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The decomposition of 2-chloroethyltrichlorosilane (1) to ethylene-tetrachlorosilane
(2), hydrogen chloride-ethylenetrichlorosilane (3), and ethylenechloride-
trichlorosilane (4) was investigated using ab initio Molecular Orbital (MO)
and Density Functional Theory (DFT). Study on the HF[6-31G level of theory
revealed that the required energy for the decomposition of compound 1 to 2, 3,
and 4 is 59.86, 101.13, and 63.29 kcal mol‘Z, respectively. MP2/6-31G*//HF | 6-
31G* calculated barrier height for the decomposition of compound 1 to 2, 3,
and 4 is 60.59, 94.04, and 66.91 kcal mol_Z, respectively. Also, B3LYP/6-
31G*//HF|6-31G* results indicate that the barrier height for the decomposition
of compound 1 to 2, 3, and 4 is 51.71, 85.38, and 53.74 kcal mol~1, respectively.
Among the three methods, which have been used to calculate the barrier height
of the decomposition of compound 1 to 2-4, B3LYP/6-31G**//HF/6-31G**
is in good agreement with the reported experimental data. Contrary to the
previously evaluated experimental values for the decomposition of compoun
1 to 3 and 4, all three methods predict a higher energy barrier for these
reactions.
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INTRODUCTION

2-chloroethylsilane unusual reactivity has been studied in solution,!~
but there is little data on the gas-phase reactions of these interest-
ing compounds. 2-chloroethylsilanes with three alkyl groups attached
to a silicon atom decompose readily when heated, whereas the re-
placment of the alkyl groups by halogen atoms increases the thermal
stability.!~® A perliminary kinetic study of the thermal decomposition of
2-chloroethyltricholorosilane in a static system at 394°C have indicated
that the formation of ethylene is predominate, and the overall decompo-
sition is apparently first order and unimolecular.® Also, vinylchlorosi-
lane and vinylchloride are initially formed. The experimental results
revealed that there are three parallel pathways for the decomposition of
compound 1, as indicated in the Scheme 1. All decomposition pathways
are first-order and unaffected by surface and inhibitors.”

3
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SCHEME 1

Davidson et al. have suggested that the above reactions are uni-
molecular, but their results are not accurate enough for evaluation of
the barrier heights of the reactions 2 and 3.8 They have estimated that
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the barrier heights of reactions 2 and 3 will be close to the reaction
1 (about 40-50 kcal mol~1). Therefore, their work did not clarify the
mechanisms and activation energies of reactions 2 and 3. To gain fur-
ther insight on this subject, we have investigated the various pathways
of the decomposition of compound 1 by performing ab initio MO and
DFT, using the GAUSSIAN 92 package of programs.?~13 Succesful ap-
plication of DFT-based methods have broadened the applicability of
the computational methods and now represent an intresting approach
for determning activation barrier and molecular energies.”10:12-14 The
B3LYP functional method combines Becke’s three-parameter exchange
function with the exchange-correlation function of Lee et al.>10

CALCULATIONS

Ab initio calculations were carried out using HF/6-31G**//HF/6-31G**,
MP2/6-31G**//HF/6-31G**, and B3LYP/6-31G**//HF/6-31G** levels of
theory with the GAUSSIAN 98 package of programs!® implemented
on a Pentium—PC computer with a 550 MHz processor.

Initial estimation of the structural geometry of the compound 1 was
obtained by a molecular mechanic program PCMODEL (88.0),' and
for further optimization of geometry, we used the PM3 method of the
MOPAC 7.0 computer program.'%17 The GAUSSIAN 98 package of pro-
grams were finally used to perform ab initio calculations at the HF/6-
31G** level. Energy-minimum molecular geometries were located by
minimizing energy, with respect to all geometrical coordinates without
imposing any symmetrical constraints.

The nature of the stationary points for compound 1 and transition
state structures of reactions 1-3 has been fixed by means of the num-
ber of imaginary frequencies. For minimum state structure, only real
frequency values, and in the transition-state, only single imaginary
frequency values, were accepted.'®1® The structures of the molecular
transition state geometries were located using the optimized geome-
tries of the equilibrium molecular structures according to the Dewar
et al. procedure (keyword SADDLE).2° These geometry structures were
reoptimized by the QST2 subroutine at the HF/6-31G** level. For fur-
ther optimization, TS subroutine was used. The vibrational frequen-
cies of ground states and transition states were calculated by FREQ
subroutine.

RESULTS AND DISCUSSION

Zero point (ZPE) and total electronic (Eq) energies (Eg = ZPE + E,) for
the energy minimum and energy maximum geometries of the decompo-
sition of 2-chloroethyltrichlorosilane (1) to ethylene-tetrachlorosilane
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(2) (reaction 1), hydrogenchloride-ethylenetrichlorosilane (3) (reaction
2), and vinylchloride-trichlorosilane (4) (reaction 3), as calculated on
the ab initio HF/6-31G** level of theory, are given in Table I. For single-
point energy calculations, both ab initio MP2/6-31G**// HF/6-31G** and
DFT method (B3LYP/6-31G**//HF/6-31G**) were used.

Studies on the HF/6-31G**// HF/6-31G**, MP2/6-31G**// HF/6-31G**,
and B3LYP/6-31G**// HF/6-31G** levels of theory show that the bar-
rier height of the decomposition of the compound 1 to 2 (reaction 1) is
59.86, 60.59, and 51.71 kcal mol !, respectively (see Figure 1). Among
three methods that have been used to calculate the barrier heights of
reactions 1-3. B3LYP/6-31G**//HF/6-31G** results is in good agreement
with the previousely reported experimental data (45 kcal mol~! for re-
action 1).6

By considering the structure of compound 1, the decomposition of
compounds 1 to 3 (reaction 2) and 4 (reaction 3) also is possible.
Davidson et al.® have pointed out that the products of reactions 2 and
3 are minor. However, they didn’t clarify the barrier heights of reac-
tions 2 and 3. They estimated that the barrier heighs of reactions 2
and 3 is about 40-50 kcal mol~!. Contrary to the estimated data by
Davidson et al., HF/6-31G**// HF/6-31G**, MP2/6-31G**// HF/6-31G**,
and B3LYP/6-31G**// HF/6-31G** levels of theory reveal that the barrier
height of reaction 2 is 63.29, 66.91, and 53.74 kcal mol~!, respectively
(see Figure 1).

In order to understand the reason for the lower barrier height of
reaction 1 in comparision to reaction 2, we have carried out Mulliken
charge distribution for the ground state structure of compound 1 and
the transition state structures of reactions 1-3.

Formation of 2 and 3 can be justified by Mulliken charge distribu-
tion of compound 1 in the ground state structure and the transition
state structures of reactions 1 and 2. Consequently, for such a dras-
tic change in the charge distribution of chlorine and hydrogen atoms
in the transition state structures of reactions 1 and 2, the formation
of the transition structure of reaction 1 is more favorable than re-
action 2 because of the larger variation of the charge distribution of
the chlorine atom in the transition state structure of reaction 2 (see
Figure 2).

HF/6-31G**// HF/6-31G**, MP2/6-31G**// HF/6-31G**, and B3LYP/6-
31G*// HF/6-31G** levels of theory reveal that the barrier height of
reaction 3 is 101.13, 94.04, and 85.38 kcal mol~!, respectively. In
comparison to the calculated barrier height of reaction 1, the calcu-
lated barrier height of reaction 3 is significantly higher. The reason
of this fact may be explained by the drastic changes in the Mulliken
charge distribution of the hydrogen atom in both ground and transition
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FIGURE 2 HF/6-31G** charge distribution (Mulliken) for the ground state
structure of compound 1 and transition state structures of reactions 1-3.

structures, as shown in Figure 2. According to the charge distribution
results, the hydrogen atom charge in the ground state structure of com-
pound 1is 4+0.187841, while in the transition state structure of reaction
31is —0.251299.

Representative structural parameters for ground state structure of
compound 1 and transition state structures of reactions 1-3 are given
in Figure 3. HF/6-31G**// HF/6-31G** results show the variations of the
bonds in the ground state structure of compound 1 and transition struc-
tures of reactions 1-3 (see Figure 3). Theoretical calculations provide
structural parameters for isolated molecules at 0 K. Therefore, theo-
retical calculations are not reported, in principle, to quantitatively re-
produce the experimental values.?! Nevertheless, it is possible to carry
out ab initio calculations at the Hartree-Fock level, from which many
properties and structures can be obtained with an accuracy that is com-
petitive with experiment.?2-25
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FIGURE 3 HF/6-31G**-calculated structural parameters for the energy min-
ima structure of compound 1 and transition structures of reactions 1-3. Bond
lengths are in angstrém (A) unit and angles in degrees (°).

CONCLUSION

Ab initio HF, MP2, and B3LYP density functional-theory calculations
provide a picture from structural, energetic, and Mulliken charge dis-
tributions points of view for the various pathways of the decomposi-
tion of compound 1 to 2—4. B3LYP/6-31G*//HF/6-31G**, MP2/6-31G**//
HF/6-31G**, and HF /6-31G**// HF/6-31G** results reveal a higher bar-
rier height for reaction 3 than that of reactions 1 and 2. These results
are justified by Mulliken charge distribution values in the ground-state
structure of compounbd 1 and transition state structures of reactions 1—
3. The large barrier height of reaction 3 can be explained by the drastic
changes in the Mulliken charge distribution of the hydrogen atom.
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