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a b s t r a c t

The thermal decomposition mechanism of trimethylchlorosilane at temperatures up to 1400 K was

investigated using flash pyrolysis microreactor coupled with vacuum ultraviolet (118.2 nm) photoioni-

zation time-of-flight mass spectrometry. The main initiation reaction of the parent molecule was

identified to be HCl molecular elimination producing Me2Si¼CH2, and its onset temperature was esti-

mated to be around 1210 K. The methyl loss channel was also observed at an onset temperature of

~1280 K. Other possible initiation pathways such as chlorine atom loss and methane molecular elimi-

nation were considered to be insignificant. Quantum chemistry calculations at the UCCSD(T)/cc-pVTZ//

UM05e2X/aug-cc-pVDZ level of theory were performed to study the energetics of the possible initiation

pathways. The theoretical calculations revealed that the HCl elimination channel via a van der Waals

intermediate was the most energetically favored pathway among all the initiation channels, in agree-

ment with the experimental observations. Transition state theory (TST) and variational transition state

theory (VTST) calculations were employed to calculate unimolecular dissociation rate constants of the

initiation reactions at elevated temperatures. The results supported the experimental observations and

reaction energetics calculations that the HCl molecular elimination reaction was the most prominent

initiation reaction and the CH3 loss channel was a significant initiation reaction channel. Secondary

reactions of the initial products were identified, and the possible mechanisms were proposed.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The preparation of silicon carbide (SiC) by chemical vapor

deposition (CVD) is important in industrial processing [1,2]. A series

of chloromethylsilanes (SiMe4-xClx) have been considered as suit-

able CVD precursors [3,4], 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 SiMe4-xClx species, such as trichloromethylsilane and

dichlorodimethylsilane [3,5e11]. However, there are relatively

fewer investigations on the gas-phase thermal decomposition of

trimethylchlorosilane. The gas-phase dyotropic arrangement be-

tween chloromethyldimethylsilane and trimethylchlorosilane was

studied by Martin et al. using a static cell at 636 K to 690 K [12]. It

was reported that the isomerization between chlor-

omethyldimethylsilane 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 py-

rolysis technique at temperatures between 1020 K and 1110 K [13].

The reactions were believed to be initiated by SieC bond rupture

(reaction (1)), and the main product was determined to be

methane, which was proposed to be formed by a bimolecular re-

action (reaction (2)). The CH2SiClMe2 radical produced in reaction

(2) could further undergo dissociation reaction leading to the for-

mation of ClMeSi¼CH2 and �CH3 (reaction (3)). The significant

presence of hydrogen chloride was observed, and molecular elim-

ination of HCl (reaction (4)) was proposed as a possible formation

channel [13]. With the significant amount of HCl present in the

pyrolysis system, several bimolecular reactions involving HCl were

identified (reaction (5) and (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 295e375 K temperature range and showed that

trimethylchlorosilane may have a short lifetime in the atmosphere
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due to its high sensitivity to moisture and radicals [14].

ClSiMe3/ � SiClMe2 þ �Me (1)

�Me þ ClSiMe3/ � CH2SiClMe2 þ CH4 (2)

�CH2SiClMe2/ ClMeSi ¼ CH2 þ �Me (3)

ClSiMe3/Me2Si ¼ CH2 þ HCl (4)

ClMeSi ¼ CH2 þ HCl/Me2SiCl2 (5)

�SiClMe2 þ HCl/Me2SiCl2 þ �H (6)

Among the SiMe4-xClx compounds mentioned above

[4,6e13,15e18], the pyrolysis mechanism of trimethylchlorosilane

was less studied. Furthermore, as discussed by Davidson et al., HCl

was always present in the pyrolysis system, but its formation

mechanismwas not completely clear [13]. Therefore, studying the

initiation reactions in the thermal decomposition of trimethyl-

chlorosilane, especially on the formation mechanism of HCl, is

informative. We describe here an investigation on the flash py-

rolysis mechanism of trimethylchlorosilane using a SiC micro-

reactor coupled with vacuum ultraviolet photoionization time-of-

flight mass spectrometer (VUV-PI-TOFMS) under predominantly

unimolecular reaction conditions. The detection of the early re-

action products and reactive intermediates at elevated tempera-

tures provided insights into how the dissociation reaction of

trimethylchlorosilane was initiated. Quantum chemistry calcula-

tions were also employed to study the energetics of possible

initiation channels. The experimental evidence for the HCl mo-

lecular elimination channel of trimethylchlorosilane leading to

the production of dimethylsilene (Me2Si¼CH2) and HCl (the HCl

elimination channel) was found, and the conclusion was sup-

ported by the theoretical calculations. Other important initiation

reactions and secondary reactions were also examined. A

comprehensive decomposition mechanism of trimethyl-

chlorosilane was developed.

2. Experimental and computational methods

The flash pyrolysis of trimethylchlorosilane was performed in a

SiC tubular microreactor that was coupled with a vacuum ultravi-

olet photoionization mass spectrometer, which has been described

in detail previously [19e23]. 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 intro-

duced 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, and the gas mixture

passed through a pulse valve which operated at 10 Hz and subse-

quently expanded into the heated SiC tubular microreactor where

the pyrolysis took place. The SiC microreactor was heated resis-

tively by the electric current that passed through, while its tem-

peraturewas monitored by a type C thermocouple attached outside

to the center of the heated section, which was calibrated to the

internal temperature. The temperature within the microreactor

was not uniform,which had both axial and radial distributions [24];

the microreactor temperature in this work was referred as the

calibrated temperature reading from the attached thermocouple.

The residence timewithin the SiC microreactor was estimated to be

less than 100 ms by Guan et al. [24] According to the model pro-

posed by Zagidullin et al., the average centerline pressure within

the heated region was estimated to be around 10 torr, and the

centerline pressure at the exit of the SiC microreactor was esti-

mated to be around 6 torr [25]. The reaction conditions in the SiC

microreactor have been characterized before [20,24,26]. These

studies indicated that because the precursors were in a low con-

centration (a few %) in the inert buffer gas (helium) at a low total

pressure (~10 torr), and also because the residence time was short,

unimolecular reactions of the precursors were predominant, while

bimolecular reactions and wall reactions were minimized. After

exiting the microreactor, the reaction intermediates, products, and

unreacted precursors supersonically expanded into a molecular

beam in themain vacuum chamber and then entered the ionization

region after passing through a skimmer. In the ionization region,

the molecular beam was intercepted by 118.2 nm VUV radiation.

The 118.2 nm VUV radiation was generated by tripling of the

355 nm Nd:Yag laser output in a xenon cell with a xenon pressure

of around 17 torr. The ions, which were produced from the

photoionization process, gained their vertical velocity in an electric

field and then arrived at the multichannel plate detector where

their flight time was measured. The time-of-flight (TOF) spectra

were recorded by a digital oscilloscope (Tektronix TDS3032,

300 MHz) after signal averaging over 512 laser shots. The mass

spectra were obtained by converting the TOF spectra from flight

time to mass to charge ratio (m/z).

Quantum chemistry calculations were performed in addition to

the experimental investigations. The energetics of the reactants,

products, and transition states involved in the trimethyl-

chlorosilane pyrolysis were calculated. Density functional theory

(DFT) calculations for geometry optimizations and zero-point en-

ergies were performed at the UM05e2X/aug-cc-pVDZ level of

theory, as it was recommended by Sirianni et al. [27] for the ge-

ometry 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

beenwidely used in benchmark calculations of silane systems [28].

For the zero-point energy calculations, all the zero-point vibra-

tional frequencies were scaled by a factor of 0.9725 as recom-

mended by Laury et al. [29] to account for overestimations in the

vibrational frequency calculations. Transition states in this work

were verified by IRC running calculation at the UM05e2X/aug-cc-

pVDZ level of theory. All the computations in this work were car-

ried out using the Gaussian 16 package [30].

Unimolecular reaction rate constants of the initiation reactions

were calculated using transition state theory (TST). For the unim-

olecular dissociation reaction with a conventional transition state,

the rate constant was calculated using TST with Wigner tunneling

correction [31e34]. The single point energy and frequencies of re-

actants and transition states were obtained fromDFTcalculations at

the UM05e2X/aug-cc-pVDZ level of theory using the Gaussian 16

package as described before [30]. For the bond homolysis (bar-

rierless) reactions, variational transition state theory (VTST) with

Wigner tunneling correction was applied [31e35]. A series of

constrained optimizations along the reaction path were carried out,

and at each optimized geometry (“trial transition state”), the po-

tential energy and vibrational frequencies were calculated. The

dividing surface for the barrierless reactions at different tempera-

tures were determined by finding the maximum Gibbs free energy

change DGᶱ(T) of the “trail transition state” along the reaction

pathway at the different temperatures [35]. All the rate constant

calculations were performed using the KISTHELP program

[33,36,37].
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3. Results and discussion

The pyrolysis mass spectra of trimethylchlorosilane at temper-

atures ranging from 295 K to 1400 K are shown in Fig. 1 and Fig. 2.

At 295 K, them/z ¼ 108, 109, and 110 peaks represented the parent

molecule trimethylchlorosilane (ClSiMe3). The relative natural

abundance for 35Cl and 37Cl are 76% and 24%, and the relative

abundance for 28Si, 29Si, and 30Si are 92.2%, 4.7%, and 3.1% [38]. The

ratio of peak area ofm/z¼ 108 tom/z¼ 110 is determined to be 2.56

based on Fig. 1, which is close to the theoretical value of 2.86. Other

peaks at 295 K, such as m/z ¼ 73, 95, and 97, were caused by

photoionization fragmentation of the parent molecule. At 295 K,

the signal ofm/z ¼ 72 was not caused by photoionization of neutral

Me2Si¼CH2 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 ¼ 72 signal was not observed in the electron impact spectra of

trimethylchlorosilane [39]. Them/z ¼ 72 peak was probably caused

by ionization fragments of the very minor parent molecule clusters

formed in themolecular beam (whichwas 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 ¼ 72 signal disappeared. A very minor

peak at m/z ¼ 88 was probably an impurity in the liquid sample, as

its signal kept minor and nearly constant throughout all tempera-

tures and could be treated as a spectator at all temperatures.

3.1. The HCl molecular elimination channel forming Me2Si ¼ CH2

As shown in Figs.1 and 2, them/z¼ 72 peakwas 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

them/z¼ 72 peak reappeared at 1210 K, and its intensity was nearly

constant until reaching 1400 K. This indicated that Me2Si¼CH2 was

formed via the HCl elimination channel (reaction (4)) of the parent

molecule. The appearance of the m/z ¼ 68 peak also served as ev-

idence for the presence of Me2Si ¼ CH2, as the SiC3H4 species was

readily produced by secondary reactions of Me2Si¼CH2 according

to previous studies [19,40]. The counter fragment of the elimination

reaction, HCl, was not observed since its ionization potential of

12.79 eV [41] 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 Me2Si¼CH2 was

considered to be negligible (as the production of Cl and �SiMe3
from the parent molecule was very small).

Quantum chemistry calculations on the energetics of the initi-

ation reactions of trimethylchlorosilane were summarized in Fig. 3

(more information on the geometries of the species involved is

provided in the Supplementary Materials). The HCl 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 Me3SiCl. The van der Waals complex may

further decompose into Me2Si¼CH2 and HCl (at an energy of

75.2 kcal/mol). Overall, Me2Si¼CH2 and HCl can be viewed to be

formed via TS2 with a 75.4 kcal/mol energy barrier. Compared to

other possible initiation channels, the HCl elimination channel has

the lowest energy barrier and is the most energetically favored.

3.2. Other initiation channels

Two other possible initiation channels of the trimethyl-

chlorosilane pyrolysis are the CH3 loss channel (reaction (1)) and

the Cl loss channel (reaction (7)). According to Figs. 1 and 2, the m/

z ¼ 73 (�SiMe3) and the m/z ¼ 93 (�Si35ClMe2) and 95 (�Si37ClMe2)

signals appeared as photoionization fragmentation peaks at room

temperature.With the increase of temperature, the peak intensities

remained nearly constant, suggesting that the thermal decompo-

sition 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 ¼

108) were plotted in Fig. 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 ¼ 15 signal for the methyl radical

was first observed at 1280 K, which suggested that the onset

temperature for reaction (1) was around 1280 K. The onset tem-

perature for reaction (1) was higher than that of reaction (4),

indicating that reaction (1) was less significant. Also based on the

energetics calculations in Fig. 3, the CH3 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 HCl molecular elimination channel (reaction (4)),
Fig. 1. Mass spectra of the chlorotrimethylsilane pyrolysis at 295 Ke1400 K. The mass

spectra are offset for clarity.

Fig. 2. Mass spectra of the chlorotrimethylsilane pyrolysis at 295 Ke1400 K. The

spectra were enlarged to identify the peaks of smaller fragments. The mass spectra are

offset for clarity.
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but the CH3 loss channel (1) was more thermodynamically favored

than the Cl loss channel (7).

ClSiMe3/ � SiMe3 þ �Cl (7)

A very minor peak of m/z ¼ 92 appeared at 1310 K, suggesting

the production of ClMeSi¼CH2, and it disappeared as the temper-

ature further increased. ClMeSi¼CH2 was probably formed by the

methane elimination reaction of ClSiMe3 (reaction (8), the CH4

elimination channel) or the hydrogen loss reaction of �SiClMe2
(reaction (9)). In Fig. 3, the formation of MeClSi¼CH2 and CH4 was

the most thermodynamically favored pathway with a relative en-

ergy 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 (8)) was considered minor because

of its higher energy barrier. Similarly, secondary loss of one

hydrogen atom by �SiClMe2 (produced from reaction (1)) could also

lead to the formation of the m/z ¼ 92 peak. According to Davidson

et al. [13], ClMeSi¼CH2 was formed from secondary dissociations of

�CH2Si(Cl)Me2 (reaction (3)), which was produced from a series of

bimolecular reactions. However, since the signal of �CH2SiClMe2
was not detected (Figs. 1 and 2), bimolecular reactions were greatly

minimized, and the contribution of reaction (3) to the appearance

of the m/z ¼ 92 peak and the methyl radical was also considered

trivial.

ClSiMe3/MeClSi ¼ CH2 þ CH4 (8)

�SiðClÞMe2/MeClSi ¼ CH2 þ �H (9)

3.3. 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 summarized in Figs. 5

and 6 (more information on the unimolecular reaction rate con-

stant calculations is provided in the Supplementary Materials). At

low temperatures (~1200 K), the HCl elimination channel is the

most kinetically favored pathway. As the temperature further

increased (above ~1300 K), the CH3 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 cen-

ter region of the microreactor) to determine the relative impor-

tance of each reaction. The results of the rate calculations are

consistent with the calculated reaction energetics (Fig. 3) and the

experimental observations.

As shown in Fig. 6, the calculated rate constant for the HCl

elimination channel remained almost constant until around 1050 K

andwas found to significantly increase at around 1210 K and above.

This is consistent with the experimental observation that the signal

Fig. 3. Energetics (0 K) of the possible initiation channels for the pyrolysis of trimethylchlorosilane at the UCCSD(T)/cc-pVTZ//UM05e2X/aug-cc-pVDZ level.

Fig. 4. The plot of the m/z ¼ 73 and 93 peak area over m/z ¼ 108 peak area in the

temperature range from 295 K to 1400 K.
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of Me2Si¼CH2 (m/z ¼ 72) was first found at around 1210 K. The

calculated rate constant for the CH3 loss channel showed a similar

trend at higher temperatures. The rate constant for the CH3 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 ¼ 15 signal at 1280 K, which

indicated that the onset temperature of the SieC bond fission was

around 1280 K.

As indicated in Fig. 5, compared to the HCl elimination and CH3

loss channels, the calculated rate constants for the CH4 elimination

channel, the Cl loss channel, and the CH3Cl elimination channel

were significantly smaller. For example, the rate constant for the

CH4 elimination channel at 1400 K was 0.3 s�1 and that for the Cl

loss channel at 1400 K was 0.05 s�1, while the rate constant for the

HCl elimination channel at the lower temperature of 1210 K was

165 s�1, which is three or more order of magnitude larger. And this

is consistent with the experimental observations that the HCl

elimination channel and the CH3 loss channel are more significant

than the other initiation reaction pathways.

3.4. 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 [18,19,23,40]. At 1310 K, the

m/z ¼ 68 and 70 peaks were first observed. According to Shao et al.

[18] and Liu et al. [40], the SiC3H6 and SiC3H4 species were pro-

duced by sequential dehydrogenation reactions of Me2Si¼CH2

(reaction (10)e(12)). Liu et al. investigated the energetics of the

secondary reactions of Me2Si¼CH2 in detail at the UB3LYP/

6e311þþG(d,p) level of theory [40]. According to Liu et al., the

overall energy barrier of the multistep isomerization channel from

Me2Si¼CH2 to :Si(H)C3H7 (reaction (10)) is 62.6 kcal/mol relative to

Me2Si¼CH2. The H2 elimination of :Si(H)C3H7 producing :Si]

CHCH2CH3 (reaction (11)) was identified as the most energetically

favored pathway for the appearance of the m/z ¼ 70 peak, with an

energy barrier of 65.4 kcal/mol relative to Me2Si¼CH2. :Si]

CHCH2CH3 could further lose an H2 forming :Si]CHCH]CH2 (m/

z ¼ 68) with a total threshold energy of 57.9 kcal/mol (reaction

(12)). :Si(H)C3H7 could also directly dissociate to Si and C3H8 (m/

z ¼ 44) with an energy barrier of 58.2 kcal/mol (reaction (13)). This

is consistent with the mass spectra in Fig. 2, where the m/z ¼ 44

peak first appeared at 1310 K.

Me2Si ¼ CH2/ : SiðHÞC3H7 (10)

: SiðHÞC3H7/ : Si ¼ CHCH2CH3 þ H2 (11)

: Si ¼ CHCH2CH3/ : Si ¼ CHCH ¼ CH2 þ H2 (12)

: SiðHÞC3H7/ Si þ C3H8 (13)

At 1310 K, the signals of m/z ¼ 58, 56, and 54 were detected,

which corresponded to :SiMe2, SiC2H4, and SiC2H2 respectively.

However, these peak intensities were very small. As the tempera-

ture further increased, the signal of m/z ¼ 58 and 56 turned trivial,

while the signal of m/z ¼ 54 remained nearly constant. The for-

mation of :SiMe2 might be caused by the chlorine loss reaction of

SiClMe2, or the methyl loss reaction of SiMe3. According to Fig. 4

and the discussions above, the secondary reactions of �SiClMe2
leading to :SiMe2 were more likely to take place, since reaction (1)

was more energetically favored than reaction (7). After the for-

mation of :SiMe2, dehydrogenation reactions started to take place

which led to them/z ¼ 56 peak (reaction (14)) [18,40]. According to

Liu et al., the threshold energy for reaction (14) was 56.4 kcal/mol.

:Si]CHCH3 could further lose one H2 and decompose to :Si]C]

CH2 (reaction (15)). Its threshold energy was calculated to be

44.1 kcal/mol relative to :Si]CHCH3 [40]. The possible secondary

reaction product from the secondary decomposition of SiClMe2
(reaction (16)), :SiClMe (m/z¼ 78), was first observed at 1330 K, and

the signal of m/z ¼ 63 (Si35Cl) was detected at 1330 K, which sug-

gested further secondary reactions of :SiClMe. The isotopic signal of

m/z ¼ 65 (Si37Cl) was hardly observed due to its small peak in-

tensity. SiCl could further lose a Cl atom forming Si, although the

signal of Si (m/z ¼ 28) could evolve from multiple sources.

: SiMe2/ : Si ¼ CHCH3 þ H2 (14)

: Si ¼ CHCH3/ : Si ¼ C ¼ CH2 þ H2 (15)

SiClMe2 �������!
�CH3

: SiClMe �������!
�CH3

SiCl (16)

Fig. 5. The unimolecular rate constant calculations of all the initiation reactions with

the TST/VTST method. The results are displayed in the form of log10k vs 1/T.

Fig. 6. The unimolecular rate constant calculations of the HCl elimination channel and

the CH3 loss channel with the TST/VTST method.
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At 1280 K, the signal of m/z ¼ 42 was detected, and when the

temperature increased to 1330 K, the m/z ¼ 40 peak was observed.

The peak m/z ¼ 40 and 42 signals remained constant as the tem-

perature increased. The m/z ¼ 42 peak corresponds to Si]CH2 or

C3H6, and the m/z ¼ 40 peak represents SiC. The m/z ¼ 42 signal at

1280 K was likely produced by the methane elimination mecha-

nism from :SiMe2 (reaction (17)) with an energy barrier of

56.6 kcal/mol according to Liu et al. [40]. Alternatively, it could be

evolved from the secondary decompositions of :Si]CHCH2CH3

(reaction (18)), and this is consistent with the appearance of m/

z ¼ 28 signal (Si) at 1280 K.

: SiMe2 �������!
�CH4

: Si ¼ CH2 (17)

: Si ¼ CHCH2CH3/ Si þ C3H6 (18)

The appearance of the small m/z ¼ 98, 100, and 102 (:SiCl2)

peaks at 1330 K might be associated with some very minor bimo-

lecular reactions at high temperatures between HCl and the parent

molecule ClSiMe3. The HCl, which was produced in abundancy in

reaction (4), reacted with ClSiMe3 and produced Cl2SiMe2 (reaction

(19)). Then, further decomposition of Cl2SiMe2 at high tempera-

tures led to the formation of the SiCl2 species [6]. In this work, the

signal of the SiCl2 species was much smaller than that in the pre-

vious study of the Cl2SiMe2 pyrolysis [6], suggesting that the pro-

duction of Cl2SiMe2 and SiCl2 species were insignificant under the

predominantly unimolecular reaction conditions.

HCl þ ClSiMe3/ Cl2SiMe2 þ CH4 (19)

Reaction (19) might need further attention, although it was

found insignificant in this work. The quantum chemistry calcula-

tions were performed at the UCCSD(T)/cc-pVTZ//UM05e2X/aug-

cc-pVDZ level of theory and are displayed in Fig. 7. It shows that

reaction (19) is exothermic and has an energy barrier of 48.8 kcal/

mol, which indicates that reaction (19) was themost kinetically and

thermodynamically favored pathway in this system. This previ-

ously ignored reaction pathway might have played an important

role in the study by Davidson et al. [13], since it might be another

significant bimolecular reaction pathway leading to the major

product, methane.

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 sum-

marized in Scheme 1. The HCl molecular elimination channel of the

parent molecule producing HCl andMe2Si¼CH2 via a van derWaals

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 Cl

Fig. 7. Energetics (0 K) of the bimolecular reaction between trimethylchlorosilane and

HCl at the UCCSD(T)/cc-pVTZ//UM05e2X/aug-cc-pVDZ level.

Scheme 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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loss channel were less significant. The quantum chemistry calcu-

lations and the TST/VTST calculations of the unimolecular reaction

rate constants revealed that the HCl 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 reac-

tion of Me2Si¼CH2 leading to the formation of them/z ¼ 70 andm/

z¼ 68 signals were also discussed. The secondary reaction products

of other species such as SiMe2Cl or :SiMe2 were also identified. The

appearance of the SiCl2 signals at high temperatures was believed

to be involved with someminor bimolecular reactions between the

main initial product HCl and the parent molecule ClSiMe3.
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