaks at room
temperature. With the increase of temperature, the peak intensities remained nearly
constant, suggesting that the thermal decomposition contributions to the signal were trivial.
The ratio of peak area for m/z 93/108 and 73/108 (where the parent peak was at m/z 108)
were plotted in Figure 5.4. It shows that the curve remained nearly flat when the

temperature increased, and no significant increase of the curve was observed. The m/z =
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15 signal for the methyl radical was first observed at 1280 K, which suggested that the
onset temperature for reaction (5.1) was around 1280 K. The onset temperature for reaction
(5.1) was higher than that of reaction (5.4), indicating that reaction (5.1) was less
significant. Also based on the energetics calculations in Figure 5.3, the CHz loss channel
has an energy threshold of 90.0 kcal/mol, while the threshold energy for the Cl loss channel
was determined to be 112.8 kcal/mol; both were much higher than the HCI molecular
elimination channel (reaction (5.4)), but the CHs loss channel (5.1) was more

thermodynamically favored than the CI loss channel (5.7).

CISiMe; — *SiMe; + *Cl (5.7)
0.20
015 —=—73/108
T —o— 93/108
0.16 4
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Figure 5.4 The plot of the m/z = 73 and 93 peak area over m/z = 108 peak area in the temperature

range from 295 K to 1400 K.
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A very minor peak of m/z = 92 appeared at 1310 K, suggesting the production of
CIMeSi=CHpg, and it disappeared as the temperature further increased. CIMeSi=CH, was
probably formed by the methane elimination reaction of CISiMes (reaction (5.8), the CH4
elimination channel) or the hydrogen loss reaction of *SiClIMe> (reaction (5.9)). In Figure
5.3, the formation of MeCISi=CH. and CHs was the most thermodynamically favored
pathway with a relative energy of 53.7 kcal/mol, although kinetically the energy barrier via
TS3 (93.1 kcal/mol) is still much higher than that of TS2. The CH4 elimination pathway
(reaction (5.8)) was considered minor because of its higher energy barrier. Similarly,
secondary loss of one hydrogen atom by «SiCIMe> (produced from reaction (5.1)) could
also lead to the formation of the m/z = 92 peak. According to Davidson et al.,'®
CIMeSi=CH2 was formed from secondary dissociations of *CH2Si(Cl)Me: (reaction (5.3)),
which was produced from a series of bimolecular reactions. However, since the signal of
*CH>SiClMe> was not detected (Figure 5.1 and 5.2), bimolecular reactions were greatly
minimized, and the contribution of reaction (5.3) to the appearance of the m/z = 92 peak

and the methyl radical was also considered trivial.

ClISiMe; — MeCISi=CH, + CH, (5.8)

«Si(C1)Me, — MeCISi=CH, + *H (5.9)

(c) Unimolecular reaction rate constant calculations for the initiation reactions.
The unimolecular reaction rate constants of the above-mentioned initiation

reactions at different temperatures were calculated using the TST/VTST theory and are
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summarized in Figure 5.5 and 5.6 (more information on the unimolecular reaction rate
constant calculations is provided in the Supplementary Materials). At low temperatures (~
1200 K), the HCI elimination channel is the most kinetically favored pathway. As the
temperature further increased (above ~ 1300 K), the CH3z loss channel started to become
significant, while the reaction rate constants for the other three reaction channels remained
relatively small. Although there were distributions of temperature in the microreactor, one
could still compare the calculated unimolecular reaction rate constants of competing
reactions (using the temperature measured in the center region of the microreactor) to
determine the relative importance of each reaction. The results of the rate calculations are
consistent with the calculated reaction energetics (Figure 5.3) and the experimental

observations.

10
] —&— The HCI elimination channel
04 —&— The CH, loss channel
_ —~A— The CH, elimination channel
-10 - —— The Cl loss channel
| —o— The CH,Cl elimination channel
_20 -
I_gz -30
3 i
8 -40-
-50 4
-60 -
-70 -
-80 T T . . . | . . . . |
0.001 0.002 0.003
1/T(K)

Figure 5.5 The unimolecular rate constant calculations of all the initiation reactions with the
TST/VTST method. The results are displayed in the form of logiok vs 1/T.
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As shown in Figure 5.6, the calculated rate constant for the HCI elimination channel
remained almost constant until around 1050 K and was found to significantly increase at
around 1210 K and above. This is consistent with the experimental observation that the
signal of Me,Si=CH, (m/z = 72) was first found at around 1210 K. The calculated rate
constant for the CHs loss channel showed a similar trend at higher temperatures. The rate
constant for the CHz loss channel increased significantly around 1280 K and kept
increasing sharply as the temperature further increased. This is also consistent with the first
appearance of the m/z = 15 signal at 1280 K, which indicated that the onset temperature of

the Si-C bond fission was around 1280 K.

12000

—=— The HCI elimination channel
10000 —=— The CH, loss channel

8000
6000

4000

Unimolecular rate constant (s™)

2000

04 @

(1]

= fanl
=3 =

T T T T T T T T T T
200 400 600 800 1000 1200 1400
Temperature (K)

Figure 5.6 The unimolecular rate constant calculations of the HCI elimination channel and the
CHjs loss channel with the TST/VTST method.
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As indicated in Figure 5.5, compared to the HCI elimination and CHz3 loss channels,
the calculated rate constants for the CH4 elimination channel, the ClI loss channel, and the
CH3Cl elimination channel were significantly smaller. For example, the rate constant for
the CHa elimination channel at 1400 K was 0.3 s and that for the CI loss channel at 1400
K was 0.05 s, while the rate constant for the HCI elimination channel at the lower
temperature of 1210 K was 165 s, which is three or more order of magnitude larger. And
this is consistent with the experimental observations that the HCI elimination channel and

the CHs loss channel are more significant than the other initiation reaction pathways.

(d) Secondary reactions.

Evidence for the occurrences of secondary reactions was also observed and was
found to be consistent with the previous experimental and theoretical studies.® 323335 At
1310 K, the m/z = 68 and 70 peaks were first observed. According to Shao et al.'® and Liu
et al.,*? the SiCsHs and SiCsHa species were produced by sequential dehydrogenation
reactions of Me>Si=CH> (reaction (5.10)-(5.12)). Liu et al. investigated the energetics of
the secondary reactions of Me,>Si=CH: in detail at the UB3LYP/6-311++G(d,p) level of
theory.®? According to Liu et al., the overall energy barrier of the multistep isomerization
channel from Me>Si=CH> to :Si(H)CsH7 (reaction (5.10)) is 62.6 kcal/mol relative to
Me2Si=CHz. The H2 elimination of :Si(H)CsH7 producing :Si=CHCH2CHz (reaction
(5.11)) was identified as the most energetically favored pathway for the appearance of the
m/z = 70 peak, with an energy barrier of 65.4 kcal/mol relative to Me,Si=CH..

:Si=CHCH,CHjs could further lose an Hz forming :Si=CHCH=CH, (m/z = 68) with a total
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threshold energy of 57.9 kcal/mol (reaction (5.12)). :Si(H)CsH7 could also directly
dissociate to Si and CsHs (m/z = 44) with an energy barrier of 58.2 kcal/mol (reaction
(5.13)). This is consistent with the mass spectra in Figure 5.2, where the m/z = 44 peak first

appeared at 1310 K.

Me,Si=CH, — :Si(H)C;H; (5.10)
:Si(H)C;H, — :Si=CHCH,CH, + H, (5.11)
:Si=CHCH,CH, — :Si=CHCH=CH, + H, (5.12)
:Si(H)C3H; — Si+C;Hg (5.13)

At 1310 K, the signals of m/z = 58, 56, and 54 were detected, which corresponded
to :SiMe», SiCoH4, and SiCoH> respectively. However, these peak intensities were very
small. As the temperature further increased, the signal of m/z = 58 and 56 turned trivial,
while the signal of m/z = 54 remained nearly constant. The formation of :SiMe, might be
caused by the chlorine loss reaction of SiCIMe., or the methyl loss reaction of SiMes.
According to Figure 5.4 and the discussions above, the secondary reactions of SiClMe;
leading to :SiMe> were more likely to take place, since reaction (5.1) was more
energetically favored than reaction (5.7). After the formation of :SiMe;, dehydrogenation
reactions started to take place which led to the m/z = 56 peak (reaction (5.14)).18 3
According to Liu et al., the threshold energy for reaction (5.14) was 56.4 kcal/mol.
:Si=CHCH3 could further lose one H> and decompose to :Si=C=CH: (reaction (5.15)). Its
threshold energy was calculated to be 44.1 kcal/mol relative to :Si=CHCH3.%2 The possible

secondary reaction product from the secondary decomposition of SiCIMe; (reaction
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(5.16)), :SiCIMe (m/z = 78), was first observed at 1330 K, and the signal of m/z = 63
(Si®Cl) was detected at 1330 K, which suggested further secondary reactions of :SiClMe.
The isotopic signal of m/z = 65 (Si*’Cl) was hardly observed due to its small peak intensity.
SiCl could further lose a Cl atom forming Si, although the signal of Si (m/z = 28) could

evolve from multiple sources.

:SiMe, — :Si=CHCH; + H, (5.14)

:Si=CHCH; — :Si=C=CH, + H, (5.15)
. -CH; . -CH3 _.

SiClMe, — :SiCIMe — SiCl (5.16)

At 1280 K, the signal of m/z = 42 was detected, and when the temperature increased
to 1330 K, the m/z = 40 peak was observed. The peak m/z = 40 and 42 signals remained
constant as the temperature increased. The m/z = 42 peak corresponds to Si=CH> or C3He,
and the m/z = 40 peak represents SiC. The m/z = 42 signal at 1280 K was likely produced
by the methane elimination mechanism from :SiMe (reaction (5.17)) with an energy
barrier of 56.6 kcal/mol according to Liu et al..3? Alternatively, it could be evolved from
the secondary decompositions of :Si=CHCH2CHjs (reaction (5.18)), and this is consistent

with the appearance of m/z = 28 signal (Si) at 1280 K.

. -CHy .
:SiMe, — :Si=CH, (5.17)
SIZCHCH2CH3 —- Si+ C3H6 (518)
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The appearance of the small m/z = 98, 100, and 102 (:SiCl2) peaks at 1330 K might
be associated with some very minor bimolecular reactions at high temperatures between
HCI and the parent molecule CISiMes. The HCI, which was produced in abundancy in
reaction (5.4), reacted with CISiMes and produced Cl,SiMe; (reaction (5.19)). Then,
further decomposition of Cl.SiMe; at high temperatures led to the formation of the SiCl»
species.® In this work, the signal of the SiCl, species was much smaller than that in the
previous study of the Cl2SiMe: pyrolysis,® suggesting that the production of Cl,SiMe; and

SiCl; species were insignificant under the predominantly unimolecular reaction conditions.

Reaction (5.19) might need further attention, although it was found insignificant in
this work. The quantum chemistry calculations were performed at the UCCSD(T)/cc-
pVTZ//UMO05-2X/aug-cc-pVDZ level of theory and are displayed in Figure 5.7. It shows
that reaction (5.19) is exothermic and has an energy barrier of 48.8 kcal/mol, which
indicates that reaction (5.19) was the most kinetically and thermodynamically favored
pathway in this system. This previously ignored reaction pathway might have played an
important role in the study by Davidson et al.,'® since it might be another significant

bimolecular reaction pathway leading to the major product, methane.
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Relative Energy AE , (kcal/mol)

Figure 5.7 Energetics (0 K) of the bimolecular reaction between trimethylchlorosilane and HCI at
the UCCSD(T)/cc-pVTZ//UMO5-2X/aug-cc-pVDZ level.

4.4 Conclusion

The thermolysis of trimethylchlorosilane was studied by flash pyrolysis coupled
with molecular beam sampling and VUV-SPI-TOFMS in this work. The quantum
chemistry calculations regarding the energetics of several initiation reaction products were
performed. The main decomposition mechanism was summarized in Scheme 5.1. The HCI
molecular elimination channel of the parent molecule producing HCI and Me,Si=CH> via
a van der Waals intermediate was identified as the predominant pathway. The onset
temperature for this reaction was determined to be around 1210 K. The CH3 loss channel
was also observed, and its onset temperature was determined to be around 1280 K. Other
possible initiation channels such as the CH4 elimination channel and the CI loss channel

were less significant. The quantum chemistry calculations and the TST/VTST calculations
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of the unimolecular reaction rate constants revealed that the HCI elimination channel was
the most favorable pathway, which was in consistence with the experimental observations.

Several secondary reaction products have been observed and their formation
mechanisms were identified. The secondary reaction of Me,Si=CH. leading to the
formation of the m/z = 70 and m/z = 68 signals were also discussed. The secondary reaction
products of other species such as SiMe,Cl or :SiMe> were also identified. The appearance
of the SiCl; signals at high temperatures was believed to be involved with some minor
bimolecular reactions between the main initial product HCI and the parent molecule

CISiMes.
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Scheme 5.1 The overall decomposition mechanisms of trimethylchlorosilane, which include the
initiation reactions and the secondary reactions. The prominent decomposition pathways are
marked in bold.
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CHAPTER 6 Thermal Decomposition Mechanism of Tetraethylsilane: The

Competition between B-Hydride Elimination and Bond Homolysis

6.1 Introduction

Silicon carbide (SiC) thin film, due to its excellent performance in physical,
chemical, and electronic properties, has been widely applied in the electronic industry.*
Using organosilanes as a single source precursor for the SiC thin film production in
chemical vapor deposition (CVD) has become an improvement initiative.>° Compared to
using separate carbon and silicon precursors, using single source organosilanes precursor,
as the Si-C bond already exists, could avoid high temperatures which are required for the
formation of Si-C bond in gas phase between the carbon and silicon precursors, and
therefore, reduce the mismatches between Si and SiC in lattice constants and thermal
expansion coefficients.® X A number of organosilanes have been regarded as good
candidates for CVD production of SiC;'? among them, tetraethylsilane (SiEts) has been
considered as a popular precursor in various investigations of SiC thin film productions
using the CVD method.*>%°

Amjoud et al. studied the metal-organic CVD of tetraethylsilane at 500 — 1000 °C
in a classical horizontal CVD reactor interfaced with a gas-phase chromatograph.*® It was
found that thermal decomposition of tetraethylsilane started at 845 °C in helium carrier gas
and C>Hs was a major product in the gas-phase reactions. However, a detailed gas-phase
reaction mechanism was not proposed. Pola et al. explored ArF laser photolysis of
tetraethylsilane at 193.3 nm for its suitability for use in CVD of Si/C materials and
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examined the products using FTIR spectroscopy.? It was reported that the only initiation
pathway in the photolytic decomposition of tetraethylsilane is g-hydride elimination of
ethylene (reaction (6.1)), and the produced HSiEts would further undergo stepwise ethylene
elimination reactions until the formation of SiH4 (reaction (6.2)). However, it was also

noted that the presumed key intermediates H2SiEt,, H3SiEt, and SiH4 were not detected.

. hv at 193 nm .
SlEt4 E— HSlEt3 + C2H4 (61)

multistep photolysis at 193 nm

HSiEt, SiH, + 3C,H, (6.2)

The g-hydride elimination mechanism was also found in the pyrolysis of ethylsilane
(HsSiEt), a simple homologue of tetraethylsilane (SiEts). The thermal decomposition
mechanism of ethylsilane (HsSiEt) has been investigated by several researchers.?!?* Ring
et al. and Rickborn et al. studied the thermal decomposition of HzSiEt using a single-pulse
shock tube at temperatures between 1080 K and 1245 K.?! 22 They proposed that the
thermal decomposition of HsSiEt did not undergo the direct S-hydride elimination of
ethylsilane (reaction (6.3)); instead, it was primarily initiated by an H elimination channel
(reaction (6.4)). The produced reactive intermediate, HSIEt, further dissociated via a -
hydride elimination channel to SiH, and C2Hs (reaction (6.5)). Jardine et al. studied the
thermal decomposition of ethylsilane in a static cell,?> 2° and Sela et al. later revisited the
thermal decomposition of ethylsilane using a single-pulse shock tube;?* their results were
mostly in agreement with the initiation reaction of HzSiEt and its subsequent dissociation
reactions proposed by Ring et al. and Rickborn et al.?* 2> The gas-phase pyrolysis study on
other ethylsilanes, diethylsilane, triethylsilane, and tetraethylsilane, has been limited. The
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S-hydride elimination reaction of the surface SiEt group producing ethylene and SiH on
the surface (reaction (6.6)) is a tool to quantitatively explore the adsorption and
decomposition of ethylsilanes (HxSiEtsx) on the surface.!? 262° Nevertheless, the
fundamentals of the S-hydride elimination mechanism of the SiEt group are less studied in
the gas phase. Tetraethylsilane would be an ideal candidate to investigate the g-hydride
elimination reaction of the SiEt group in the gas phase, as it does not possess an active Si-

H bond and the initial reaction mechanism could be less complicated.*?

H;SiEt - SiH, + C,H, (6.3)
H;SiEt » HSiEt + H, (6.4)
HSiEt > SiH, + C,H, (6.5)
Si-C,Hs(ad) - SiH (ad) + C,H, (6.6)

To further explore the gas-phase decomposition mechanism of tetraethylsilane and
its adequacy for CVD, and to better understand the s-hydride elimination mechanism of
the SiEt group in the gas phase, flash pyrolysis of tetraethylsilane (SiEts) was studied using
vacuum ultraviolet photoionization time-of-flight mass spectrometry (VUV-PI-TOF-MS)
in this chapter. Density functional theory (DFT) calculations of the energetics of the
reactants, transition states, and products were carried out to identify the competing reaction
pathways. Furthermore, transition state theory (TST)/variational transition state theory
(VTST) calculations were performed, and the rate constants of various unimolecular
decomposition pathways were compared to illustrate the competitions between the g-

hydride elimination and the bond homolysis reactions.
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6.2 Experimental and computational methods

The thermal decomposition study of tetraethylsilane was conducted using a home-
made flash pyrolysis vacuum ultraviolet photoionization time-of-flight mass spectrometer
(VUV-PI-TOFMS), which has been described previously in this thesis.*** The
tetraethylsilane sample was purchased from Sigma Aldrich (99 %). The precursor was
introduced in the apparatus by bubbling helium carrier gas through the liquid
tetraethylsilane sample; the total backing pressure of the gas mixture was around 950 torr,
while the precursor was diluted to ~ 0.5 % in the gas phase.

DFT calculations on the geometries and energetics of the corresponding transition
states, intermediates, products, and reactants were performed using the Gaussian 16
package.®® All geometries including transition states were optimized using the UB3LYP
method under 6-31+G(d,p) basis sets. This method was chosen as it has been reported that
the B3LYP method provides good results in geometry optimization while maintaining
computational efficiency, and the unrestricted method was employed to ensure the
consistency between the open-shell and closed-shell calculations.®” 8 A scaling factor of
0.964 was applied to all the zero-point energies, as recommended by the Computational
Chemistry Comparison and Benchmark DataBase (CCCBDB). The single-point energy for
each species was calculated at the UMO06-2X/6-311++G(3df, 2pd) level of theory.®® The
MO06-2X method could produce good thermal chemistry calculation results for main group
compounds with a reasonable computational cost.*® Transition states with only one

imaginary frequency were tested using intrinsic reaction coordinate (IRC) calculations at
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the UB3LYP/6-31+G(d,p) level. The geometries of the species involved could be located
in the Supporting Information (SI). All results are presented as relative energies at 0 Kelvin
(AEok).

Unimolecular reaction rate constants of the tetraethylsilane (SiEts) dissociation
channels, and the secondary dissociation channels of the triethylsilyl radical (SiEts) were
calculated using TST and VTST. For the unimolecular dissociation reaction with a
conventional transition state, the rate constant was calculated using TST with Wigner
tunneling correction at various temperatures.**** The frequency analysis of reactants and
transition states were evaluated at the UB3LYP/6-31+G(d,p) level of theory with a
recommended scaling factor,*® while the single point energy calculations were carried out
at the UM06-2X/6-311++G(3df,2pd) level of theory as described earlier. All rate constant

calculations were performed utilizing the KISTHELP package.*: 4647

6.3 Results and discussions

The mass spectra of the tetraethylsilane pyrolysis at temperatures between 300 K
and 1330 K are displayed in Figure 6.1. At 300 K, the signal of m/z = 144 and 145
represented the parent molecule tetraethylsilane (SiEts). The relative abundance for 8Si,
295, and 3°Si is 92.2 %, 4.7 %, and 3.1 %, respectively.*® The relative abundance of 2C
and 3C is 98.9 % and 1.01 %. The ratio of peak area of m/z = 145 to m/z = 144 was
determined to be 0.19 in Figure 6.1, close to the theoretical value of 0.14. Other peaks at
300 K, such as m/z = 115 and 116 (SiEts), m/z = 87 (HSiEt2), and m/z = 141 were caused

by dissociative photoionization of the parent molecule.
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Figure 6.1 Mass spectra of the tetraethylsilane pyrolysis at 300 K to 1330 K. The mass spectra are
offset horizontally and vertically for clarity.
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(a) The initiation step of the tetraethylsilane pyrolysis

Similar to the thermal decomposition of the related organosilane molecule
tetramethylsilane (SiMea),®* %9 the Si-C bond fission (reaction (6.7)) was considered the
initiation step in the tetraethylsilane pyrolysis. As shown in Figure 6.1 and Figure 6.2, the
signal of m/z = 115, which corresponds to SiEts, was observed at 300 K as a dissociative
photoionization peak of the parent molecule. As the temperature increased, its peak
intensity increased and then started to decrease above 1050 K. Both dissociative

photoionization and thermal decomposition of the parent molecule can contribute to the
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Figure 6.2 Enlarged mass spectra of the tetraethylsilane pyrolysis from 890 K to 1330 K. The
mass spectra are offset vertically for clarity.
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peak area of the fragment peak. At low temperatures, the fragment peak was only due to
the dissociative photoionization; as the temperature increased beyond the decomposition
onset temperature, the thermal decomposition started to contribute to the fragment peak.
Consequently, as shown by Li et al. and Shao et al,3* *° plotting the ratio of the fragment
peak area to the parent peak area is a useful method to determine the temperature at which
the thermal decomposition reaction starts. However, the peak area ratio of m/z 115 vs. m/z
144 was 0.86 at 300 K, which was large due to the prominent contribution to m/z 115 from
dissociative photoionization of the parent molecule and hindered the determination of the
additional contribution from thermal decomposition at elevated temperatures.® Instead, the
peak area ratio of m/z 87 vs. m/z 144 is plotted in Figure 6.3 to determine the onset
temperature for reaction (6.7). SiEtz was the product of the primary reaction (6.7), and, as
will be discussed later, it could promptly decompose into HSiEt, (m/z = 87) and C2Ha via
a two-step mechanism (reaction (6.8)). The production of HSiEt, (m/z = 87), as the
immediate secondary decomposition product of SiEts, could suggest the upper limit of the
onset temperature of reaction (6.7). According to Figure 6.3, the peak area ratio of m/z 87
vs. m/z 144 increased initially around 890 K and then significantly around 1050 K, and the
ratio dropped when it reached its maximum at 1240 K. The co-product of SiEtz in reaction
(6.7), CoHs (m/z = 29), was first detected at 1050 K. Its peak intensity increased with
increasing temperature until 1300 K, and then it started to decrease. These could serve as
direct evidence that reaction (6.7) was initiated around 1050 K. From the discussions
above, it is considered that the onset temperature for the Si-C bond homolysis reaction

(reaction (6.7)) was around 1050 K.
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SlEt4 - SlEt3 + C2H5 (67)

The p-hydride elimination mechanism of tetraethylsilane (reaction (6.9)) was not
experimentally observed in the initiation step. The possible products of reaction (6.9) are
triethylsilane (HSiEts) and ethylene (C2H4). In Figure 6.1 and 6.2, the signal of HSiEts (m/z
= 116) overlapped with one of the isotopic signals of SiEts. The peak area ratio of m/z 116
vs. m/z 115 is plotted in Figure 6.3 in order to identify the production of HSiEts. However,
the curve remained flat as the temperature increased, reflecting the peak area ratio of the

m/z 116 and m/z 115 isotope peaks in SiEts and indicating little or no production of HSIEt3
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Figure 6.3 The plot of the m/z = 87 peak area over m/z = 144 peak area, and the m/z = 116
peak area over m/z = 115 peak area in the temperature range from 300 K to 1330 K.
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from thermal decomposition at all the temperatures. The signal of C2Ha, the possible co-
product of HSiEts in reaction (6.9), was first observed at 1140 K as shown in Figure 6.2;
however, it could be produced from the fast H-loss reaction of C2Hs (produced in reaction
(6.7)) or reaction (6.8) instead.>® %!

85.2 84.1

Relative energy (kcal/mol)

(144)
Figure 6.4 Energetics (0 K) of the possible initiation channels for the pyrolysis of
tetraethylsilane at the UM06-2X/6-311++G(3df, 2pd)//UB3LYP/6-31+G(d,p) level.

The p-hydride elimination mechanism of tetraethylsilane was also not supported by
the theoretical calculations. The quantum chemistry calculations regarding the energetics
of the possible initiation channels are displayed in Figure 6.4. The calculated energy

threshold for the Si-C bond homolysis reaction (6.7) was 84.1 kcal/mol, while the
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calculated energy barrier for the S-hydride elimination channel via TS1 was 85.2 kcal/mol.
The Si-C bond homolysis reaction is energetically slightly favored than the g-hydride
elimination channel, and furthermore it has a loose transition state than the tight transition
state of the molecular elimination pathway. Kinetic analysis was performed by the VTST
calculation for the bond homolysis channel and the TST calculation for the molecular
elimination via TS1. The unimolecular reaction rate constant calculations for the initiation
channels are summarized in Figure 6.5. It shows that the rate constant for the Si-C bond
fission channel is much larger than that for the -hydride elimination channel. For example,
at the onset temperature of reaction (6.7), 1050 K, the calculated unimolecular rate constant

of reaction (6.7) is 0.13 s%, while that of reaction (6.9) is 9.2x10° s**. This rate constant

—=— The Si-C bond fission channel
0+ —&— The fS-hydride elimination channel
-10 4
o 207
X~
3
o))
9 _30_
-40 4
-50
L L L L L
0.5 1.0 1.5 2.0 2.5 3.0

1000/T(K)

Figure 6.5 Unimolecular rate constant calculations of the initiation reactions with the TST/VTST
method. The results are displayed in the form of logiok vs 1000/T.
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comparison demonstrates that the Si-C bond fission reaction is much more competitive

than the g-hydride elimination reaction in the initiation step.

(b) Secondary reactions of the triethylsilyl radical

The secondary reaction of the trimethylsilyl radical, which was the predominant
product in the initiation step, was mostly advanced by the p-hydride elimination
mechanism. As mentioned earlier, the appearance of the m/z = 87 peak (HSiEt,) was used
as the evidence to identify the production of the triethylsilyl radical. In Figure 6.1 and 6.2,
the signal of the m/z = 87 peak started to increase significantly at around 1050 K. The
signal of the counterpart of HSIEt> in reaction (6.8), CoHs (m/z = 28), was first found at
1140 K, and its intensity kept increasing with the temperature. CoHs (m/z = 28) was not
observed simultaneously at 1050 K, possibly because its ionization potential (10.51 eV®?)
is slightly higher than the VUV photon energy (10.49 eV) which made the detection of the
C2H4 signal difficult.®? Figure 6.3 also shows the trend of the peak ratio of m/z 87 vs. m/z
144 as a function of temperature, indicating that thermal decomposition contribution to the
m/z = 87 peak became significant at around 1050 K. On the other hand, the Si-C bond
homolysis of the triethylsilyl radical (reaction (6.10)) was found to be insignificant. As
shown in Figure 6.1 and 6.2, the signal of :SiEt> (m/z = 86) first appeared at 1200 K with
a very small intensity, and as the temperature further increased, the m/z =86 signal
disappeared. In the mass spectra (Figure 6.1 and 6.2), m/z = 100 and 114 peaks were not
observed at all the elevated temperature, indicating the absence of g-sicssion pathways of
SiEts, Et2Si=CH2 (m/z = 100) + CHs and Et;Si=CHCH3 (m/z =114) + H. This was

consistent with the fact that the formation of the Si=C bond (in both Et,Si=CH> and
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Et,Si=CHCHpy) is energetically less favorable than the formation of the C=C bond (in C2Ha

in the main pathway, reaction (6.8)).

SlEt3 - SlEt2 + C2H5 (10)

To illuminate the p-hydride elimination mechanism of the triethylsilyl radical, and
compare the energetics of several competing reaction channels, quantum chemistry
calculations regarding dissociations of SiEtz were carried out, and the results are displayed
in Figure 6.6. The theoretical calculations indicated that the -hydride elimination reaction
of SiEts proceeds via a two-step pathway. SiEts first isomerizes to an intermediate
(HSIEt2C2H4) via TS2 with an energy barrier of 37.5 kcal/mol. Then it readily decomposes
into HSIEt> and CoH4 via TS3, with an energy barrier of 24.9 kcal/mol with respect to
HSIEt,C2H4 (reaction (6.8)). The overall energy barrier for the p-hydride elimination of

SiEts is 37.5 kcal/mol. The energy threshold for its competing reaction channel, the Si-C
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Figure 6.6 Energetics (0 K) of the dissociation channels of SiEt; at the UM06-2X/6-311++G(3df,
2pd)//UB3LYP/6-31+G(d,p) level.

bond cleavage producing :SiEt. and C2Hs, is calculated to be 60.8 kcal/mol. It shows that
the p-hydride elimination reaction of SiEts is energetically favored. The TST and VTST
methods were applied to calculate the unimolecular rate constants of these two competing
reaction pathways at different temperatures. As shown in Figure 6.7, the unimolecular rate
constant for the S-hydride elimination channel (energetically favored via a tight TS) is
larger than that of the C2Hs loss channel (energetically less favored via a loose TS). For
example, at 1050 K, the rate constant for the -hydride elimination channel is 1.8x10° s,
more than 1 order of magnitude higher than that of the C2Hs loss channel (7.6x10° s%). As
the temperature further increased, the difference between the two rate constants became

smaller. When the temperature reached 1330 K, the calculated rate constant for the g-
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Figure 6.7 Unimolecular rate constant calculations of the triethylsilyl radical (SiEts) using the

TST/VTST method. The results are displayed in the form of logiok vs 1000/T.
hydride elimination channel of SiEts (9.1x10° s%) is larger than that of the C,Hs loss
channel (2.0x10° s) by a factor of 4.5. It is then concluded that, around the onset
temperature, thermal dissociation of SiEts proceeded predominantly via the S-hydride
elimination channel, and at higher temperatures, the C>Hs loss channel became significant.
This could explain the first appearance of the m/z = 86 signal at 1200 K, since its bond
homolysis rate constant (2.1x10° s) is only an order of magnitude smaller than that of the

p-hydride elimination channel (1.8x10° s).
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(c) Other important secondary reactions in the tetraethylsilane pyrolysis system.
Evidence for the appearance of other secondary reactions was also identified. As
shown in Figure 6.2, the signal of m/z = 59 (H2SiEt) was first observed at 1050 K, and its
intensity started to increase until the temperature reached 1200 K, and then gradually
disappeared as the temperature further increased. Based on the earlier discussion, because
the production of HSIEt> (m/z = 87) became significant at 1050 K and the appearance of

the m/z = 59 peak was prior to the signals of other fragment peaks, it is postulated that
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Figure 6.8 Energetics (0 K) of the possible decomposition channel of HSiEt, at the UM06-2X/6-
311++G(3df, 2pd)//UB3LYP/6-31+G(d,p) level.

H>SiEt was produced from secondary dissociation of HSiEt,. Theoretical calculation
regarding the energetics of the dissociation channels of HSIEt> is shown in Figure 6.8. As

suggested by the DFT calculations, the dissociation of HSiEt, leading to the production of
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H2SiEt (reaction (6.11)) was similar to the production of HSiEt, from SiEtz (reaction (6.8))
via the p-hydride elimination mechanism. HSIEt> first isomerized to H2SIEtCoH4 with an
energy barrier (TS5) of 38.2 kcal/mol, followed by further decomposition to H>SiEt and

C2Ha via TS6 with an energy barrier of 23.4 kcal/mol (with respect to H2SIEtC2Ha).

Figure 6.8 also indicated a direct decomposition pathway of HSiEt, that produces
EtHSi=CH> and CHzs (reaction (6.12)) via TS4, with an energy barrier of 54.3 kcal/mol.
This possible reaction pathway was supported by the experimental observations. At 1140
K, the signal of m/z = 72, and m/z = 68 (SiC3H4) was first observed. When the temperature
further increased, the signal of the m/z = 72 peak remained nearly constant, while the signal
intensity of the m/z = 68 peak kept increasing. Earlier studies have established that the
detection of the m/z = 68 signals signifies the formation of dimethylsilene (Me2Si=CH>)
(m/z = 72) and its isomers such as EtHSi=CH3, as dimethylsilene (Me2Si=CHz) can readily
undergo thermal decomposition to the neutral m/z = 68 species under the comparable
reaction conditions.33 349354 |t is noted that the dimerization of Me,Si=CH, which could
lead to the production of 1,1,3,3-tetramethyl-1,3-disilacyclobutane (m/z = 144) as reported
by Tong et al.,>® could not be confirmed in this study due to the overlap of the resulting
signal with that of the parent molecule SiEts; this dimerization process was unlikely under
the current experimental conditions (very short residence time and low concentrations).
Furthermore, as the co-product of EtHSi=CHy>, the signal of the methyl radical (m/z = 15)

was also first observed at 1140 K. Therefore, it is argued that the secondary reaction of
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HSiEt led to the production of EtHSi=CH> and CHz from around 1140 K and on. The
signal of m/z = 73 (SiCsHoy) also first appeared at 1140 K, and the origin of this peak was
unclear. As previous studies inferred that the ionization cross section of the m/z = 73
species is large,® °* ¢ its barely detectable peak intensity suggested that the m/z = 73
species was negligible in the system. Also, quantum chemistry calculation did not
demonstrate any possible unimolecular dissociation channel that could explain the

appearance of the m/z = 73 signal.

HSiEt, - EtHSi=CH, + CH; (6.12)

Theoretical calculations may provide a plausible explanation for the H,SiCHs (m/z
= 45) production in the secondary reactions of HSiEt>. According to Figure 6.2, the m/z =
45 signal was first detected at 1140 K, and as the temperature further increased, its peak
intensity kept increasing until 1300 K, and then started to decrease. The DFT calculations
indicated that the formation of the m/z = 45 species involved a series of isomerization of
HSIEty, followed by a Si-C homolysis. As shown in Figure 6.8, HSIEt> first isomerizes to
H2Si(C3Hs)CHs via two transition states, TS7 and TS8, and their energy barriers were
determined to be 70.9 kcal/mol and 22.2 kcal/mol. Finally, H2Si(CsHe)CHs overcomes an
energy barrier of 23.1 kcal/mol via TS9, leading to the formation of H2SiCHs (m/z = 45)
and CsHe (m/z = 42). The signal for the counterpart of H>SiCHz in this reaction (CsHe m/z
= 42), however, was not observed simultaneously at 1140 K. The ionization potential of
CsHs is 9.73 eV,%" which is lower than the VUV photon energy used in this work.

Therefore, the missing of the m/z = 42 signal indicated the absence of the C3Hs species at
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1140 K, and thus, it could not support the proposed mechanism. The relatively high energy
barrier for TS7 (78.0 kcal/mol relative to HSIiEt>) also suggests that there might be an
alternative route for the formation of the m/z = 45 signal, which has not been identified
yet.

Besides, as shown in Figure 6.8, the H-loss of HSiEt, may contribute to the
formation of the m/z = 86 (:SiEty) signal, with an energy threshold of 66.8 kcal/mol. As
discussed above, :SiEt, could be produced from reaction (6.10) directly at around 1200 K.
Alternatively the H-loss channel of HSiEt> may offer another possible reaction route for

the formation of the m/z = 86 species.

The possible secondary reactions of :SiEt, (m/z = 86) were also discovered in this
work. :SiEt> may undergo a series of isomerization reactions and lead to the production of
the m/z = 84 species. As discussed earlier, :SiEt, could be one of the products of the
secondary reactions of SiEts, and the reaction rate constant calculations suggests that this
reaction pathway became significant at high temperatures. After the first appearance of the
m/z = 86 peak at 1200 K, the signal of the m/z = 84 peak was first observed at 1240 K. As
the temperature further increased, the signal of the m/z = 84 peak remained nearly

unchanged until 1330 K. Theoretical calculations regarding a possible two-step mechanism
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Figure 6.9 Energetics (0 K) of the possible decomposition channel of :SiEt, at the UMO06-2X/6-

311++G(3df, 2pd)//UB3LYP/6-31+G(d,p) level.
of its formation were carried out, and the energy diagram is shown in Figure 6.9. According
to Figure 6.9, it was suggested that :SiEt, first went through an isomerization pathway
(TS10) leading to the production of EtHSi=CHCH3 with an energy barrier of 30.1 kcal/mol,
followed by another isomerization reaction via TS14 forming :Si(H)CH(Et)CH3 with a
threshold energy of 43.2 kcal/mol. Finally, :Si(H)CH(Et)CHs went through a H>
elimination mechanism (TS15) to produce :Si=C(Et)CH3z (m/z = 84), with a calculated

energy barrier of 39.7 kcal/mol with respect to :Si(H)CH(Et)CH3 (reaction (6.13)).

Theoretical calculations also revealed other possible dissociation channels

of :SiEt,. As shown in Figure 6.9, :SiEt, could undergo a two-step isomerization reaction
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through an intermediate CH,=Si(Et)CH3s to :Si(CHs)CsH7 via TS11 and TS12, and the
overall energy barrier was determined to be 39.0 kcal/mol. Then it could further lose one
CHjs to form :Si=CHC3Hs (m/z = 70) over an energy barrier of 55.0 kcal/mol (reaction
(6.14)). This mechanism is consistent with the experimental observations, since at 1240 K
the signal of m/z = 70 was found, although, as discussed earlier, the appearance of the m/z
= 70 peak could be evolved from the secondary reactions of the m/z = 72 species. As the
overall energy barrier of reaction (6.14) with respect to :SiEt> (50.2 kcal/mol) is close to
that for reaction (6.13) (48.6 kcal/mol), the contribution for m/z = 70 signal from the

secondary reactions of :SiEt, may not be neglected.

:SiEt, = BtHSi=CHCH; = Si(H)CH(Et)CH; — Si=C(Et)CH; + H, (6.13)

:SiBt, = CH,=Si(Et)CH; = Si(CH;)C3H; — Si=CHC,Hs + CH, (6.14)

Several possible dissociation channels for H.SiEt were found in this chapter. The
signal of SiHs (m/z = 31) was first found at 1140 K, and its peak intensity remained nearly
constant until the temperature reached 1330 K. This was believed to be a secondary
reaction product of H>SiEt. The DFT calculations for the possible dissociation channels are
summarized in Figure 6.10. The reaction pathway that leads to the production of the m/z =

31 peak was the most energetically favored. In this pathway, H.SiEt first isomerizes to
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Figure 6.10 Energetics (0 K) of the possible decomposition channel of H,SiEt at the UM06-2X/6-
311++G(3df, 2pd)//UB3LYP/6-31+G(d,p) level.

H3SiCoH4 via TS16 with an energy barrier of 38.7 kcal/mol. Then H3SiCoH4 decomposes

to SiHs and C2H4 via TS17 with an energy barrier of 22.1 kcal/mol (relative to HzSiC2Ha).

Theoretical calculations also indicates that H>SiEt could further decompose into
H>Si=CH. and CHs via TS18, with an energy barrier of 54.5 kcal/mol. The experimental
observations are consistent with this proposed mechanism as the signal of the m/z = 44
species was first detected at 1200 K. Its later appearance than the m/z = 31 is also consistent
with the theoretical calculations that the energy barrier for TS18 is higher than that for

TS16.

HSiEt could further lose a hydrogen atom forming H2Si=CHCH3 (m/z = 58). As
shown in Figure 6.2, the m/z = 58 signal first showed up at 1240 K and remained nearly

constant when the temperature further increased. One explanation for this peak is the H-
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loss reaction of H>SiEt. Figure 6.10 displays that the energy threshold for this reaction is
63.9 kcal/mol, which is higher than the other two reaction pathways of HSiEt.
Experimental observations agreed with these calculation results, since the temperature for

the first appearance of m/z = 58 is higher than those of the other two reaction pathways.

When the pyrolysis temperature further increased, more fragment signals appeared,
and the fragment signal from m/z = 54 — 57 were possibly yielded from the secondary
reactions of the m/z = 58 species (H.Si=CHCHp3). For example, as shown in Figure 6.2, the
signal of the m/z = 57 and 56 species first showed up at 1240 K, and these two peaks were

possibly the dissociation reaction products of the m/z = 58 species discussed earlier. Their

80
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Figure 6.11 Energetics (0 K) of the possible decomposition channel of the m/z = 58 species at the
UMO06-2X/6-311++G(3df, 2pd)//UB3LYP/6-31+G(d,p) level.
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possible dissociation reaction energetics were calculated theoretically and are displayed in
Figure 6.11. Figure 6.11 suggests that there may be an isomerization reaction channel
between H,Si=CHCHz3 and :SiHEt via TS19 with an energy barrier of 31.8 kcal/mol. The
m/z = 56 species (:Si=CHCH?3) was possibly caused by H> elimination reaction of :SiHEt,
via TS20 with an energy barrier of 41.7 kcal/mol. As the temperature increased to 1300 K,
the m/z = 54 signal first appeared; it might correspond to :Si=C=CH3, possibly produced
from further Hz elimination reactions of :Si=CHCHzs. The m/z = 57 species were probably
produced from the H-loss reaction of H.Si=CHCHz3, with an energy threshold of 67.0

kcal/mol.

The m/z = 43 and 42 signal were also captured in this chapter. When the
temperature reached 1200 K, the m/z = 43 and 42 signal first appeared. Unlike the m/z =
44 signal, the intensity for the m/z = 43 and 42 signal kept increasing when the temperature
further increased. It was possibly caused by further dissociations of the m/z = 44 species.
Previous studies have discussed the secondary reactions of the m/z = 44 species in detail;
the m/z = 44 species could lose H or Hz, and lead to the production of the SiCHz (m/z =
43) or SiCH: (m/z = 42) species.>* Also, the m/z = 44 — 42 signals could correspond to
signals of hydrocarbons (C3Hgs — C3Hg) from multiple secondary reactions, and it could be

further identified by structural studies in the future.
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6.4 Conclusion

The thermal decomposition of tetraethylsilane was investigated experimentally by
using flash pyrolysis vacuum ultraviolet mass spectrometry. DFT calculations regarding
the energetics of the initiation reactions and important secondary reactions were performed.
In the initiation step of the tetraethylsilane pyrolysis, the Si-C bond homolysis was found
to be the predominant reaction pathway, with SiEts as the primary dissociation product,
instead of the direct S-hydride elimination pathway. The unimolecular rate constant
calculations with the TST and VTST methods revealed that the rate constant of the Si-C
bond fission channel was 5 orders of magnitude higher than the S-hydride elimination
pathway. In the secondary dissociation pathways of SiEts, however, the g-hydride
elimination pathway producing HSiEt> was predominant at lower temperatures than the Si-
C bond fission (producing :SiEt); while at higher temperatures, the Si-C bond homolysis

became more significant.

Several secondary reactions were identified in the tetraethylsilane pyrolysis. The
further dissociation reaction of HSiEt> was believed to be associated with the appearance
of the m/z = 59 species (H2SiEt); also, possible dissociation channels of HSiEt. leading to
the productions of the m/z = 72 species and the m/z = 45 species were proposed. The
secondary reactions of :SiEt, that led to the formation of the m/z = 84 species and m/z =
70 species were described. Other possible secondary reaction channels that were involved
in this chapter, such as the production of the m/z = 54 — 57 species and m/z = 44 — 42

species, were also discussed. The main thermal decomposition mechanism of
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tetraethylsilane, including the initiation reaction channels and several important secondary

reaction pathways, is summarized in Scheme 6.1.
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Scheme 6.1 Main thermal decomposition mechanism of the pyrolysis of tetraethylsilane.
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CHAPTER 7 Thermal decomposition of cyclohexane by flash pyrolysis: A study on

the initial unimolecular decomposition mechanism

7.1 Introduction

Cycloalkanes and their thermal decompositions are ubiquitous in hydrocarbon fuel
usage and biomass conversion. Cyclohexane, for its relatively simple structure, has been
considered as a prototypical cycloalkane system. The pyrolysis of cyclohexane has been
extensively studied experimentally and theoretically. In a single-pulse shock-tube study,
Tsang stated that the main initial steps involve isomerization of cyclohexane (c-CeHi2) to
1-hexene (1-CeHi2) through a diradical intermediate (*CH2(CH2)sH2Ce), followed by
decomposition of 1-hexene to *C3H7 and *CsHs (reaction (7.1)-( 7.2)). They argued that
CsHs could also be produced from retro-ene dissociation of 1-hexene (reaction (7.3)).°

Brown et al. reported similar results by applying the very low-pressure pyrolysis (VLPP)

technique.’

¢-C¢Hy, — *CH,(CH,),H,C* — 1-C¢H), (7.1)
1-C4H,, — *C3H; + +C5Hs (7.2)
1-C4H,, — 2 C3Hq (7.3)

Avrikibe et al. developed a numerical kinetic simulation and proposed a detailed
mechanism of cyclohexane pyrolysis as shown in Scheme 7.1.% ° In this model, the reaction
is initiated by the fission of C-C single bond forming a diradical intermediate, and then it

dissociates to different products, such as C4Hs + C2Ha, CsHs + C3Hg (reaction (7.4) - (7.5))
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and isomerizes to 1-CeHi> (reaction (7.1)). Bakali et al. examined the oxidation of
cyclohexane in a jet-stirred reactor (JSR) at various temperatures and pressures.'® They
added that decomposition of cyclohexane to cyclobutane is an important initiation pathway
(reaction (7.6)). However, the signal of cyclobutane was not detected in that work, as
cyclobutane may quickly dissociate to ethylene. The yield of cyclohexyl radical (c-*CsH11)
from c-CesH12 (reaction (7.7)) was also added to improve the prediction of the 1-hexene
concentration profile. Unlike the mechanism proposed by Arikibe et al. (reaction (7.4)),
the recombination reaction of «CHz and *CsHs (reaction (7.8)) was postulated as a pathway
for the 1-butene production.

C-C6H]2 > 'CHz(CH2)4H2C' g 'CHz(CH2)2H2C' + C2H4 - 1-C4H8 + C2H4 (74)

C-C6H12 Ad 'CHz(CH2)4H2C’ -2 CHZZCHCH3 (75)
c-C¢H|, — ¢-C4Hg + C,Hy (76)
C-C6H12 - C-‘C6H11 + He (77)
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*CH; + *C3;Hs — 1-C4Hyg (7.8)
Later, Steil et al. conducted the pyrolysis of cyclohexane using the shock tube
technique and argued that there was a 1:1 branching ratio between reaction (7.7) and
reaction (7.1), and the importance of reaction (7.7) was previously underestimated.** It was
also stated that the cyclohexyl radical further loses one H atom to form cyclohexene
(reaction (7.9)), and several subsequent reactions would occur after that. Granata et al.
considered that cyclohexene could be produced directly from cyclohexane by H:
elimination (reaction (7.10)) in their kinetic modeling of cyclohexane.?
c-*C¢H;; = c¢-C4H,y + He (7.9)
c-C¢Hj» = c-C4H;, + H, (7.10)
Kiefer et al. performed the thermal decomposition of cyclohexane and 1-hexene by
applying the shock tube technique as well as numerical modeling.'® It was considered that
1-hexene was the main initial product in the cyclohexane pyrolysis, and 1-hexene was
consumed predominantly via C3-C4 bond fission (reaction (7.2)). The production of «C>Hs
+ «C4Hy7 (reaction (7.11)) and *CHs + *CsHg (reaction (7.12)) were considered to make a
marginal contribution to the overall mechanism. The retro-ene reaction (7.3) was found to
be insignificant under their reaction conditions. Liu et al. performed the flash pyrolysis of
1-hexene coupled with vacuum ultraviolet single-photon ionization mass spectrometry
(VUV-SPI-MS) and studied its unimolecular decomposition mechanism.** They argued
that the 1,5-diradical and 1,6-diradical retro-ene reactions leading to the formation of 1,5-
hexyl diradical and 1,6-hexyl diradical are important initiation pathways (reaction (7.13a)

and (7.13b)) in the 1-hexene thermal decomposition. Recently, some other works which
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mainly focused on improving the rate coefficients to better quantify the mechanistic models

have also been reported.®: 118

1-C4H,, — *C,Hs + +C,H; (7.11)
1-C4H,, — *CH; + +CsHo (7.12)
1-C4H,, — 1,5-C¢H o0 (7.13a)
1-C4H,, — 1,6-C¢H o0 (7.13b)

The formation mechanism of the Ce¢Hs compounds during the cyclohexane
decomposition also drew some attention. Several mechanisms were proposed for the CesHe
production. One was a stepwise dehydrogenation mechanism from the parent precursor,®
19-22 and the other was bimolecular recombination reactions of smaller species such as C2Hz
+ C4H4 or C3H3 + C3H3.15’ 18, 23-25

In addition to the experimental investigations mentioned above, quantum chemistry
studies have also been performed, and the role of the 1,6-hexyl diradical in the cyclohexane
pyrolysis was an emphasis. Sirjean et al. reported a theoretical investigation based on CBS-
QB3 calculations on the cycloalkane unimolecular dissociations.?® The Gibbs free energies
of each species of interest including the diradical intermediates were calculated. The C-C
bond breaking of cyclohexane producing the 1,6-hexyl diradical was considered as the
initiation step, and the barrier for the 1,6-hexyl diradical to further dissociate into 1,4-butyl
diradical and ethylene was calculated to be 107 kJ/mol. Kiefer et al. examined the thermal
decomposition pathways of cyclohexane and 1-hexene at the CASPT2/cc-pVDZ level.:
They argued that the 1,6-hexyl diradical could be formed from the ring-opening reaction

of cyclohexane, and rapidly isomerizes to 1-hexene as other reactions of 1,6-hexyl diradical
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are not competitive. Gong et al. explored the decomposition mechanism of cyclohexane at
the CCSD(T)/cc-pVDZ//UBH&HLYP/cc-pVDZ level of theory. The reaction pathways of
the *CgHy2e diradical (both singlet and triplet) yielding the C4Hs species as well as other
products were studied.?” Huang et al. performed a density functional theory (DFT)
investigation on the decomposition of cyclohexane in the hydrogen plasma at the
B3LYP/6-31G(d,p) level of theory.?® In that work, the 1,6-hexyl diradical was considered
to be a less important reaction intermediate, while the cyclohexane pyrolysis was mainly
initiated by C-H bond breaking with the involvement of an active hydrogen atom.
Although many studies on the cyclohexane pyrolysis have been reported, there are
still some different opinions on the initial steps. For example, there are questions on the
role of the 1,6-hexyl diradical in the cyclohexane decomposition, and if or not it has direct
dissociation pathways in the unimolecular reaction regime. In previous works, either the
reaction time or the product detection time was long, and therefore the bimolecular
reactions could not be avoided; the unimolecular reactivity of the 1,6-hexyl diradical was
rather unclear. Other reaction mechanisms such as the formation of the cyclohexyl radical
and benzene could also be re-examined under the unimolecular reaction conditions. These
motivate further studies to focus on the initial steps of the unimolecular dissociation of
cyclohexane. Here, we provide a different approach, using flash pyrolysis of diluted
cyclohexane in inert carrier gas (~ 1%) in a short reaction time (< 100 ps), which can
mainly focus on the initiation pathways of the unimolecular thermal decomposition of
cyclohexane. In this chapter, evidence for the 1,6-hexyl diradical and its direct dissociation

was exhibited. The *CeH11 radical was not detected in this chapter. Therefore, the initial
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reactions of cyclohexane were primarily explained by the ring-opening and diradical
mechanism. The formation mechanism of the CeHs Species was also examined in this

chapter.

135



7.2 Experimental and computational methods

The flash pyrolysis of cyclohexane was carried out by employing a vacuum
ultraviolet photoionization time-of-flight mass spectrometer (VUV-PI-TOFMS) coupled
with a SiC tubular microreactor, which has been described previously.?*%? The
cyclohexane precursor (99.9%, Fisher Scientific) was diluted to around 1% in the N2 or
helium carrier gas. The gas mixture passed through a pulse valve operated at 10 Hz and
expanded into the SiC microreactor. The dimensions of the SiC microreactor were depicted
in Scheme 7.2.

Quantum chemistry calculations were also performed on the energies of the
reactants, products, and transition states involved in the cyclohexane pyrolysis.
Cyclohexane is known for its 3 common conformers: chair, boat, and twist boat. Only the
chair conformer, the lowest energy conformer, was chosen because the three have similar

energies and relatively small isomerization barriers.?® For the same reason, only the lowest

Ceramic insulator Electrodes
Resistive heating
(AC current)
Gas inlet l o.d. 2 mm SiC tube \L
Pulse valve —
E T .- ! i
1 ! i
1 ! |
1 1 1
i Thermocouple : 1.5 cm i i
i 1€ > |
! 1
| |

A
v

Scheme 7.2 Schematic diagram of the SiC microreactor.
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energy conformer for each diradical was considered. The geometries of species of interest
were optimized using the UB3LYP method with the cc-pVDZ basis sets. It could yield
reliable geometries compared to those with more advanced computational approaches.?®: 3
All transition states were verified using intrinsic reaction coordinate (IRC) calculations at
the UB3LYP/cc-pVDZ level. The single-point energy was calculated using the UCCSD(T)
method (with full treatment of single and double excitations and an estimate to the non-
iteratively calculated triple excitation contributions) and cc-pVDZ basis sets. The zero-
point energy (ZPE) corrections were made based on the frequency calculations at the
UB3LYP/cc-pVDZ level. In addition, the energies of singlet diradicals in this chapter were
calculated using Esinglet = 2Ecuess=Mix - Etriplet,>" % in which the energy of the diradical with
the “Guess=Mix” option was assumed to be the average of the single point energies of its
singlet configuration and triplet configuration. This method was first proposed by Ziegler
et al in order to deal with the unsatisfactory spin contaminations caused by significant
mixing between the singlet and triplet states of diradicals.?”3* 3 All vibrational frequencies
were scaled by 0.97 in this chapter as recommended by Sinha et al..*® The single-reference
calculation approach in this chapter was similar to the method employed in Gong et al.?’

All the computational works in this chapter were employed using Gaussian 09 package.®’

7.3 Results and discussions
(a) Initiation reactions

The mass spectra of thermal decomposition of cyclohexane from 295 K to 1310 K
are presented in Figure 7.1 and 7.2. At 295 K, m/z = 84 and 85 correspond to the signal of
the cyclohexane parent molecule. The natural isotope abundance of *2C : *C is 98.9: 1.1
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and H : D =99.98 : 0.02.%8 The peak area ratio of m/z = 85 to 84 was measured to be 0.083,
close to the expected value of 0.074. The ionization energy (IE) of cyclohexane is 9.82
eV,*° which is lower than the VUV photon energy (10.49 eV). The minor signal of m/z =
56 (CsHg) and m/z = 55 (CsH7) at 295 K, prior to any contributions from thermal
decomposition, were caused by a small amount of multiphoton or electron impact
ionization fragmentation of the parent molecule, as the appearance energy of C4Hs" and
C4H7" in the photoionization of cyclohexane are larger than 10.49 eV.*° The small amount
of electron impact ionization could be resulted from photoelectrons produced by scattered
VUV radiation within the photoionization region.*®¢ At 295 K, m/z = 28 corresponded to
the signal of [N2]*, as N2 was the inert carrier gas utilized in this cyclohexane pyrolysis.
Although the IE of N is 15.6 eV*! which is higher than 10.49 eV, the minor signal was
due to a small amount of electron impact or multiphoton ionization of the N2 molecules.*?
As will be discussed later, when the temperature increased, the increase of the m/z = 28
peak could also correspond to the signal of neutral CoH4 molecules produced by thermal
dissociations. Note that N2> (m/z = 28.01) and C2H4 (m/z = 28.05) mass peaks could not be

resolved by the mass spectrometer in this chapter.
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Figure 7.1 Mass spectra for the cyclohexane pyrolysis at 295 K to 1310 K. Four mass spectra at
temperatures between 540 K and 940 K were identical to that at 1000 K and were omitted. The
mass spectra are offset horizontally for clarity.
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Figure 7.2 Enlarged sections of mass spectra for the cyclohexane pyrolysis at 295 K to 1310 K.
Four mass spectra at temperatures between 540 K and 940 K were identical to that at 1000 K and
were omitted. The relative intensity scale is the same for all the mass spectra, but the vertical
space is adjusted to better show peaks of fragments at elevated temperatures.
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Experimental evidence for the direct dissociation of the 1,6-hexyl diradical was
identified. As shown in Figure 7.1 and 7.2, the m/z = 56 peak was detected as a minor
ionization fragmentation peak of the parent molecule at 295 K, and it started to increase in
intensity at around 1070 K. The signal kept growing until at ~ 1190 K and remained
approximately constant as the temperature further increased. To better illustrate the
contributions to the signals from thermal decomposition,?° the ratios of fragment peak areas
relative to the parent are plotted for several species in Figure 7.3. The ratio of m/z = 56

mass peak area to the parent (m/z = 84) shows that at around 1070 K, m/z = 56 peak (CsHs)

0.12 4
—e=— 56/84
0.10 4 —e— 42/84
9 —a— 41/84
x —o— 15/84
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Figure 7.3 The ratio of peak area of several fragment peaks against the parent peak in the cyclohexane
pyrolysis.
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started to grow, and the ratio further increased with the temperature. The reaction (7.4) is
a likely reaction pathway for cyclohexane to decompose into CsHg and CzH4 through the
1,6-hexyl diradical intermediate. ** The absence of m/z = 57 peak (C4Ho) at all
temperatures suggests that the C4Hsg species was not produced from H-atom loss from the
C4Ho radical. This is consistent with Kiefer et al. that the C2-C3 bond fission was not
feasible for 1-hexene, which was the major isomerization product following the 1,6-hexyl
diradical in the cyclohexane pyrolysis (reaction (7.1)).1® Also, since bimolecular reactions
were minimized by short reaction time and low precursor concentrations, the bimolecular
recombination reaction of *C3zHs and *CHs to form CsHs (reaction (7.8)) was unlikely;
furthermore, C4Hs was already formed prior to a significant amount of *C3Hs and *CH3
were produced. Hence, the increase of the m/z = 56 signal at around 1070 K indicated that
CsHsg was evolved from breaking of the C2-C3 single bond in the *C¢H12¢ diradical, and
this was also the evidence of the existence of the *Ce¢H12¢ diradical intermediate.

Similar observations have been made in the pyrolysis of 1-hexene by Liu et el.
under similar experimental conditions.'* Although with a different precursor 1-hexene, the
*CsH1oe diradical was formed in both cyclohexane and 1-hexene pyrolysis due to

isomerization. In that work, the m/z = 56 peak was found increasing significantly at around
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990 K, and it could only be explained by the secondary decompositions of 1,5- and 1,6-
hexyl diradical which were produced from the isomerization reactions of 1-hexene.

The mechanism proposed above that 1,6-hexyl diradical could directly decompose
to the m/z = 56 product was also supported by quantum chemistry investigations carried
out in this chapter. In Figure 7.4, several possible competing reaction pathways and their
energetics that lead to the formation of the m/z = 56 peak are displayed. The C-C bond
rupture producing *CsH12¢ via TS1 was considered as the initiation step of the cyclohexane

decomposition, and the energy barrier was determined to be 359.5 kJ/mol relative to

500 -

400 ~

300 +

200

AE,  (kJ/mol)
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-100 5 -79.0 O

Figure 7.4 Possible reaction pathways leading to the formation of the m/z = 56 products, along with
some dissociation channels of 1-hexene following isomerization of the 1,6-hexyl diradical. All
geometry optimizations and zero-point energy corrections were made at the UB3LYP/cc-pVDZ level.
The single-point electronic energies of all species involved were performed at the UCCSD(T)/cc-pVDZ
level of theory. The relative energy differences at 0 K were used as the starting reference values.
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cyclohexane. After the formation of *CsH12¢, 1-hexene could be produced by overcoming
TS2 with an 8.2 kJ/mol energy barrier from the 1,6-hexyl diradical intermediate. Figure
7.4 shows that the isomerization between cyclohexane and 1-hexene can readily take place
compared to other reaction pathways. Our theoretical calculations on the initial pathways
of 1-hexene isomerization through the 1,6-hexyl diradical intermediate are in agreement
with Liu et al. at MRCI(8e,80)/cc-pVTZ level.* In Liu et al., the energy difference between
1-hexene and the 1,6-hexyl diradical was determined to be 278.6 kJ/mol, while in this work
the corresponding value is 270.0 kJ/mol. The height of the energy barrier between the
transition state TS2 and the 1,6-hexyl diradical was calculated to be 8.8 kJ/mol,** similar
to 8.2 kJ/mol in this work. The 1,6-hexyl radical could decompose into *CsHg* and C2H4
through TS3, which requires overcoming an additional barrier of 126.9 kJ/mol (this could
take place via thermal activation of the 1,6-hexyl radical by additional collisions with the
buffer gas). The *CsHsge 1,4-butyl diradical could further take two possible pathways,
isomerization to cyclobutane via TS7 with an energy barrier of 8.6 kJ/mol, or formation of
1-butene with a threshold energy of 82.4 kJ/mol via TS5. The detailed geometries of the
species involved could be found in the Supplemental Materials.

As the co-product of C4Hg in reaction (7.4), m/z = 28 (C2Ha) peak seemed to appear
around 1070 K and became more obvious at temperatures above 1200K (Figure 7.2 and
7.3), although this onset and trend were not well defined. This was possibly because the IE
of ethylene (10.51 eV*) is slightly higher than the VUV photon energy (10.49 eV), and
more significantly because the background signal of N2* made the detection of the ethylene

signal difficult. To eliminate the influence of N2> on the detection of m/z = 28 signal, the
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pyrolysis of cyclohexane was also performed using helium as a carrier gas under similar
thermal decomposition conditions. Without the background signal of N2 at m/z = 28, the
m/z = 28 signal was first detected at about the same temperature where the m/z = 56 species
started to be formed. Also, in the mass spectra using the helium carrier gas, the C2Ha4 signal
was found to show up at a similar temperature when the m/z = 15 peak appeared, as the
secondary decomposition of *C3H7 producing *CHs and C2H4 could also contribute to the
appearance of the m/z = 15 and 28 peaks. In this chapter, as shown in Figure 7.2 and 7.3,
the m/z = 15 signal first appeared at 1070 K, which indicated that ethylene could also start
to show up at the similar temperature of ~ 1070 K.

In addition to the reaction mechanism mentioned above, several other competing
reaction pathways leading to the formation of m/z = 56 species are considered, and the
calculated energetics are depicted in Figure 7.4. The 1,6-hexyl diradical could isomerize to
1,4-hexyl diradical via TS4, followed by 1-butene formation; this reaction pathway
requires 163.4 ki/mol additional energy to go over TS4 from the *CgHize diradical. 1-
butene produced directly from 1-hexene via TS8 is also considered; however, the energy
threshold is determined to be 483.9 kJ/mol relative to 1-hexene. This reaction channel
requires the highest amount of energy, which is the least likely explanation for the m/z =
56 peak. In summary, according to the theoretical calculations (Figure 7.4), the most
favored pathway for the formation of the C4Hg species is that cyclohexane decomposes into
the 1,6-hexyl diradical followed by the C2-C3 bond breaking of the 1,6-hexyl diradical in
the secondary reaction (likely activated by additional collisions with the buffer gas), which

leads to the formation of 1,4-butyl diradical. Then the 1,4-butyl diradical could isomerize
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to cyclobutane via TS7 or to 1-butene via TS5. Although the formation of 1-hexene was
the reaction channel with the lowest energy barrier among the secondary reactions of the
*CsH12° diradical, the formation of m/z = 56 could not be readily explained by the direct
dissociation of 1-hexane due to the high energy barrier of TS8. And this supports the
conclusion in the previous investigation carried by Liu et al. that 1-hexene has to go through
the *CgH12¢ diradical to form the C4Hg species.!*

In Sirjean et al., the rate constants for different potential pathways of the 1,6-hexyl
diradical were determined at 1 atm pressure, from 600 K to 2000 K.?® Under such condition,
the reaction of the 1,6-hexyl diradical leading to 1-hexene was considered to be more
important than that to the C4Hs species, as the CsHsg species had not been observed as a
unimolecular dissociation product previously.® 2 In this chapter, thermal decomposition
production of the C4Hg species was identified. However, it was difficult and inconclusive
to quantify the Kinetics in this chpater, due to the complexity in the experimental conditions
(e.g., non-uniformity of pressure and temperature). Therefore, this chapter mainly focused

on the qualitative analysis of the kinetics in the microreactor.

Cyclohexane isomerizing to 1-hexene is an important mechanism in the thermal
dissociation of cyclohexane. Several mass peaks likely produced from the decomposition
of 1-hexene were also identified in this chapter. Figure 7.1 and 7.2 show that when the
temperature reached ~1070 K, the peaks at m/z = 41 and 42 started to appear and grew
significantly at higher temperatures, indicating the production of *C3Hs and CsHs. The peak
area ratio of m/z 41/84 («CsHs versus CeHz2) in Figure 7.3 was nearly constant below 1070

K and started to increase at around 1070 K. The formation of the m/z = 41 peak (*C3zHs) is
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known from the following steps: cyclohexane first isomerizes to 1-hexene via the diradical
intermediate (reaction (7.1)), then 1-hexene undergoes C3-C4 bond homolysis (reaction
(7.2)). «C3Hs was less likely to be produced via H-loss secondary reaction from the propene
product under our experimental condition, as propene has a strong C-H bond.% ® 3 15
According to Figure 7.1 and 7.2, the signal m/z = 43 (+CsHy7), which was the counterpart of
*C3Hs in reaction (7.2), was detected with a minor amount at 1070 K. It increased more at
~ 1150 K but remained very small. This was possibly due to the unstable nature of the n-
propyl radical «C3H7, which further decomposed rapidly into methyl radical and ethylene
(reaction (7.14)) or, to a lesser extent, propene and H (reaction (7.15)).13 14 44 45 The
observation of the m/z = 15 peak at 1070 K, as well as the arguments mentioned previously
that ethylene was captured at around 1070 K, was consistent with the assumption that «C3Hz

was unstable and decomposed rapidly.

«C3H; = +CH; + C,H, (7.14)
«C3H; = He + C;Hg (7.15)

As shown in the mass spectra in Figure 7.2 and peak area ratio of m/z 42/84 in
Figure 7.3, the m/z = 42 species were produced at ~1070 K. There are several possible
sources of CsHe formation. It could be evolved from 1-hexene after the initial isomerization
from cyclohexane, which decomposed through a retro-ene mechanism into two propene
molecules (reaction (7.3)),% 1+ 46 although this was later considered to be not important.*®
14 It could also be originated from the *CgHiz* diradical as described in reaction (7.5):
cyclohexane first broke a C-C bond forming the 1,6-hexyl diradical followed by

isomerization to 1,5-hexyl diradical or 2,5-hexyl diradical, leading to propene plus
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cyclopropane or two propene molecules via symmetric C-C breaking, or the symmetric C-
C bond breaking of the 1,6-hexyl diradical could directly lead to the formation of two
cyclopropane (reaction (7.16)).2> 426 As discussed earlier, to a lesser extent, it was also
possible to be produced from the secondary decomposition of the n-propyl radical, losing
one H to form propene (reaction (7.15)).
c-CgH,; <> *CH,(CH,),H,C* — 2 ¢-C;3H (7.16)

Some other reaction products associated with 1-hexene following the isomerization
of cyclohexane through the 1,6-hexyl diradical (reaction (7.1)) were observed. The m/z =
55 peak, which corresponds to *CsH7, was found to increase significantly at around 1070
K, and its intensity kept nearly constant until the temperature reached around 1310 K as
shown in Figure 7.1 and 7.2. It was likely produced by the C4-C5 bond fission of 1-hexene.
It could also be produced from the H-loss secondary reactions of 1-butene at high
temperatures. The co-product of *CsH7 in reaction (7.11), *C2Hs (m/z = 29), was not
observed at all temperatures, although its ionization energy is 8.12 eV,*’ below the 10.49
eV VUV photon energy in this work. This was probably caused by the fast dissociation of
«C2Hs which led to the formation of CoHa + H.*® According to Figure 7.1 and 7.2, at 1150
K, m/z = 68 was first observed, and its intensity kept almost constant when the temperature
further increased. The m/z = 68 peak was possibly the H-loss reaction product of *CsHg
radical, which could be produced in reaction (7.12) from 1-hexene. There was a very minor
amount of m/z = 69 signal around these temperatures.

The decomposition channels of 1-hexene were also examined theoretically. The

DFT calculations on some of the dissociation channels of 1-hexene are presented in Figure
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7.4. It shows that reaction (7.2) only requires an additional energy barrier of 299.2 kJ/mol
relative to 1-hexene which makes it the most competitive dissociation channel among all,
while reaction (7.11) has an energy barrier of 352.8 kJ/mol. Those two reaction channels
have lower energy thresholds than the lowest possible threshold energy of the formation of
the m/z = 56 species. The further secondary reaction of the *C3H7 radical producing C2H4
and *CHz is displayed with its energetics in Figure 7.4 as well. An additional 92.6 kJ/mol
energy barrier needs to be overcome for the *C3sHy7 radical, which makes the overall energy
barrier for the formation of ethylene + *CHz to be around 470.8 kJ/mol from cyclohexane.
Note that this energy is about the same as the overall energy barrier of TS3 (475.9 kJ/mol
relative to cyclohexane), which leads to the C4Hg product. The observation of the ethylene
+ *CH3s products and the C4Hsg product around the same onset temperature in this chapter
was consistent with these two similar energy barriers.

The theoretical investigations along with the experimental observations discussed
above suggested that the predominant thermal decomposition reaction channels of
cyclohexane pyrolysis were carried out via 1-hexene. This is consistent with previous
investigations on the thermal decomposition of cyclohexane and 1-hexene, in which both
species show many features in common in their pyrolysis processes. However, the
secondary reactions of the hexyl-diradicals were often omitted, and in this chapter, both
experimental and theoretical studies have shown that the secondary reactions of the 1,6-
hexyl diradical are important among the unimolecular reactions. Consequently, the impact
of the diradicals on the overall pyrolysis mechanism of similar cycloalkane systems needs

to be evaluated.
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At all temperatures in this chapter, m/z = 83 peak (*CsH11) was not detected.
However, *C¢Ha1 has an ionization energy of 7.66 eV*° and can be detected by the 10.49
eV VUV laser radiation used in this chapter, and it was detected in the pyrolysis of
methylcyclohexane under the similar experimental conditions.®® Therefore, H-atom loss
(reaction (7.9)) was not one of the initiation steps of cyclohexane pyrolysis. This is
understandable because the C-H bond (~410.9 kJ/mol) is much stronger than the C-C bond
(~346.0 kJ/mol) in cyclohexane, which required more energy to break among the primary
dissociation pathways under the unimolecular decomposition conditions. The cyclohexyl
radical observed in some of the earlier studies under different conditions was likely
produced from bimolecular reactions.* % In return, the absence of the m/z = 83 cyclohexyl
signal in this work confirmed that bimolecular reactions were indeed minimized under the
current experimental conditions.

When the temperature reached 1120 K, the m/z = 82 peak started to appear, and it
most likely represented the signal of cyclohexene. According to the discussion above,
cyclohexene was produced by the H: elimination reaction of cyclohexane (reaction (7.10)).
When the temperature reached 1190 K and above, m/z = 80 and 78 started to appear
subsequently, and m/z = 78 kept growing as the temperature increased. As shown in Figure
7.1 and 7.2, the signals of further Hz elimination products such as m/z = 76 or 74 were not
observed, which indicated that m/z = 78 was very stable at high temperatures and unlikely
to be an open-chain unsaturated hydrocarbon. This further supports that the m/z = 78

product likely corresponded to benzene. As the bimolecular reactions were minimized
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under the current experimental conditions, benzene at m/z = 78 was not likely produced
from recombination of small fragments, and therefore, it should be formed from sequential

H> eliminations (reaction (7.17)), while the cyclohexyl radical was not detected.

-Hy -Hy -Hp
C-C6H12 4 C-C6H10 — C-C6H8 —d C6H6 (717)

(b) Secondary reactions in cyclohexane pyrolysis

The decomposition fragments of cyclohexane after the initiation reactions went
through a series of secondary reactions. The m/z = 40 and 39 peaks, which first showed up
after 1120 K, were produced by the secondary reactions of the allyl radical and propene.
The energetics of allyl radicals and propene have been examined theoretically and
experimentally previously.® °2 Besides the pathways that lead to the formation of the CsHa
and CsHs species, allyl radical could also decompose into C2H and *CHj radical.>? The
m/z = 54 peak first appeared at 1070 K and it represented 1,3-butadiene. The m/z = 52 peak
represented 1-buten-3-yne (or cyclobutadiene) and it was first observed at 1190 K. The
peak intensities of these two peaks increased as the temperature further increased. They
were evolved from sequential Hz loss of CsHg (1-butene or cyclobutane) or H-loss of the
*C4Hy7 radical. Also, the secondary decomposition of cyclohexene could contribute to the
yields of 1,3-butadiene (known as retro-Diels Alder mechanism).>® The m/z = 68 (CsHs)
and 66 (CsHe) peaks, which were first observed at around 1190 K, could be explained by
the secondary reactions of the *CsHg radical produced in reaction (7.12). To summarize,
important initiation steps and part of the secondary reactions for the thermal decomposition

of cyclohexane are depicted in Scheme 7.3.
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Scheme 7.3 Main initiation decomposition mechanism of cyclohexane.

7.4 Conclusion

The thermal decomposition of cyclohexane was studied by flash pyrolysis coupled
with molecular beam sampling and VUV-PI-MS in this chapter. The C-C bond rupture of
cyclohexane producing the 1,6-hexyl diradical was the main initiation reaction pathway.
The m/z = 56 species was produced primarily by the direct dissociation reaction of the 1,6-
hexyl diradical under unimolecular reaction conditions, and it was unlikely to be formed

through 1-hexene which was the important isomerization product of the 1,6-hexyl
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diradical. Experimental observations and quantum chemistry investigations in this chapter
were consistent with this mechanism. This chapter also shows that the pyrolysis of
cyclohexane did not produce the *CgHi; radical by C-H bond fission. Direct evidence for
the sequential H eliminations to form m/z = 82 (c-CsH1o), 80 (c-CsHsg), and 78 (benzene)
were found.

This chapter, as well as the previous work on the 1-hexene and 1-heptene pyrolysis
by Liu et al.,’* have demonstrated the significance of the direct dissociation pathways of
hydrocarbon diradicals and can provide insight into further numerical modeling studies on

similar cycloalkane systems.
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CHAPTER 8 Flash pyrolysis vacuum ultraviolet photoionization mass spectrometry

of cycloheptane

8.1 Introduction

Thermal decomposition of cycloalkanes is an important process in hydrocarbon
fuel usage and transformation and biomass conversion.> Many studies have been reported
on the thermal decomposition mechanism of cyclohexane and its isomer 1-hexene.®1®
While the investigations on cycloheptane and its isomer 1-heptene are much less than those
of cyclohexane. Gusel’nikov et al. examined the very low-pressure pyrolysis (VLPP)
coupled with low temperature matrix infrared spectroscopy method of cycloheptane and 1-
heptene.l” It was reported that isomerization of cycloheptane to 1-heptene was the primary
initiation reaction (reaction (8.1)), and the decomposition reactions of cycloheptane mainly
proceed via 1-heptene. The y-scission (reaction (8.2)) and retro-ene mechanism (reaction
(8.3)) were argued as the main decomposition pathways of cycloheptane or 1-heptene.
Also, sequential H-atom loss reactions of cycloheptane leading to cycloheptene (reaction
(8.4)), as well as its secondary reaction forming CsHe and CsHe (reaction (8.5)), were
proposed. Besides, the formation of cyclopentane was found, and it was explained by the
direct dissociation of the 1,7-heptyl diradical (reaction (8.6)). Liu et al. reported the flash
pyrolysis of 1-heptene using vacuum ultraviolet single photon ionization time-of-flight
mass spectrometry (VUV-SPI-TOFMS),2 and the CsHio species was identified as a
product. It was argued that the direct dissociations of the 1,7-heptyl diradical formed from

the isomerization of 1-heptene produced the CsHio species (reaction (8.7)). Sikes et al.
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using the shock tube technique at high temperatures of 1200-1650 K reported that the
primary initial product in the cycloheptane pyrolysis is 1-heptene via two steps (ring
opening to the 1,7-heptyl diradical and then isomerization to 1-heptene), which is similar
to cyclohexane.'® Similarly, they reported that the further secondary reactions were
dominated by the 1-heptene pyrolysis mechanism, and reaction (8.2) was considered as the
major decomposition channel. After comparing with other cycloalkane systems, they
concluded that the ring-opening rate coefficient for cycloalkane is strongly dependent on
molecular size, namely Keyciopentane << Kcyclohexane < Kcycloheptane. These experimental
investigations of the cycloheptane and cyclohexane pyrolysis have shown that the
predominant initiation reaction channel is the ring-opening reaction in the cycloalkane

leading to the formation of its corresponding diradical, followed by rapid isomerization to

alkene.

¢-C;H,; — CHy(CH,),CH=CH, (8.1)
CH3(CH,),CH=CH, — +C;Hs + -C4H, (8.2)
CH;(CH,),CH=CH,~ C;H, + CH,=CHCH,CHj (8.3)
¢-C7H 4 — ¢-CyH 3 — ¢-CoH (8.4)
¢-C-H,, — C4Hg + C3Hy (8.5)
¢-C7H,4 — ~CH,(CH,) H,C- — ¢-CsHyo + C,H, (8.6)
1-C7Hy4 — *CH,(CH,) H,C- — ¢-CsHyo + C,H, (8.7)

Theoretical chemistry studies have also been conducted focusing on the ring-
opening mechanism of cycloalkanes.’®*?° Sirjean et al. examined the ring-opening

mechanism of C4-C6 cycloalkanes at the CBS-QB3 level, and the energetics and
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geometries involving the C4-C6 diradicals were studied. The relevant dissociation Kinetics
were also reported.?® Gong et al. explored the possible decomposition channels of
cyclohexane at the CCSD(T)/cc-pVDZ//UBH&HLYP/cc-pVDZ level.’® The direct
decomposition of the -CsH12- diradical leading to the C4Hg species as well as other products
were studied. Sikes et al. examined the energetics and kinetics of the ring-opening reaction
of cycloheptane, as well as the energetics of the S-scission reaction for 1-heptene at the
CCSD(T)/cc-pVeoZ/IM06-2X/cc-pVTZ level of theory.*®

Many studies on the cycloalkane pyrolysis, especially cyclohexane, have been
reported so far, while the studies of cycloheptane are much less. Also, the investigations
on the initiation reactions, especially the reactive intermediates that are produced in the
thermal decomposition of cycloalkanes, were less studied. In our previous studies,
emphasis was made on the initiation reactions of cyclohexane, 1-hexene and 1-heptene
pyrolysis.® & Therefore, investigating how the pyrolysis of cycloheptane is initiated is also
important, which can not only further verify the mechanism that were proposed in our early
works, but also contribute to a more comprehensive understanding of the pyrolysis
mechanism of cycloalkanes. These motivations led us to investigate the flash pyrolysis
mechanism of cycloheptane under unimolecular reaction conditions. In this chapter, the
thermal decomposition mechanism of cycloheptane initiated by C-C bond rupture to the
1,7-heptyl diradical and isomerization to 1-heptene, followed by further dissociation of 1-
heptene, was detected and characterized. Furthermore, evidence that supports the direct
dissociation pathways of the 1,7-heptyl diradical is also found. Other possible initiation

channels such as the H-loss channel of cycloheptane, as well as possible secondary reaction
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channels of cycloheptane, were examined. Density functional theory (DFT) calculations
on their geometries and energetics were also performed to support experimental

conclusions.

8.2 Experimental and computational methods

The flash pyrolysis of cycloheptane was performed using a home-made vacuum
ultraviolet single-photon ionization time-of-flight mass spectrometer (VUV-SPI-TOFMS)
coupled with a SiC tubular microreactor. The vapor of cycloheptane (98%, Sigma Aldrich)
was diluted to around 1% in the He carrier gas. The backing pressure of the gas mixture
before the pulse valve was 1050 torr.

Quantum chemistry calculations have been carried out on the energetics of the
reactants, products, and transition states involved in this chapter. The energetics of each
species were represented by its most stable configuration since the energy barriers for
conformational change were negligible.?° The geometries of those species were optimized
using the DFT method at the UB3LYP/cc-pVDZ level. It could perform descent geometry
optimizations with a relatively affordable cost.?® 32 All transition states were verified using
intrinsic reaction coordinate (IRC) calculations at the same level as geometry
optimizations. The single-point energy was calculated using the UCCSD(T) method and
with cc-pVDZ basis sets, and the zero-point energy corrections were made based on the
frequency calculations at UB3LYP/cc-pVDZ level. All vibrational frequencies were scaled
by 0.97 in this chapter as recommended by Sinha et al..® Notably, the energies of the

singlet diradicals in this chapter were calculated using Esingiet = 2E Guess=Mix - Etriplet % 1% 3% 3°
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in which, the energy of the diradical with the “Guess=Mix” option was assumed as the
average of the single point energy of its singlet configuration and triplet configuration. This
method was used to resolve the spin contaminations caused by the mixing between singlet
and triplet states of diradicals.'® 3 The single-reference calculation approach in this chapter
was similar to the method employed in Gong et al.*® All the computational works were

performed using Gaussian 09 package.3®

8.3 Results and discussions

Figure 8.1 and 8.2 display the pyrolysis spectra of cycloheptane at temperatures
from 298 K to 1380 K. The five mass spectra at temperatures between 350 K and 980 K
were omitted in the figures since they were identical to that at 298 K. At room temperature
(295 K), m/z = 98 peak and its isotopic peak m/z = 99 correspond to the parent molecule
cycloheptane. The minor peak at m/z = 92 (C7Hsg) and 78 (CeHs) were probably produced
by impurities in the sample, because they were minor fragments even in electron impact
ionization with ~ 70 eV electron energy,®” and therefore they were less likely to be
dissociative photoionization products of cycloheptane by the 10.49 eV photoionization in
this experiment. Furthermore, these two peaks had nearly constant intensities throughout
all temperatures, suggesting their thermal stability and that they were impurities not
involved in the cycloheptane thermal dissociation. Other trace peaks at 295 K, such as m/z
=42, 44, 45, and 55, 56, 58, were caused by a minor amount of dissociative photoionization

of the parent molecule.®
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Figure 8.1 Mass spectra for the cycloheptane (1% diluted in helium) pyrolysis at 295 K to 1380
K. Five mass spectra at temperatures between 350 K and 980 K were essentially identical to that
at 295 K and were omitted. The mass spectra are offset both horizontally and vertically for
clarity. Detailed mass to charge ratio information is provided in Figure 8.2.
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Figure 8.2 Enlarged mass spectra for the cycloheptane (1% diluted in helium) pyrolysis at 295 K
to 1380 K. Five mass spectra at temperatures between 350 K and 980 K were essentially identical
to that at 295 K and were omitted. The mass spectra are offset vertically for clarity.

(a) Initiation reactions

The studies of the cycloheptane pyrolysis in this chapter mainly focused on the
initiation reactions. As inspired by our previous works on cyclohexane, 1-hexene, and 1-
heptene,® 8 similar dissociation channels of cycloheptane via the formation of the 1,7-
heptyl radical are proposed and depicted in Scheme 8.1. It is considered that cycloheptane
initially undergoes the C-C bond fission and produces the 1,7-heptyl diradical. The 1,7-

heptyl radical could have three possible decomposition channels. It could decompose into
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the 1,5-pentyl diradical via C2-C3 bond fission and quickly isomerize to 1-pentene or
cyclopentane; it could also decompose into the 1,4-butyl diradical via C3-C4 bond
breaking. Another reaction channel for the 1,7-heptyl diradical is to quickly isomerize to

1-heptene.

m/z =98
. />,/v\(\/\. /
N m/z =98 m/z =98

SN

L]
A + ./\/ m/z =56

| |

NN mz=170 AN miz=56

or or

Q m/z="10 m/z =56

Scheme 8.1 Possible formation mechanism of the 1,5-pentyl diradical, the 1,4-butyl diradical, and
1-heptene from the 1,7-heptyl diradical in the initial steps of cycloheptane pyrolysis.

In the initial C-C bond breaking reaction that produces the 1,7-heptyl diradical,
since cycloheptane, the 1,7-heptyl diradical, and 1-heptene all have the same mass-to-
charge ratio, these isomers could not be identified by the mass spectra alone, and thus, it
was difficult to obtain their relative populations at different temperatures in this chapter.
According to the reaction energetics calculations that were summarized in Figure 8.3, the

thermal dissociation was initiated by the C-C bond breaking of the cycloheptane, producing
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the -C7Hu4- diradical via TS1. The lowest energy pathway of the 1,7-heptyl diradical is
isomerization to 1-heptene via TS2, with a threshold energy of 4.4 kcal/mol. The f-scission
of the 1,7-heptyl diradical could lead to the formation of the 1,5-pentyl diradical via TS3.
Among the two exiting channels for the 1,7-heptyl diradical, according to the calculations,
the TS2 has a lower threshold energy than the TS3 channel, which indicated that the
isomerization between cycloheptane and 1-heptene was predominant. Unlike cyclohexane,
the sequential H, elimination channel of cycloheptane was not observed,® probably due to

a less stable ring configuration.
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Figure 8.3 Energetics of the initiation reaction channels of cycloheptane and possible reaction
pathways leading to the formation of the m/z = 70 products in the cycloheptane pyrolysis, and
other reaction channels of the main initial reaction product, 1-heptene. All geometry
optimizations and zero-point energy corrections were performed at UB3LYP/cc-pVDZ level. The
single-point electronic energy of all species involved were performed at UCCSD(T)/cc-pVDZ
level of theory. Detailed information of the calculated geometries of the transition states and
related species is provided in Supplementary Material.

(a) Dissociation reactions of 1-heptene
Possible fragment signals produced by the secondary reactions of 1-heptene were

found. The m/z = 41 (-C3Hs) and m/z = 57 (-CsHg) peaks were captured as evidence
supporting the mechanism of C3-C4 bond fission of 1-heptene (reaction (8.2)).1" 8 Both
peaks were detected at 1050 K. The intensity of the m/z = 41 peak increased with the
temperature until 1310 K and then started to decrease as the temperature further increased,
probably because it could further lose one hydrogen atom forming the CsHs species.® 3°
The signal of the m/z = 57 peak was weak when first observed at 1050 K, and it did not

increase significantly as the temperature continued to build up, probably due to its unstable
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nature which may lead to the formation of smaller fragments. According to previous
studies, the butyl radical could quickly decompose into C2Hs and C2H4 (reaction (8.8)) or
C4Hs and H (reaction (8.9)).18 %° These were reasonably well reflected in our observations,
as the m/z = 29 peak was first observed at the temperature of 1050 K. The onset temperature
for reaction (8.2) is the lowest among all other initiation channels, which is consistent with
that there is only a 72.7 kcal/mol threshold energy above 1-heptene which makes it the
most energetically favorable pathway. Therefore, reaction (8.2) is considered to be the
predominant pathway in the thermal decomposition of cycloheptane, and this conclusion

is consistent with Gusel’nikov et al.” and Sikes et al..8

'C4H9 — °C2H5 + C2H4 (88)

'C4H9 g C4H8 +H (89)

Other dissociation channels of 1-heptene were found. 1-heptene could decompose
into -C4H7 plus -CsH7 via the C4-C5 bond fission (reaction (8.10)). According to Figure
8.1 and 8.2, the m/z = 55 signal was found to increase at around 1150 K. It suggested that
the C4H7 species was less likely from the secondary reactions of C4Hg and instead from
reaction (8.9), since the energy required to break the C-H bond (in C4Hs) is higher than that
of a C-C bond. Its counterpart signal m/z = 43 was first detected at 1150 K and without
further increasing with the temperature. The weak signal of the m/z = 43 peak could be
explained by the quick dissociation of -CsH7 into C;H4 and -CH3 or C3Hs and -H.% The

detection of the m/z = 15 peak (CHz) at 1150 K was consistent with this assumption. The
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C5-C6 bond rupture of 1-heptene, producing -CsHg followed by a quick H-loss reaction
leading to the CsHg species, could readily explain the appearance of the m/z = 68 signal at
1150 K. And it is considered that the C5-C6 bond fission reaction took place at around
1150 K. The m/z = 66 signal was found at 1190 K, and it could be due to the sequential H:
elimination reaction of the m/z = 68 species. Similarly, the m/z = 82 peak (CsH10) that first
appeared at 1190 K could be explained by the secondary reaction of the methyl-loss
product of 1-heptene (CsH11 radical). No m/z = 97 signal (for the c-heptyl radical from C-
H fission) was observed at all the elevated temperatures. There was a very minor, tentative
signal at m/z = 96 found only at 1190 and 1240 K. The appearance of a minor m/z = 27
peak at 1150 peak was unusual as similar observations were not found in the cyclohexane
pyrolysis under similar experimental conditions. It could possibly be produced by
secondary dissociations of initiation reaction fragments with larger masses. As will be
discussed later in the text, the direct dissociation of 1-heptene to 1-pentene was considered
trivial, and the formation of the m/z = 70 species could possibly be explained by the further
reactions of the 1,7-heptyl diradical.
1-C;H,, — «C4H; + -C3H; (8.10)
The energetics for the 1-heptene dissociations were also calculated. As discussed
in the previous section, the isomerization of the 1,7-heptyl diradical to 1-heptene was
predominant. According to the calculations shown in Figure 8.3, there are three possible
dissociation channels for 1-heptene. Among them, the C3-C4 bond fission producing -CsHg
and -CzHs has the lowest threshold energy, which is 72.7 kcal/mol relative to 1-heptene,

while the energy threshold for the C4-C5 bond fission forming -CsH7 and -C3H7 is 85.3
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kcal/mol. It was consistent with the experimental observations that the C3-C4 bond fission
took place at the temperature of 1050 K, while the onset temperature for the C4-C5 bond
fission was determined as 1150 K. The energy barrier for the 1-pentene formation (TS6) is

117.1 kcal/mol, and therefore this channel is considered insignificant.

1.2 The dissociations of the 1,7-heptyl diradical

The possible experimental evidence for the two possible dissociation channels of
the 1,7-heptyl diradical was also found. As shown in Figure 8.1 and 8.2, the m/z = 70 peak
(CsHao) was first found to increase at 1190 K. Its intensity did not grow significantly with
the temperature; the ratio of peak areas m/z 70/98 is displayed in Figure 8.4 to indicate the
onset temperature for reaction (8.6).22 The grow of the curve suggests the positive
contributions from the thermal decomposition reactions.?? As shown in Figure 8.4, the ratio
curve remained almost constant at low temperatures and started to increase at around 1190
K. The curve increased gradually as the temperature further increased. The 1,5-pentyl
diradical (m/z = 70) might be less stable, and it might quickly isomerize to cyclopentane
(or 1-pentene). The observation of m/z =70 is consistent with the production of
cyclopentane from direct dissociation of the 1,7-heptyl diradical (reaction (8.6)), which
was observed in the VLPP coupled with low temperature matrix infrared spectroscopy.’
At higher temperatures, further dissociations of the resulting cyclopentane or 1-pentene
took place, which might explain why the intensity of the m/z = 70 peak did not increase
significantly with temperatures. CoHs (m/z = 28), the counterpart of the 1,5-pentyl

diradical, was also identified at 1190 K.
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Figure 8.4 Ratio of peak area of m/z = 42 (C3Hg), 56 (CsHs) and 70 (CsHao) with respect to the
parent peak (C7H14) in the cycloheptane pyrolysis.

The energetics regarding the formation of the m/z = 70 peak in the cycloheptane
pyrolysis were also shown in Figure 8.3. According to the calculations displayed in Figure
8.3, the energy barrier via TS3 is 30.6 kcal/mol for the 1,7-heptyl diradical to overcome.
The 1,7-heptyl diradical could be energetically activated from additional collisions with
the He carrier gas molecules to overcome the energy barrier. The 1,5-pentyl diradical
(CsH1o) has two isomerization channels, to cyclopentane via TS4 with an energy barrier of
2.7 kcal/mol, and through TS5 to 1-pentene with an energy barrier of 5.5 kcal/mol. As TS3
is higher in energy than TS4 and TS5, the g-scission of the 1,7-heptyl diradical to the 1,5-
pentyl diradical could facilely lead to the cyclopentane or 1-pentene product. This is
consistent with the observation of the m/z = 70 peak around the onset decomposition
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temperatures, and is also supported by the observation of cyclopentane by the low
temperature matrix infrared spectroscopy in the VLPP study.'” The CsHio species could
also be produced from the secondary reactions of 1-heptene via TS6, with a threshold
energy of 117.1 kcal/mol. However, this reaction pathway required more energy than the
previous mechanism via TS4 or TS5, which indicated that the formation of m/z = 70 peaks
was more likely caused by the direct dissociation of the -C7H14- diradical. In addition, since
the bimolecular reactions were minimized, the CsHio species were most likely produced
by the unimolecular dissociation of the 1,7-heptyl diradical.

The m/z = 56 peak, which was the signal of 1,4-butyl diradical (-C4Hs-) and 1-
butene, was also observed. This peak was observed as a very minor photoionization
fragmentation signal at the room temperature of 295 K. At around 1150 K, its intensity
started to grow, and further increased with the increasing temperature. Figure 8.4 shows
the ratio of peak area of m/z 56/98. It indicates that below ~ 1150 K, the curve is almost
constant and when the temperature reached 1150 K, the curve started a sharp increase,
indicating the formation of the C4Hsg species. The C4Hg species (m/z = 56) could be evolved
from the diradical mechanism (reaction (8.11)). However, the quantum calculation results
did not support this pathway, since the calculated energy barrier for reaction (8.11) is
almost 25 kcal/mol higher than that of reaction (8.6). The CsHs species could also be
formed from the H-loss decomposition of the -CsHg radical (reaction (8.9)) that was
produced in the secondary reactions of 1-heptene, as the m/z = 57 peak was first observed
at 1110 K, prior to the increase of the m/z = 56 signal.** Therefore, the formation of the m/z

= 56 species was possibly caused by the secondary reactions of the butyl radical (-C4Ho),
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and hence, could not serve as a direct evidence for the diradical mechanism. The m/z = 42
peak was found to increase at ~ 1150 K simultaneously with the m/z = 56 peak. Similarly,
the secondary reactions of -CzH7 could also lead to the formation of the m/z = 42 peak
(reaction (8.12)).

¢-C7Hyy > «CH,(CH,) H,C+ — -CH,(CH,),H,C- + C3Hj (8.11)

'C3H7 - C3H6 +-H (812)

(b) Secondary reactions

Figure 8.1 and 8.2 also provide evidence for a series of secondary reactions at
higher temperatures. In addition to the secondary reactions discussed above, the m/z = 54
peak (C4Hs) was first captured at 1110 K, which was likely the further secondary reaction
product of the -C4Hy radical that was produced in reaction (8.2). The m/z =52 first appeared
at 1240 K, and it could be produced by the further H> elimination of C4Hs. The m/z = 40
peak was first observed at 1150 K, and it could be formed from a H-loss channel of the
allyl radical (m/z = 41).2% 3 As the temperature further increased, the m/z = 39 peak was
first captured at 1240 K, and it was probably produced by the H-loss channel of the C3Ha

species.

8.4 Conclusions

The initial decomposition mechanism of cycloheptane was studied using a short

residence time tubular microreactor coupled with single-photon ionization time-of-flight
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mass spectrometry from 295 K to 1380 K. Quantum chemistry calculations were also
carried out to investigate the energetics of the initiation reaction channels. It was shown
that the thermal decomposition of cycloheptane was initiated at around 1050 K via C-C
bond rupture and ring opening to the 1,7-heptyl diradical, which readily isomerizes to 1-
heptene that dissociates to the C4Hg and C3Hs radicals, and the produced 1-heptene could
also decompose into C4sH7 and CsHy radicals, with the onset temperature determined to be
1190 K. It was also suggested that the direct dissociation of the 1,7-heptyl diradical is the
pathway responsible for the formation of the m/z = 70 species.

Overall, the cycloheptane pyrolysis has shown similarities with the pyrolysis of
cyclohexane, especially for the initiation reaction mechanism, and yet, it also showed some
differences compared to cyclohexane, as the sequential Hz elimination channels in
cycloheptane were not found. The main initiation reaction channels of cycloheptane
decomposition, as well as some other products from the secondary reactions of the
initiation reaction products, are summarized in Scheme 8.2. This chapter, as well as the
previous work on the 1-hexene and 1-heptene pyrolysis by Liu et al.® and on the
cyclohexane pyrolysis by Shao et al.,® has provided insights into further numerical

modeling studies on similar cycloalkane systems.
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Scheme 8.2 Main initiation decomposition pathways of cycloheptane and important secondary
reactions in the cycloheptane pyrolysis.
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CHAPTER 9 Conclusion

9.1 Summary of works

In Chapter 3 to Chapter 6 of this thesis, the flash pyrolysis mechanism for
allyltrichlorosilane, allyltrimethylsilane, 1,1,2,2-tetraethylsilane, trimethylchlorosilane,
and tetraethylsilane were reported. In the decomposition of allyltrichlorosilane, Si-C bond
cleavage is the initial step, producing SiCls and *CsHs, which then undergo further
reactions. In allyltrimethylsilane, three main initial reaction products were considered. The
study found that allyltrichlorosilane decomposes primarily via Si-C bond homolysis, while
allyltrimethylsilane decomposes via both molecular eliminations and Si-C bond fissions.
The study on the isolated allyl reactions in allyltricholorosilane helped to unravel the
complex decomposition mechanism of allyltrimethylsilane. In the pyrolysis study of
1,1,2,2-tetramethylsilane, four major initiation steps were identified, including molecular
elimination reaction, Si-Si bond fission, H. elimination, and decomposition to
trimethylsilane and methylsilylene. The most kinetically favored reaction was found to be
the molecular elimination reaction, and the overall mechanism of 1,1,22-
tetramethyldisilane  pyrolysis was summarized. In the pyrolysis study of
trimethylchlorosilane, the predominant pathway was found to be the HCI molecular
elimination channel of the parent molecule producing HCI and Me>Si=CH> via a van der
Waals intermediate. The onset temperature for this reaction was around 1210 K, and the
appearance of SiCl, signals at high temperatures was believed to be involved with minor
bimolecular reactions. The pyrolysis study of tetraethylsilane revealed that the Si-C bond
homolysis was found to be the predominant reaction pathway in the initiation step, and the
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unimolecular rate constant calculations revealed that the rate constant of the Si-C bond
fission channel was significantly higher than the g-hydride elimination pathway. Several
secondary reactions were identified, including the further dissociation reaction of HSIEt>
and possible dissociation channels of HSiEtz> and :SiEtz, which led to the formation of
various species.

Chapter 7 and Chapter 8 discussed the thermal decomposition mechanism of two
aviation fuel prototypes, cyclohexane and cycloheptane. In the mechanistic study of the
cyclohexane pyrolysis, the main initiation reaction pathway was the C-C bond rupture of
cyclohexane, producing the 1,6-hexyl diradical, and the key evidence for the direct
dissociation of the 1,6-hexyl diradical was found. The study also found that the pyrolysis
of cyclohexane did not produce the *CeH11 radical by C-H bond fission, and direct evidence
for the sequential H. eliminations leading to the formation of benzene was found. In the
study of cycloheptane pyrolysis, the decomposition was initiated at around 1050 K via C-
C bond rupture and ring opening to the 1,7-heptyl diradical, which isomerizes to 1-heptene
that dissociates to C4Hg and C3Hs radicals. The main initiation reaction channels and some
secondary reaction products of cycloheptane decomposition were summarized. These two
studies provided new insight into numerical modeling studies on similar cycloalkane

systems.
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9.2 General knowledge

In this study, the experimental investigations have yielded intricate details
regarding the reaction intermediates, reactants, and products, presenting a much more
comprehensive understanding of the pyrolysis system that traditional methods could not
offer. From a theoretical standpoint, we have focused on the molecular-level properties of
the species involved, including their molecular structure, energetics, and rate constants of
elementary reactions. Through an examination of the thermodynamics and kinetics of the
pyrolysis systems, this work has further contributed to establishing a correlation between
the overall pyrolysis mechanism and the molecular-level chemical properties of the species
involved.

For example, In Chapter 3, the pyrolysis mechanisms of allyltrichlorosilane and
allyltrimethylsilane were investigated. The mass spectra analysis yielded crucial
experimental information, revealing the presence of CsHe in the pyrolysis of
allyltrimethylsilane. However, the competing bond homolysis channel products, CsHs,
were also observed. In the absence of additional experimental evidence to determine the
more dominant reaction pathway, quantum chemistry calculations were employed. These
calculations demonstrated that the molecular elimination channel, which produced CsHs,
was more favored, leading to the conclusion that it was the predominant channel.
Furthermore, while the experimental evidence detected smaller fragments, it did not
provide insights into the responsible reaction pathways for these species. Computational
chemistry bridged this gap by establishing connections between the potential reactants and
products, offering justifications for their likelihood.
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This comprehensive investigation demonstrated its effectiveness in exploring
complex pyrolysis systems, as exemplified in Chapter 4. The thermal decomposition
mechanism of 1,1,2,2-tetramethyldisilane was examined in this chapter. Given the intricate
nature of the parent molecule, the mass spectra exhibited a complex pattern with numerous
small peaks, posing challenges in determining the reaction pathway. To gain deeper
insights into the decomposition characteristics of this system, systematic theoretical
calculations were performed to investigate the initiation reaction mechanism. These
calculations revealed four potential initiation reaction pathways. By further exploring these
major initiation channels and their subsequent reactions, additional components of the
species involved in this system could be connected, leading to a satisfactory explanation of
the pyrolysis mechanism. Furthermore, energetics calculations played a crucial role by
providing criteria to substantiate the significance of each reaction pathway. This
comprehensive approach facilitated a thorough understanding of the intricate pyrolysis
process of 1,1,2,2-tetramethyldisilane.

Theoretical calculations of energetics not only offer powerful explanations for the
pyrolysis mechanism but also enable the prediction of reaction products, thereby
constructing hypotheses for research. In Chapter eight and nine, the thermal decomposition
of cyclohexane and cycloheptane was investigated. Prior to conducting the pyrolysis
experiments on these two systems, theoretical calculations were performed. The results of
these calculations indicated that the 1,6-hexyl diradical or 1,7-heptyl diradical could
potentially undergo further decomposition reactions, resulting in the formation of C4Hg and

CsHio as possible products. Theoretical calculations further suggested that the appearance
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of these two peaks in the mass spectra could only be attributed to the direct dissociation of
their corresponding diradicals. Consequently, before conducting the experiments, the
primary objective shifted to identifying the signals of these specific species. Subsequent
experimental results validated this prediction, thus confirming this long debated diradical
mechanism.

These examples illustrate thermodynamically controlled reactions. However, for
reactions that are kinetically controlled, relying solely on thermodynamic calculations of
the energetics is insufficient to elucidate the reaction mechanism. In such cases, additional
kinetic calculations are necessary to provide a comprehensive understanding of the
decomposition mechanism.

Chapter 6 focused on the pyrolysis study of tetraethylsilane. The experimental
findings clearly demonstrated the feasibility of the Si-C homolysis channel as the
predominant initiation step, while the f-hydride elimination channel remained unobserved.
However, in the energetic calculations, both pathways exhibited comparable energy
barriers, and the Si-C homolysis channel did not exhibit a significant advantage over its
competing pathway, which required a well-defined transition state, as observed
experimentally. This scenario represents a classic example of a kinetic-controlled reaction.
In the Si-C bond homolysis channel, although the energy required for bond-breaking was
similar to that of the transition state route, it did not necessitate a specific transition state
structure, providing more flexibility in bond cleavage. Consequently, from a statistical
perspective, the bond homolysis reaction was more favored compared to its competing

transition state route to molecular elimination. To validate this theory, transition state
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theory calculations were conducted. The results revealed that, across all temperature
ranges, the rate constants for the Si-C bond homolysis reaction were five orders of
magnitude higher than those for the competing molecular elimination reaction. This
example revealed the importance of kinetics investigations in the study of pyrolysis
mechanisms.

Those examples have demonstrated the utilization of the VUV-TOFMS
experimental method as a means to obtain crucial mass signal information, as well as the
use of thermodynamic and/or kinetic calculations to assemble evidence and develop a
comprehensive pyrolysis mechanism. In future studies, it is recommended to employ this
combination method. Prior to conducting experiments, conducting a literature search or
theoretical calculations is advised to identify potential intermediates or products in the
system. Thermodynamics of each reaction pathway can be estimated based on the relative
stability of the involved species, while kinetics can be assessed by evaluating the flexibility
of the transition state or trial transition states, as well as the energetics of these specific
reaction routes. Additionally, future investigations should focus on refining kinetic
modeling, such as incorporating calculations of reaction conditions and monitoring the
time evolution of key relevant species. These investigations necessitate a detailed
characterization of the fluid dynamics within the microreactor.

In conclusion, the pyrolysis mechanism of a specific system can be elucidated
through two complementary approaches. First, the analysis of key reactive intermediates
obtained from mass spectra provides valuable insights. Second, theoretical calculations

offer understanding of the specific reaction energetics involved. While experimental results
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help bridge gaps in our knowledge, theoretical calculations serve to connect missing pieces

and construct a comprehensive overview of the mechanism.
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