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Abstract The multiple-channel reactions Cl ? Si(CH3)4

and Br ? Si(CH3)4 are investigated by direct dynamics

method. The minimum energy path is calculated at the MP2/

6-31?G(d,p) level, and energetic information is further

refined by the MC-QCISD (single-point) method. The rate

constants for individual reaction channel are calculated by the

improved canonical variational transition state theory with

small-curvature tunneling correction over the temperature

range 200–3,000 K. The theoretical three-parameter expres-

sion k1(T) = 9.97 9 10-13T0.54exp(613.22/T) and k2(T) =

1.16 9 10-17T2.30exp(-3525.88/T) (in unit of cm3 mole-

cule-1 s-1) are given. Our calculations indicate that hydrogen

abstraction channel is the major channel due to the smaller

barrier height among feasible channels considered.

Keywords Gas-phase reaction � Transition state �
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1 Introduction

Silane and its methyl-substituted homolog are considered

as important reagents in plasma chemical vapor deposition

(CVD) and in the semiconductor manufacturing process.

Tetramethylsilane is frequently used as a solvent. The use

of volatile silicon compounds may lead to their emission

into the atmosphere, where they can be removed by reac-

tions with a variety of reactive species, such as hydroxyl,

nitrate radicals, and halogen atoms. For most hydrocar-

bons, hydrogen abstraction by radicals is one of the major

channels for their removal from the atmosphere [1, 2].

Hence, there is a particular need to investigate the chem-

istry of some methyl-substituted homolog reactions with Cl

and Br. For the reactions Cl ? Si(CH3)4 and

Br ? Si(CH3)4, the hydrogen atom can be abstracted, and

the CH3 group can also be abstracted; as a result, four

reaction pathways are feasible, denoted as R1a, R1b, R2a,

and R2b as follows:

Cl þ Si CH3ð Þ4 ! Si CH3ð Þ3CH2 þ HCl R1að Þ
! Si CH3ð Þ3þ CH3Cl R1bð Þ

Br þ Si CH3ð Þ4 ! Si CH3ð Þ3CH2 þ HBr R2að Þ
! Si CH3ð Þ3þCH3Br R2bð Þ

CH3-abstraction has not been reported in experiment

and no theoretical works are related to the comparison of

the reactivity between C–H bond and Si–C bond, but CH3-

abstraction channel is possible in principle. The present

work aimed at determining whether CH3-abstraction

channel is available and could contribute to the whole

reaction. There is very limited experimental literature

concerning the title reactions. Thus, the rate constants of

reaction OH ? Si(CH3)4 and OH ? SiH(CH3)3 calculated

in the other paper [3] are added to discuss the reliability of
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the calculated results on the rate constants of this class of

hydrogen abstraction reactions. For the reaction

OH ? Si(CH3)4, the overall rate constants have been

investigated by Goumri et al. [4], the expression

k = (1.2 ± 0.2) 9 10-12 cm3 molecule-1 s-1 at 293–

297 K. The rate constants, also obtained by Atkinson

et al. [5] at 297 ± 2 K, by Sommerlade et al. [6] at

297 ± 2 K, and by Tuazon et al. [7] at 298 ± 2 K were

(1.00 ± 0.27) 9 10-12, (1.28 ± 0.46) 9 10-12, and

(8.5 ± 0.9) 9 10-13 (in unit of cm3 molecule-1 s-1),

respectively. The value of reaction OH ? Si(CH3)4 taken

from Goumri et al.’s work [4] is in good agreement with

those values given by Atkinson et al. [5], Sommerlade et al.

[6], and Tuazon et al. [7] at room temperature.

Because measurements were done mostly at the lower

temperature range of the title reactions, theoretical inves-

tigation is desirable to give a further understanding of the

mechanism of those multiple-channel reactions and to

evaluate the rate constants at high temperatures. To the best

of our knowledge, the rate constants of the title reactions

have not been studied theoretically.

In this paper, dual-level direct dynamics method [8–12] is

employed to study the kinetics of the Si(CH3)4 reactions with

Cl and Br atoms. The potential energy surface information,

including geometries, energies, gradients, force constants of

all the stationary points (reactant, products, complexes, and

transition states), and some extra points along the minimum

energy path (MEP), is obtained directly from electronic

structure calculations. Single-point energies are calculated

by the MC-QCISD method [13]. Subsequently, by means of

the POLYRATE 9.1 program [14], the rate constants of these

reaction channels are calculated by the variational transition

state theory (VTST) [15, 16] proposed by Truhlar and co-

workers. The comparison between the theoretical and

experimental results is discussed. Our results may be helpful

for further experimental investigations.

2 Computational method

In the present work, the equilibrium geometries and fre-

quencies of all the stationary points (reactant, products,

complexes, and transition states) are optimized at the

restricted or unrestricted second-order Møller–Plesset per-

turbation (MP2) [17–19] level with the 6-31?G(d,p) basis

set. The MEP is obtained by intrinsic reaction coordinate

(IRC) theory with a gradient step-size of 0.05 (amu)1/2

bohr. Then, the first and second energy derivatives are

obtained to calculate the curvature of the reaction path and

the generalized vibrational frequencies along the reaction

path. In order to obtain more accurate energies and barrier

heights, the energies are calculated by the MC-QCISD

method (multi-coefficient correlation method based on

quadratic configuration interaction with single and double

excitations proposed by Fast and Truhlar) [13] based on the

MP2/6-31?G(d,p) geometries. All the electronic structure

calculations are performed by the GAUSSIAN03 program

package [20].

VTST [15, 16] is employed to calculate the rate con-

stants by the POLYRATE 9.1 program [14]. The theore-

tical rate constants for each reaction channel over the

temperature range 200–3,000 K are calculated by the

improved canonical variational transition state theory

(ICVT) [21] incorporating small-curvature tunneling (SCT)

[22, 23] contributions proposed by Truhlar and coworkers

[21]. For the title reaction, most of the vibrational modes

are treated as quantum–mechanical separable harmonic

oscillators except for the lowest modes. The hindered-rotor

approximation of Truhlar and Chuang [24, 25] is used for

calculating the partition function of the four vibrational

modes. The curvature components are calculated by using a

quadratic fit to obtain the derivative of the gradient with

respect to the reaction coordinate. Since Si(CH3)4 is Td

symmetry, the symmetry factor r = 12 for the reaction

channels R1a, R1b, R2a, and R2b are taken into account in

the rate constants calculation. The total rate constants k are

calculated from the sum of the individual rate constants,

i.e., k1 ¼ k1a þ k1b; and k2 ¼ k2a þ k2b:

3 Results and discussion

3.1 Stationary points

The optimized geometries of the reactant (Si(CH3)4),

products (Si(CH3)3CH2, Si(CH3)3, CH3Cl, CH3Br, HCl,

and HBr), complexes (R1aR and R2aF), and transition

states (TS1a, TS1b, TS2a, and TS2b) calculated at the

MP2/6-31?G(d,p) level are presented in Fig. 1, along with

the available experimental values [26, 27]. The theoretical

geometric parameters of CH3Cl, CH3Br, HCl, and HBr are

in good agreement with the corresponding experimental

values [26, 27]. Furthermore, a hydrogen-bonded complex

(R1aR) is presented on the reactant side for reaction R1a.

At the MP2 level, the distance between the hydrogen atom

in CH3 group of Si(CH3)4 and the chlorine atom in R1aR is

3.498 Å, while the other bond lengths are very close to

those of the reactant. On the product side of reaction R2a,

there is one complex (R2aF), the distance between the

carbon atom in CH3 group of Si(CH3)4 and the hydrogen

atom of the HBr in R2aF is 2.206 Å, while the other bond

lengths are very close to those of the products. Figure 1

shows that the transition state TS1a, TS1b, TS2a, and TS2b

have the same symmetry, C1. Product Si(CH3)3CH2 also

has symmetry C1; when symmetry is restricted to CS,

the corresponding frequencies have three imaginary
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frequencies at the same level. In TS1a, TS1b, TS2a, and

TS2b structures, the breaking bonds C–H and Si–C

increase by 26, 30, 49, and 33% compared to the equili-

brium bond length in Si(CH3)4; the forming bonds H–Cl,

C–Cl, H–Br, and C–Br stretch by 15, 17, 7, and 12% over

the equilibrium bond lengths in isolated HCl, CH3Cl, HBr,

and CH3Br, respectively. The elongation of the breaking

bond is larger than that of the forming bond, indicating that

TS1a, TS1b, TS2a, and TS2b of the title reactions are all

product-like, i.e., all the four reaction channels will pro-

ceed via ‘‘late’’ transition states.

Table S1 as supporting information lists the harmonic

vibrational frequencies of the reactant, products, com-

plexes, and transition states calculated at the MP2/6-

31?G(d,p) level as well as the available experimental

values [28–31]. For the species Si(CH3)4, CH3Cl, CH3Br,

HCl, and HBr, the calculated frequencies are in good

agreement with the experimental values. The four transi-

tion states are all confirmed by normal-mode analysis to

have one imaginary frequency, which corresponds to the

stretching modes of coupling between breaking and form-

ing bonds. The values of those imaginary frequencies are

1,120i cm-1 for TS1a, 708i cm-1 for TS1b, 302i cm-1 for

TS2a, and 642i cm-1 for TS2b.

3.2 Energetics

The reaction enthalpies (DH0
298) and potential barrier

heights (DETS) with zero-point energy (ZPE) corrections

for R1a, R1b, R2a, and R2b reaction channels calculated at

the MC-QCISD//MP2/6-31?G(d,p) level are listed in

Table 1. It is shown that the three individual reactions R1b,

R2a, and R2b are all endothermic reaction, which is con-

sistent with the discussion of Hammond’s postulate [32].

For the reaction channels R1b and R2b, the calculated

values (9.60 and 20.18 kcal/mol) are quite different from

that of the experimental ones (23.56 ± 1.67 and 37.61 ±

1.86 kcal/mol), which were derived from the experimental

standard heats of formation (Cl, 28.97 kcal/mol [31]; Br,

26.72 kcal/mol [31]; Si(CH3)4, -68.45 kcal/mol [31];

Si(CH3)3, 4.07 ± 1.67 kcal/mol [33]; CH3Cl, -19.99 kcal/

mol [31]; CH3Br, -8.19 ± 0.19 kcal/mol [34]). This large

difference is surprising, since MC-QCISD has been suc-

cessfully applied in our previous studies [35, 36] as well as

in others’ studies [37]. To further test the reliability of this

method, we chose two similar systems, OH ? SiH(CH3)3

and OH ? Si(CH3)4, as target reactions and redid the

reaction enthalpies and potential energy barriers at the

MC-QCISD level, since they were studied previously [38]

at the BMC-CCSD [39] level (a new multi-coefficient

correlation method based on the coupled cluster theory

with single and double excitations) and obtained good

agreement with the experimental data [31, 33, 40]. The

calculated reaction enthalpies, -27.05 and –26.31 kcal/

mol, are in good agreement with the corresponding experi-

mental value (-24.11 ± 2.63), which was derived from

the standard heats of formation (Si(CH3)3, 4.07 ± 1.67

kcal/mol [33]; OH, 9.33 kcal/mol [31]; SiH(CH3)3,

Fig. 1 Optimized geometries of the reactant, products, and transition states at the MP2/6-31?G(d,p) level. The values in parentheses are the

experimental values (Ref. [26] for CH3Cl and CH3Br, and Ref. [27] for HCl and HBr). Bond lengths are in angstrom and angles are in degree
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-39.00 ± 0.96 kcal/mol [40]; H2O, -57.85 kcal/mol [31]).

The corresponding values are also listed in Table 1. It is

seen that for these two reactions, the agreement between the

results at the two levels and between the theoretical and the

available experimental value is good. The agreement

between the MC-QCISD and BMC-CCSD is reasonable,

while the larger discrepancy indicates that our results may

not be quantitatively reliable.

The schematic potential energy surfaces of the title

reactions obtained at the MC-QCISD//MP2/6-

31?G(d,p)?ZPE level are plotted in Fig. 2. Note that the

energy of reactant is set to zero for reference. The values in

parentheses are calculated at the MP2/6-31?G(d,p) level

and include the ZPE corrections. For reaction R1a, the

complex R1aR is about 3.59 kcal/mol lower than that of

the corresponding reactants at the MC-QCISD//MP2/6-

31?G(d,p)?ZPE level. And for reaction R2a, the complex

R2aF with the energy of 2.56 kcal/mol lower than that of

the corresponding products at the same level. For reaction

R1, the barrier of TS1a taking the value of -3.34 kcal/mol

at the same level is about 26.0 kcal/mol lower than that of

TS1b, which indicates that H-abstraction channel (TS1a) is

more favorable than the CH3-abstraction channel (TS1b).

At the same time, reaction R1a is more exothermic than

reaction R1b by about 13.71 kcal/mol. On the basis of

above calculation, reaction R1a is more favorable than

reaction R1b both thermodynamically and kinetically and

will dominate the reaction, while the CH3-abstraction

channel may be negligible. Similarly, for reaction Si(CH3)4

with Br atom, the potential barrier heights are 7.33 kcal/mol

for reaction R2a and 29.79 kcal/mol for reaction R2b at

MC-QCISD//MP2/6-31?G(d,p)?ZPE level, and the value

of reaction enthalpies with ZPE corrections is 9.85 for

reaction channel R2a is lower than that of R2b by about

10.5 kcal/mol. So reaction channel R2a is also more

favorable than reaction channel R2b both thermodynami-

cally and kinetically. H-abstraction channel (R2a) is

Table 1 The reaction enthalpies at 298 K (DH0
298), the barrier heights TSs (DETS) (kcal/mol) with zero-point energy (ZPE) correction for the

title reactions at the MC-QCISD//MP2/6-31?G(d,p) level together with the experimental values

MC-QCISD//MP2/

6-31?G(d,p)

BMC-CCSD//MP2/

6-311?G(2d,2p)

Expt.

DH0
298

Cl ? Si(CH3)4 ? Si(CH3)3CH2 ? HCl (R1a) -3.19

Cl ? Si(CH3)4 ? Si(CH3)3 ? CH3Cl (R1b) 9.60 23.56 ± 1.67

Br ? Si(CH3)4 ? Si(CH3)3CH2 ? HBr (R2a) 10.54

Br ? Si(CH3)4 ? Si(CH3)3 ? CH3Br (R2b) 20.18 37.61 ± 1.86

OH ? Si(CH3)4 ? Si(CH3)3CH2 ? H2O (R3) -19.34 -18.62

OH ? SiH(CH3)3 ? Si(CH3)3 ? H2O -27.05 -26.31 -24.11 ± 2.63

DETS ? ZPE

Cl ? Si(CH3)4 ? Si(CH3)3CH2 ? HCl (R1a) -3.34

Cl ? Si(CH3)4 ? Si(CH3)3 ? CH3Cl (R1b) 22.70

Br ? Si(CH3)4 ? Si(CH3)3CH2 ? HBr (R2a) 7.33

Br ? Si(CH3)4 ? Si(CH3)3 ? CH3Br (R2b) 29.79

OH ? Si(CH3)4 ? Si(CH3)3CH2 ? H2O (R3) 1.71 0.35

OH ? SiH(CH3)3 ? Si(CH3)3 ? H2O -1.89 -2.48

Experimental value derived from the standard heats of formation (in kcal/mol) of species involved in the reactions: Cl, 28.97 kcal/mol [31]; Br,

26.72 kcal/mol [31]; Si(CH3)4, –68.45 kcal/mol [31]; Si(CH3)3, 4.07 ± 1.67 kcal/mol [33]; CH3Cl, -19.99 kcal/mol [31]; CH3Br,

-8.19 ± 0.19 kcal/mol [34]; OH, 9.33 kcal/mol [31]; SiH(CH3)3, -39.00 ± 0.96 kcal/mol [40]; H2O, -57.85 kcal/mol [31]
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Fig. 2 Schematic potential energy surface for the title reaction

system. Relative energies are calculated at the MC-QCISD//MP2/6-

31?G(d,p) level including ZPE correction in (kcal/mol). The values

in parentheses are calculated at the MP2/6-31?G(d,p) level including

ZPE correction in (kcal/mol)
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expected to be the major one with larger rate constants, and

the CH3-abstraction channel is a minor pathway.

3.3 Rate constants

Dual-level direct dynamics calculations [8–12] of the title

reactions are carried out at the MC-QCISD//MP2/6-

31?G(d,p) level. The rate constants of the individual

channel, k1a, k1b, k2a, k2b, and overall rate constants, k1 and

k2, are evaluated by conventional transition state theory

(TST), the ICVT, and the ICVT with the SCT contributions

in a wide temperature range from 200 to 3,000 K. In the

other paper [3], the rate constants of reaction

OH ? Si(CH3)4 have been calculated at BMC-CCSD//

MP2/6-311?G(2d,2p) level; the theoretical CVT/SCT rate

constant is in good agreement with the available experi-

mental values [4–7], and the ratio of kCVT/SCT/kexptl

remains within a factor of approximately 0.65–0.97 at the

room temperature. In the present work, the reactivity trend

of different halogen (Cl and Br) reaction with tetramethyl-

silane on the rate constants will be discussed. We hope that

the present calculations may provide reliable estimations of

the rate constants for the reactions Cl ? Si(CH3)4 and

Br ? Si(CH3)4 over a wide temperature range. The TST,

ICVT, ICVT/SCT rate constants of the four reaction

channels and overall rate constants for R1 and R2 are given

in Tables 2 and 3 and Fig. 3, respectively. The anti-

Arrhenius behavior of k1 could be clearly seen from the

auxiliary small figure in Fig. 3. Tables 2 and 3 show that

the variational effect of R1a, i.e., the ratio between TST

and ICVT rate constants, plays an important role at the

lower temperatures and is not significant at high tempera-

tures. For example, the ratios of k1a(TST)/k1a(ICVT) are

20.04, 5.93, and 4.31 at 200, 400, and 600 K, respectively,

while the variational effect of the other three reaction

channels is almost negligible. The existence of a significant

variational effect on the rate of R1a, which is not seen in

the other three reactions that were studied, likely reflects

the presence of the entrance channel complex in R1a. This

is in line with the potential energy surfaces results calcu-

lated earlier. And the ICVT/SCT and ICVT rate constants

of the four reaction channels are nearly the same in the

whole temperature region, which indicates that the tun-

neling effect is almost negligible.

From the Tables can also be found that the values of k1a

and k2a are much larger than those of k1b and k2b by about

1–26, and 1–23 orders of magnitude in the temperature

range 200–3,000 K and the total rate constants are almost

equal to reactions R1a and R2a, respectively. Thus, on the

basis of our calculation the hydrogen abstraction channel

R1a and R2a are the major reaction channels over the

entire temperature range, while the other two reaction

channels R1b and R2b are always minor pathways over the

temperature range 200–3,000 K. This is in line with the

calculated potential energy barrier heights and the reaction

enthalpies results mentioned earlier.

Table 2 Calculated TST, ICVT, and ICVT/SCT rate constants (cm3 molecule-1 s-1) of the reaction channels R1a, k1a, R1b, k1b, and overall

rate constants, k1, in the temperature region 200–3,000 K at the MC-QCISD//MP2/6-31?G(d,p) level

T(K) k1a k1b k1

TST ICVT ICVT/SCT TST ICVT ICVT/SCT ICVT/SCT

200 5.29 9 10-8 3.35 9 10-10 3.44 9 10-10 9.06 9 10-36 8.53 9 10-36 3.97 9 10-35 3.44 9 10-10

225 2.34 9 10-8 2.76 9 10-10 2.82 9 10-10 6.39 9 10-33 6.19 9 10-33 2.02 9 10-32 2.82 9 10-10

250 1.24 9 10-8 2.31 9 10-10 2.35 9 10-10 1.24 9 10-30 1.23 9 10-30 3.12 9 10-30 2.35 9 10-10

298 5.16 9 10-9 1.76 9 10-10 1.79 9 10-10 2.67 9 10-27 2.74 9 10-27 5.09 9 10-27 1.79 9 10-10

350 2.73 9 10-9 1.43 9 10-10 1.44 9 10-10 1.06 9 10-24 1.11 9 10-24 1.69 9 10-24 1.44 9 10-10

400 1.79 9 10-9 1.24 9 10-10 1.24 9 10-10 7.86 9 10-23 8.36 9 10-23 1.13 9 10-22 1.24 9 10-10

450 1.33 9 10-9 1.11 9 10-10 1.11 9 10-10 2.28 9 10-21 2.48 9 10-21 3.05 9 10-21 1.11 9 10-10

500 1.07 9 10-9 1.02 9 10-10 1.02 9 10-10 3.42 9 10-20 3.73 9 10-20 4.35 9 10-20 1.02 9 10-10

600 8.15 9 10-10 9.00 9 10-11 9.03 9 10-11 2.06 9 10-18 2.22 9 10-18 2.43 9 10-18 9.03 9 10-11

700 7.04 9 10-10 8.30 9 10-11 8.32 9 10-11 3.96 9 10-17 4.24 9 10-17 4.46 9 10-17 8.32 9 10-11

800 6.55 9 10-10 7.85 9 10-11 7.87 9 10-11 3.72 9 10-16 3.96 9 10-16 4.06 9 10-16 7.87 9 10-11

900 6.36 9 10-10 7.56 9 10-11 7.57 9 10-11 2.15 9 10-15 2.28 9 10-15 2.31 9 10-15 7.57 9 10-11

1,000 6.36 9 10-10 7.37 9 10-11 7.38 9 10-11 8.88 9 10-15 9.42 9 10-15 9.42 9 10-15 7.38 9 10-11

1,200 6.63 9 10-10 7.18 9 10-11 7.18 9 10-11 7.71 9 10-14 8.56 9 10-14 7.99 9 10-14 7.19 9 10-11

1,500 7.43 9 10-10 7.16 9 10-11 7.17 9 10-11 7.02 9 10-13 7.96 9 10-13 7.02 9 10-13 7.24 9 10-11

2,000 9.20 9 10-10 7.49 9 10-11 7.49 9 10-11 6.99 9 10-12 7.72 9 10-12 6.67 9 10-12 8.16 9 10-11

2,400 1.08 9 10-9 7.90 9 10-11 7.90 9 10-11 2.32 9 10-11 2.50 9 10-11 2.16 9 10-11 1.01 9 10-10

3,000 1.34 9 10-9 8.63 9 10-11 8.63 9 10-11 8.16 9 10-11 8.38 9 10-11 7.35 9 10-11 1.60 9 10-10
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We hope that our present study may provide useful

information for future laboratory investigations. For con-

venience of future experimental measurements, the three-

parameter fits of the ICVT/SCT rate constants of four

reaction channels, and the whole reaction in the temperature

range from 200 to 3,000 K are performed and the expres-

sions are given as follows (in unit of cm3 molecule-1 s-1):

k1a Tð Þ ¼ 2:83� 10�12T0:40exp 552:25=Tð Þ

k1b Tð Þ ¼ 4:57� 10�15T1:55exp �11126:09=Tð Þ

k2a Tð Þ ¼ 1:37� 10�17T2:28exp �3535:72=Tð Þ

k2b Tð Þ ¼ 1:16� 10�15T1:80exp �14821:71=Tð Þ

k1 Tð Þ ¼ 9:97� 10�13T0:54exp 613:22=Tð Þ

k2 Tð Þ ¼ 1:16� 10�17T2:30exp �3525:88=Tð Þ:

3.4 Reactivity trends

The molecular electrostatic potential is an important tool

to analyze molecular reactivity because it can provide the

information about local polarity. Figure 4 gives the dis-

tribution of the molecular electrostatic potential. There,

the most negative and positive potentials are assigned to

be blue and red, respectively, and the color spectrum is

Table 3 Calculated TST, ICVT, and ICVT/SCT rate constants (cm3 molecule-1 s-1) of the four reaction channels R2a, k2a, R2b, k2b, and

overall rate constants, k2, in the temperature region 200–3,000 K at the MC-QCISD//MP2/6-31?G(d,p) level

T(K) k2a k2b k2

TST ICVT ICVT/SCT TST ICVT ICVT/SCT ICVT/SCT

200 8.83 9 10-20 5.08 9 10-20 5.08 9 10-20 9.78 9 10-44 9.77 9 10-44 3.58 9 10-43 5.08 9 10-20

225 7.57 9 10-19 4.74 9 10-19 4.74 9 10-19 5.34 9 10-40 5.50 9 10-40 1.48 9 10-39 4.74 9 10-19

250 4.31 9 10-18 2.89 9 10-18 2.89 9 10-18 5.34 9 10-37 5.61 9 10-37 1.23 9 10-36 2.89 9 10-18

298 5.61 9 10-17 4.17 9 10-17 4.17 9 10-17 1.25 9 10-32 1.35 9 10-32 2.26 9 10-32 4.17 9 10-17

350 4.32 9 10-16 3.49 9 10-16 3.49 9 10-16 3.15 9 10-29 3.52 9 10-29 4.86 9 10-29 3.49 9 10-16

400 1.95 9 10-15 1.67 9 10-15 1.67 9 10-15 8.91 9 10-27 9.78 9 10-27 1.24 9 10-26 1.67 9 10-15

450 6.53 9 10-15 5.83 9 10-15 5.83 9 10-15 7.35 9 10-25 8.05 9 10-25 9.56 9 10-25 5.83 9 10-15

500 1.77 9 10-14 1.63 9 10-14 1.63 9 10-14 2.57 9 10-23 2.78 9 10-23 3.17 9 10-23 1.63 9 10-14

600 8.40 9 10-14 8.02 9 10-14 8.02 9 10-14 5.52 9 10-21 5.90 9 10-21 6.39 9 10-21 8.02 9 10-14

700 2.73 9 10-13 2.65 9 10-13 2.65 9 10-13 2.66 9 10-19 2.83 9 10-19 2.96 9 10-19 2.65 9 10-13

800 6.92 9 10-13 6.79 9 10-13 6.79 9 10-13 5.01 9 10-18 5.32 9 10-18 5.45 9 10-18 6.79 9 10-13

900 1.48 9 10-12 1.46 9 10-12 1.46 9 10-12 5.01 9 10-17 5.30 9 10-17 5.36 9 10-17 1.46 9 10-12

1,000 2.79 9 10-12 2.77 9 10-12 2.77 9 10-12 3.24 9 10-16 3.42 9 10-16 3.42 9 10-16 2.77 9 10-12

1,200 7.68 9 10-12 7.65 9 10-12 7.65 9 10-12 5.49 9 10-15 5.73 9 10-15 5.67 9 10-15 7.66 9 10-12

1,500 2.31 9 10-11 2.31 9 10-11 2.31 9 10-11 9.87 9 10-14 1.15 9 10-13 9.95 9 10-14 2.32 9 10-11

2,000 7.95 9 10-11 7.95 9 10-11 7.95 9 10-11 1.96 9 10-12 2.40 9 10-12 1.85 9 10-12 8.13 9 10-11

2,400 1.58 9 10-10 1.58 9 10-10 1.58 9 10-10 9.21 9 10-12 1.08 9 10-11 8.25 9 10-12 1.66 9 10-10

3,000 3.39 9 10-10 3.39 9 10-10 3.39 9 10-10 4.59 9 10-11 7.40 9 10-11 3.89 9 10-11 3.78 9 10-10
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Fig. 3 The ICVT/SCT rate constants calculated at the MC-QCISD//

MP2/6-31?G(d,p) level for the title reactions, R1 (k1) and R2 (k2) (in

cm3 molecule-1 s-1), versus 1,000/T between 200 and 3,000 K

Fig. 4 Calculated electrostatic potential textured Van der Waals

surfaces for the reactants
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mapped to all other values by linear interpolation. The

more positive potential region (more red) will be more

favored for the Cl or Br to attack at. It is found that in

molecule Si(CH3)4 the H atoms bear stronger positive

potential (red) than the C atoms of CH3 groups (green),

indicating that the H atoms can be more easily attacked

by Cl or Br. It is found that in molecule Si(CH3)4 the H

atoms bear stronger positive potential (red) than the C

atoms of CH3 groups (green), indicating that the H atoms

can be more easily attacked by the nucleophiles. Note that

the halogen atom is encircled by marked negative

potential; therefore, the halogen atom is more preferable

for attacking the H atom of Si(CH3)4 compared to the

CH3 group. From these results we could infer that the H-

abstraction reaction channel of Si(CH3)4 with halogen (Cl

and Br) could occur more easily than the CH3-abstraction

reaction. This is in line with the rate constant results

calculated above.

4 Conclusion

In this paper, the multi-channel reactions of Si(CH3)4 with

Cl and Br atoms are studied by a dual-level direct dynamics

method. The potential energy surface information is

obtained at the MP2/6-31?G(d,p) level, and energies of the

stationary points and a few extra points along the MEP are

refined at the MC-QCISD level. For the title reactions, four

reaction channels are identified; hydrogen abstraction

reaction channels are the major pathways. The rate con-

stants for four reaction channels are calculated by the ICVT

incorporating SCT contribution at the MC-QCISD//MP2

level. The calculated results show that the variational effect

plays an important role in the calculation of rate constants

for R1a reaction channel at the lower temperatures. The

three-parameter rate-temperature formulae for the reactions

Cl ? Si(CH3)4 and Br ? Si(CH3)4 in the temperature

range 200 to 3,000 K are fitted and given as follows

(in cm3 molecule-1 s-1):

k1 Tð Þ ¼ 9:97� 10�13T0:54exp 613:22=Tð Þ

k2 Tð Þ ¼ 1:16� 10�17T2:30exp �3525:88=Tð Þ:
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