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Abstract Theoretical investigations were carried out on the
multi-channel reactions CF3 + SiHF3, CF3 + SiHCl3, CH3 +
SiHF3, and CH3 + SiHCl3. Electronic structures were cal-
culated at the MP2/6-311+G(d,p) level, and energetic infor-
mation further refined by the MC-QCISD (single-point)
method. The rate constants for major reaction channels were
calculated by the canonical variational transition state theory
with small-curvature tunneling correction over the tempera-
ture range of 200–1,500 K. The theoretical rate constants
were in good agreement with the available experimental
data and were fitted to the three parameter expression:
k1a(T) 0 2.93 × 10−26 T4.25 exp (−318.68/T), and k2a(T) 0
3.67 × 10−22 T2.72 exp (−1,414.22/T), k3a(T) 0 7.00 × 10−24

T3.27 exp (−384.04/T), k4a(T) 0 6.35 × 10−22 T2.59 exp
(−603.18/T) (in unit of cm3molecule−1s−1) are given. Our
calculations indicate that hydrogen abstraction channel is
the major channel due to the smaller barrier height among
four channels considered.

Keywords Gas-phase reaction . Transition state . Rate
constant

Introduction

Silicon is in the same family of elements as carbon in the
periodic table, but is metallic in character and more elec-
tropositive than carbon (2.55) and hydrogen (2.20). There-
fore, silicon-based chemicals exhibit significant physical
and chemical differences compared to analogous carbon-
based chemicals, which makes it interesting to study the
kinetics and mechanisms of small silicon-containing mol-
ecules [1–7]. Silane and its halogen-substituted homolog
are considered as important reagents in a wide variety of
materials synthesis processes. For example, these com-
pounds are used to deposit silicon carbide (SiC) by chem-
ical vapor deposition (CVD), in glow discharge deposition
of amorphous silicon films, and in semiconductor manu-
facturing processes [8–13]. However, the use of volatile
silicon compounds may lead to their emission into the
atmosphere, where they can be removed by reactions with
a variety of reactive species. Thus, the kinetics and mech-
anisms of small silicon-containing molecules attract con-
siderable interest [7]. The use of volatile silicon
compounds may lead to their emission into the atmo-
sphere, where they can be removed by reaction with a
variety of reactive species.

Two classes of reaction channels will happen when
SiHF3 and SiHCl3 react with CF3 and CH3 radicals: one is
that the hydrogen and halogen atoms in SiHF3 and SiHCl3
are abstracted; the other is that the hydrogen atom and the
halogen atom are substituted by CF3 and CH3 radicals. As a
result, four reaction channels are feasible, denoted as R1a
(R2a, R3a, R4a), R1b (R2b, R3b, R4b), R1c (R2c, R3c,
R4c), and R1d (R2d, R3d, R4d), respectively, as follows:
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CF3 þ SiHF3 ! SiF3 þ CHF3 R1að Þ
! SiF3CF3 þ H R1að Þ
! SiHF2 þ CF4 R1cð Þ
! SiHF2CF3 þ F R1dð Þ

CH3 þ SiHF3 ! SiF3 þ CH4 R2að Þ
! SiF3CH3 þ H R2bð Þ
! SiHF2 þ CH3F R2cð Þ
! SiHF2CH3 þ F R2dð Þ

CF3 þ SiHCl3 ! SiCl3 þ CHF3 R3að Þ
! SiCl3CF3 þ H R3bð Þ
! SiHCl2 þ CF3Cl R3cð Þ
! SiHCl2CF3 þ Cl R3dð Þ

CH3 þ SiHCl3 ! SiCl3 þ CH4 R4að Þ
! SiCl3CH3 þ H R4bð Þ
! SiHCl2 þ CH3Cl R4cð Þ
! SiHCl2CH3 þ Cl R4dð Þ

Limited kinetic works have focused on those reactions de-
spite their practical and theoretical importance. Six papers have
reported experimental kinetic data on the title reactions. Arrhe-
nius parameters have been obtained for the reaction CH3 +
SiHF3 → SiF3 + CH4 (R2a) over a temperature range of
343―470K byKerr and co-workers [14]: Arrhenius expression
of 3.72 × 10−12 exp[–36417(±728 J/mole)/RT] cm3mole-
cule−1s−1 is given with the value of 3.34 × 10−16 cm3

molecule−1s−1 at 470 K. As for the reaction CF3 + SiHCl3 →
SiCl3 + CHF3 (R3a), rate constants have been reported [15–18]
over a temperature range of 323―567K. For the reaction CH3 +
SiHCl3 → SiCl3 + CH4 (R4a), rate constants have been deter-
mined [16, 19] over a temperature range of 303―443 K. No
experimental information is available on the higher temperature
of the title reactions; theoretical investigation is desirable to
provide further understanding of the mechanism of these
multi-channel reactions and to evaluate the rate constant at
higher temperatures. To the best of our knowledge, no theoret-
ical work has been performed on the kinetics of the title
reactions.

In this paper, a dual-level (X//Y) direct dynamics method
[20–24] was employed to study the kinetics of the reactions of
SiHF3 and SiHCl3 with CF3 and CH3 radicals. The potential
energy surface information, including geometries, energies,
gradients, force constants of all the stationary points (reac-
tants, products, and transition states) and plus selected 16
points (8 points on each side of saddle point) along the
minimum energy path (MEP), was obtained directly from ab
initio calculations. Single-point energies are calculated by the
MC-QCISD method [25]. Subsequently, by means of the

POLYRATE 9.7 program, [26] the rate constants of the four
reaction channels were calculated by the variational transition
state theory (VTST) [27, 28] proposed by Truhlar and co-
workers. The comparison between the theoretical and exper-
imental results is discussed. Our results may be helpful for
further experimental investigations.

Computational methods

In the present work, the equilibrium geometries and fre-
quencies of all the stationary points (reactants, products,
and transition states) were optimized at the restricted or
unrestricted second-order Møller-Plesset perturbation
(MP2) [29–31] level with the 6-311+G(d,p) basis set. Mo-
lecular electrostatic potentials [32] of reactants SiHF3,
SiHCl3, CF3 and CH3 are calculated at the same level, and
plotted using gOpenMol 2.32 [33]. 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 refined by the
MC-QCISD method (multi-coefficient correlation method
based on quadratic configuration interaction with single
and double excitations proposed by Fast and Truhlar) [25]
based on the MP2/6-311+G(d,p) geometries. All the elec-
tronic structure calculations are performed by the GAUSS-
IAN09 program package [34].

Based on the above information, the rate constants were
evaluated by the VTST [27, 28] theory over a temperature
range of 200–1,500 K. The dynamics calculation are per-
formed by the POLYRATE 9.7 program [26]. The specific
level used in this work is the canonical variational transition
state theory (CVT) [35–37] incorporating small-curvature
tunneling (SCT) [38, 39] contributions proposed by Truhlar
and coworkers [35]. For the four reaction channel transi-
tional state modes, the four lowest frequencies are treated as
a hindered internal rotation using the hindered-rotor approx-
imation developed by Truhlar and Chuang [40, 41], other
vibrational modes are treated as quantum-mechanical sepa-
rable harmonic oscillators. The curvature components are
calculated by using a quadratic fit to obtain the derivative of
the gradient with respect to the reaction coordinate.

Results and discussion

Stationary points

The optimized geometries of the reactants (CF3, CH3,
SiHF3, and SiHCl3), products (SiF3, CHF3, SiF3CF3, SiHF2,
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CF4, SiHF2CF3, CH4, SiF3CH3, CH3F, SiHF2CH3, SiCl3,
SiCl3CF3, SiHCl2, CF3Cl, SiHCl2CF3, SiCl3CH3, CH3Cl,
and SiHCl2CH3), and transition states (TS1a–d, TS2a–d,
TS3a–d, and TS4a–d) calculated at the MP2/6-311+G(d,p)
level are presented in Fig. 1, along with the available

experimental values. [42] The theoretical geometric param-
eters of CF3, CH3, CH4, CH3F, CHF3, CH3Cl, and CF4 are
in good agreement with the corresponding experimental
values [42]. Figure 1 shows that the transition states TS1a,
TS2a, TS3a, and TS4a have the same symmetry, CS. In

Reactants

SiHF3 (C3v) SiHCl3 (C3v) CH3 (D3h) CF3 (C3v)
Products

SiF3 (C3v) CH4 (Td) SiHF2 (CS) SiHF2CF3 (CS) SiF3CF3 (C3v)

CF4 (Td) CHF3 (C3v) CH3F (C3v) SiHF2CH3 (CS) SiF3CH3 (C3v)

CH3Cl (C3v) SiHCl2 (CS) SiHCl2CF3 (CS) SiCl3CF3 (C3v)

CF3Cl (C3v) SiCl3 (C3v) SiHCl2CH3 (CS) SiCl3CH3 (C3v)
Transition States

TS1a (CS) TS1b (C1) TS1c (C1) TS1d (C1)

Fig. 1 Optimized geometries of the reactants, products, and transition states at the MP2/6-311+G(d,p) level. The values in parentheses are the
experimental values (ref. [42] for CF3, CH3, CH4, CH3F, CHF3, and CF4). Bond lengths are in Ångstroms and angles are in degrees
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TS1a, TS2a, TS2b, TS3a, TS4a, and TS4b structures, the
breaking bonds Si―H are increased by 13 %, 8 %, 9 %,
10 %, 9 %, and 8 % compared to the equilibrium bond
length in SiHF3 and SiHCl3; the forming bonds C―H and
C―Si are stretched by 33 %, 29 %, 30 %, 40 %, 40 %, and
12 % over the equilibrium bond lengths in isolated CHF3,
CH4, SiF3CH3, and SiCl3CH3, respectively. The elongation
of the breaking bond is smaller than that of the forming
bond, indicating that the above-mentioned reaction channels
are all reactant-like, i.e., the three reaction channels will
proceed via “early” transition states. According to Ham-
mond’s postulate [43] they will be exothermic reactions.

Table 1 lists the harmonic vibrational frequencies of the
reactants, products, and transition states calculated at the
MP2/6-311+G(d,p) level as well as the available experimen-
tal values [44, 45]. For the species CF3, CH3, SiHF3, SiF3,
CH4, CH3F, CH3Cl, CHF3, CF3Cl, and CF4, the calculated
frequencies are in agreement with the experimental values
with the largest deviation within 6 %. The 16 transition
states are all confirmed by normal-mode analysis to have
one and only one imaginary frequency, which corresponds
to the stretching modes of coupling between breaking and
forming bonds.

Energetics

The reaction enthalpies ΔH0
298

� �
and potential barrier heights

(ΔETS) with zero-point energy (ZPE) corrections for all reaction
channels calculated at theMC-QCISD//MP2/6-311+G(d,p) level
are listed in Table 2. The theoretical values at 298Kof ΔH0

298 for
reactions R1a-4a and R1a-4c are in good agreement with the
corresponding experimental values, which are derived from the
standard heats of formation (CF3, −112.32 kcal mol−1 [46];
SiHF3, −286.85±0.48 kcal mol−1 [7]; SiF3, −238.85
±1.19 kcal mol−1 [7]; CHF3, −166.49 kcal mol−1 [46];
SiHF2, −139.96±1.43 kcal mol−1 [7]; CF4, −222.40 kcal mol−1

[47]; CH3, 34.80 kcal mol
−1 [46]; CH4, −17.88 kcal mol−1 [47];

CH3F, −55.96 kcal mol−1 [46]; SiHCl3, −115.12 kcal mol−1 [7];
SiHCl2, −33.40±1.40 kcal mol−1 [48]; SiCl3, −75.5 kcal mol−1

[48]; CH3Cl, −19.56±0.36 kcal mol−1 [49]; CF3Cl, −69.58
±7.17 kcal mol−1 [47]), which indicates the values calculated at
the MC-QCISD//MP2/6-311+G(d,p) level may be reliable.
Thus, we useMC-QCISD//MP2/6-311+G(d,p) method to calcu-
late the potential energy barriers as well as the energies along the
MEP in the following studies. From Table 2, it is also shown that
the R1a, R2a, R2b, R3a, R4a, and R4b reaction channels are all
exothermic reactions, consistent with Hammond’s postulate [43].

TS2a (CS) TS2b (C1) TS2c (C1) TS2d (C1)

TS3a (CS) TS3b (C1) TS3c (C1) TS3d (C1)

TS4a (CS) TS4b (C1) TS4c (C1) TS4d (C1)

Fig. 1 continued.
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Table 3 lists the calculated bond dissociation energiesDo
298 of

the Si―H, Si―F and Si―Cl bonds in SiHF3, SiHCl3, and
related compounds, along with several experimental data
[50–54]. The Do

298 (Si―H) values of SiHF3, SiH4, and SiHCl3
obtained at the MC-QCISD//MP2/6-311+G(d,p) level show
good consistency with the previous literature results, 99.84
[50], 88.85 [50], and 91.30±1.20 kcal mol−1 [52], respectively.
At the same level, the Do

298 (Si―F) values in SiH3F and SiF4
compare quite well with the corresponding experimental
results, 150.22 [51] and 169.82 kcal mol−1 [50], respectively.
Similarly, the Do

298 (Si―Cl) values in SiCl4 and SiH3Cl, also
agree well with the corresponding experimental results, 111.30
±1.00 [53] and 109.50±1.70 kcal mol−1 [54], respectively. No
comparison between theory and experiment can bemade due to
the lack of the experimental Do

298 (Si―H) value in SiH3F,
SiH3Cl, Do

298 (Si―F) value in SiHF3, and Do
298 (Si―Cl) value

in SiHCl3. The good agreement between the theoretical and
experimental Do

298 (Si―H), Do
298 (Si―F), and Do

298 (Si―Cl)
implies that the MC-QCISD//MP2/6-311+G(d,p) level is a
reliable method to compute the bond dissociation energies
and our calculated Do

298 (Si―H) value in SiH3F, Do
298 (Si―F)

value in SiHF3, and Do
298 (Si―Cl) value in SiHCl3 may be

expected to provide reliable reference information for future
laboratory investigations. The dissociation energy of the Si―H
bonds are 67.49 and 21.35 kcal mol−1 smaller than that of the
Si―F and Si―Cl bonds in SiHF3 and SiHCl3, respectively,
indicating that the H-abstraction channel will bemore favorable
than the F-abstraction and Cl-abstraction channels.

The schematic potential energy diagrams of SiHF3 and
SiHCl3 with CF3 and CH3 reactions with ZPE corrections
obtained at the MC-QCISD//MP2/6-311+G(d,p) level are
plotted in Figs. 2, 3, 4 and 5, respectively. Note that the energy
of reactant is set to be zero as a reference. The values in
parentheses are calculated at the MP2/6-311+G(d,p) level
including the ZPE corrections. The potential barrier height
of reaction channel R1a (10.67 kcal mol−1) and is much lower
than those of R1b (27.44 kcal mol−1), R1c (71.39 kcal mol−1),
and R1d (83.80 kcal mol−1) at the MC-QCISD//MP2/6-311
+G(d,p) level. At the same time, reaction R1a is more exo-
thermic than those of reactions R1b, R1c, and R1d by about
15.46, 43.36, and 84.43 kcal mol−1, respectively. Compared
with the reaction channels R1b and R1c, the reaction channel
R1a is most exothermic and has the lowest barrier height. As a
result, the reaction channel R1a is favorable both thermody-
namically and kinetically. The channel R1a will dominate the
reaction CF3 + SiHF3, and the contribution coming from other
paths can be negligible. Similar behavior can be found for
other three reactions, i.e., SiHF3 with CH3 radical, SiHCl3
with CF3 radical, SiHCl3 with CH3 radical, which indicates
that the reaction channels R2b, R2c, R2d, R3b, R3c, R3d,
R4b, R4c, and R2d can also be negligible. So only the rate
constants for the H-abstraction channels R1a, R2a, R3a, and
R4a are performed in the following section.T
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Rate constants

Dual-level dynamics calculations [20–24] for R1a-4a reac-
tion channels were carried out at the MC-QCISD//MP2/6-

311+G(d,p) level. The rate constants of the four channels,
k1a, k2a, k3a, and k4a, were evaluated by the conventional
transition state theory (TST), the canonical variational tran-
sition state theory (CVT), and the CVT with the small-

Table 2 The reaction enthalpies
at 298 K ΔH0

298

� �
, barrier

heights TSs (ΔETS) (kcal mol−1)
with zero-point energy (ZPE)
correction for the reactions
SiHF3 with CF3 and CH3 radi-
cals at the MC-QCISD//MP2/6-
311+G(d,p) level together with
the experimental values

aExperimental value derived
from the standard heats of for-
mation (in kcal mol−1): CF3
−112.32 [46]; SiHF3 −286.85
±0.48 [7]; SiF3 −238.85±1.19
[7]; CHF3 −166.49; [46]; SiHF2
−139.96±1.43 [7]; CF4 −222.40
[47]; CH3 34.80 [46]; CH4

−17.88 [47]; CH3F −55.96 [46];
SiHCl3 −115.12 [7]; SiHCl2
−33.40±1.40 [48]; SiCl3 −75.5
[48]; CH3Cl −19.56±0.36; [49]
CF3Cl −69.58±7.17 [47]

MC-QCISD//MP2 Experimentala

ΔH0
298 CF3 + SiHF3 → SiF3 + CHF3 (R1a) –7.50 –6.17±1.43

CF3 + SiHF3 → SiF3CF3 + H (R1b) 7.96

CF3 + SiHF3 → SiHF2 + CF4 (R1c) 35.86 36.81±5.21

CF3 + SiHF3 → SiHF2CF3 + F (R1d) 76.93

CH3 + SiHF3 → SiF3 + CH4 (R2a) –4.83 –4.68±1.43

CH3 + SiHF3 → SiF3CH3 + H (R2b) –3.00

CH3 + SiHF3 → SiHF2 + CH3F (R2c) 54.81 56.13±1.91

CH3 + SiHF3 → SiHF2CH3 + F (R2d) 68.85

CF3 + SiHCl3 → SiCl3 + CHF3 (R3a) –14.94 –14.55

CF3 + SiHCl3 → SiCl3CF3 + H (R3b) 4.65

CF3 + SiHCl3 → SiHCl2 + CF3Cl (R3c) 25.39 24.46±8.57

CF3 + SiHCl3 → SiHCl2CF3 + Cl (R3d) 25.83

CH3 + SiHCl3 → SiCl3 + CH4 (R4a) –12.27 –13.06

CH3 + SiHCl3 → SiCl3CH3 + H (R4b) –3.17

CH3 + SiHCl3 → SiHCl2 + CH3Cl (R4c) 29.14 27.36±1.76

CH3 + SiHCl3 → SiHCl2CH3 + Cl (R4d) 19.21

ΔETS+ZPE CF3 + SiHF3 → SiF3 + CHF3 (R1a) 10.67

CF3 + SiHF3 → SiF3CF3 + H (R1b) 27.44

CF3 + SiHF3 → SiHF2 + CF4 (R1c) 71.39

CF3 + SiHF3 → SiHF2CF3 + F (R1d) 83.80

CH3 + SiHF3 → SiF3 + CH4 (R2a) 12.69

CH3 + SiHF3 → SiF3CH3 + H (R2b) 22.11

CH3 + SiHF3 → SiHF2 + CH3F (R2c) 76.47

CH3 + SiHF3 → SiHF2CH3 + F (R2d) 71.88

CF3 + SiHCl3 → SiCl3 + CHF3 (R3a) 5.42

CF3 + SiHCl3 → SiCl3CF3 + H (R3b) 23.15

CF3 + SiHCl3 → SiHCl2 + CF3Cl (R3c) 30.91

CF3 + SiHCl3 → SiHCl2CF3 + Cl (R3d) 44.61

CH3 + SiHCl3 → SiCl3 + CH4 (R4a) 7.65

CH3 + SiHCl3 → SiCl3CH3 + H (R4b) 20.89

CH3 + SiHCl3 → SiHCl2 + CH3Cl (R4c) 34.52

CH3 + SiHCl3 → SiHCl2CH3 + Cl (R4d) 33.40

Table 3 Calculated and experimental bond dissociation energies (kcal mol−1) in SiHF3 and SiHCl3 at 298 K at MC-QCISD//MP2/6-311+G(d,p)
level and related compounds

SiHF3 SiH3F SiH4 SiF4 SiHCl3 SiCl4 SiH3Cl

Do
298 (Si—H) 98.50 92.13 89.79 91.05 90.11

Exptl. 99.84 [50] 88.85 [50] 91.30±1.20 [52]

Do
298 (Si—F) 165.99 151.57 167.07

Experimental 150.22 [51] 169.82 [50]

Do
298 (Si—Cl) 112.40 111.90 108.85

Experimental 111.30±1.00 [53] 109.50±1.70 [54]
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curvature tunneling (SCT) contributions in a wide tempera-
ture range of 200–1,500 K. The CVT/SCT rate constants of
k1a-4a are given in Tables 4 and 5 along with the available
experimental results [14–16]. The calculated rate constant
values of k2a, k3a, and k4a were in good agreement with the
available experimental values [14–16]. For example, the
ratios of kCVT/SCT/kexpt. were 0.99 at 470 K, 1.05 at 500 K,
and 1.42 at 425 K, respectively. The theoretical CVT/SCT
rate constant of reaction channel CF3 + SiHF3 → SiF3 +
CHF3 (R1a) was 3.28×10−15 cm3molecule−1s−1, which is
smaller than that of reaction channel CH3 + SiHF3 →
SiF3 + CH4 (R2a) (3.31×10−16 cm3molecule−1s−1) at

470 K. Theoretical activation energy (Ea) is estimated
based on the calculated CVT/SCT rate constants, and
the corresponding Ea value for reaction channel R1a,
3.86 kcal mol−1, was found to be lower than that for
reaction channel R2a (5.00 kcal mol−1) in 350–500 K,
which is in accordance with its kinetic superiority.
These results are consistent with a qualitative assess-
ment based on the potential energy barrier heights of

20.0-

40.0-

60.0-

80.0-

CF3 + SiHF3

TS1c

SiHF2 + CF4
55.38 (48.49)

TS1a

TS1b

10.67
(1 2.62)

27.44 (31.78)

-5.0-

-10.0-

SiF3CF3 + H

SiF3 + CHF3

-7.47 (-8.49)

(6.74)6.76

71.39
(67.38)

0.0-

100.0-
TS1d
83.80 (90.28)

SiHF2CF3 + F
76.24 (70.16)

Fig. 2 Schematic potential energy surface for the reaction CF3 +
SiHF3. Relative energies are calculated at the MC-QCISD//MP2/6-
311+G(d,p) + ZPE level (in kcal mol−1). Values in parentheses are
calculated at the MP2/6-311+G(d,p) + ZPE level
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Fig. 3 Schematic potential energy surface for the reaction CH3 +
SiHF3. Relative energies are calculated at the MC-QCISD//MP2/6-
311+G(d,p) + ZPE level (in kcal mol−1). Values in parentheses are
calculated at the MP2/6-311+G(d,p) + ZPE level
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Fig. 4 Schematic potential energy surface for the reaction CF3 +
SiHCl3. Relative energies are calculated at the MC-QCISD//MP2/6-
311+G(d,p) + ZPE level (in kcal mol−1). Values in parentheses are
calculated at the MP2/6-311+G(d,p) + ZPE level
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the two reaction channels. A similar sequence was
found for the other two reaction channels R3a and R4a.

We hope that our present study will extend experimental
knowledge on the kinetics of the title reaction and provide

Table 4 Calculated transition state theory (TST), canonical varia-
tional transition state theory (CVT), CVT/small-curvature tunneling
(SCT) rate constants (cm3molecule−1s−1) of the reaction channel

R1a, k1a, and R2a, k2a, in the temperature range 200―1,500 K at
the MC-QCISD//MP2/6-311+G(d,p) level together with the
corresponding experimental value

T(K) k1a(TST) k1a(CVT) k1a(CVT/SCT) k2a(TST) k2a(CVT) k2a(CVT/SCT) k [14]

200 2.56×10−14 2.25×10−14 3.49×10−17 5.63×10−17 5.50×10−17 5.43×10−19

225 2.91×10−14 2.62×10−14 6.92×10−17 1.15×10−16 1.13×10−16 1.68×10−18

250 3.36×10−14 3.07×10−14 1.28×10−16 2.05×10−16 2.02×10−16 4.25×10−18

295 4.39×10−14 4.10×10−14 3.29×10−16 4.67×10−16 4.62×10−16 1.60×10−17

343 5.85×10−14 5.54×10−14 7.60×10−16 9.14×10−16 9.06×10−16 4.71×10−17 1.06×10−17

350 6.09×10−14 5.78×10−14 8.49×10−16 9.95×10−16 9.87×10−16 5.40×10−17 1.37×10−17

400 8.11×10−14 7.67×10−14 1.43×10−15 1.71×10−15 1.70×10−15 1.28×10−16 6.53×10−17

450 1.06×10−13 9.92×10−14 2.63×10−15 2.67×10−15 2.65×10−15 2.58×10−16 2.20×10−16

470 1.18×10−13 1.10×10−13 3.28×10−15 3.13×10−15 3.11×10−15 3.31×10−16 3.34×10−16

500 1.37×10−13 1.37×10−13 4.48×10−15 3.90×10−15 3.89×10−15 4.67×10−16

525 1.55×10−13 1.42×10−13 5.72×10−15 4.64×10−15 4.62×10−15 6.07×10−16

600 2.19×10−13 1.99×10−13 1.10×10−14 7.33×10−15 7.31×10−15 1.21×10−15

700 3.32×10−13 2.98×10−13 2.32×10−14 1.22×10−14 1.22×10−14 2.57×10−15

800 4.84×10−13 4.31×10−13 4.37×10−14 1.89×10−14 1.88×10−14 4.75×10−15

900 6.81×10−13 6.03×10−13 7.56×10−14 2.75×10−14 2.75×10−14 8.00×10−15

1,000 9.29×10−13 8.19×10−13 1.22×10−13 3.84×10−14 3.83×10−14 1.26×10−14

1,200 1.61×10−12 1.41×10−12 2.77×10−13 6.80×10−14 6.80×10−14 2.66×10−14

1,500 3.20×10−12 2.79×10−12 7.31×10−13 1.36×10−13 1.36×10−13 6.37×10−14

Table 5 Calculated TST, CVT, CVT/SCT rate constants (cm3molecule−1s−1) of the reaction channel R3a, k3a, and R4a, k4a, in the temperature
range 200―1,500 K at the MC-QCISD//MP2/6-311+G(d,p) level together with the corresponding experimental values

T(K) k3a(TST) k3a(CVT) k3a(CVT/SCT) k [15] k4a(TST) k4a(CVT) k4a(CVT/SCT) k [16]

200 4.27×10−14 1.75×10−14 3.55×10−17 2.73×10−15 1.24×10−15 2.92×10−17

225 3.91×10−14 1.69×10−14 6.24×10−17 3.67×10−15 1.69×10−15 5.14×10−17

250 3.77×10−14 1.69×10−14 1.03×10−16 4.74×10−15 2.20×10−15 9.00×10−17

295 3.82×10−14 1.81×10−14 2.22×10−16 6.93×10−15 3.24×10−15 2.04×10−16

343 4.13×10−14 2.03×10−14 4.38×10−16 9.66×10−15 4.55×10−15 4.04×10−16

350 4.19×10−14 2.07×10−14 4.79×10−16 1.44×10−16 1.01×10−14 4.76×10−15 4.42×10−16 2.34×10−16

400 4.71×10−14 2.39×10−14 8.57×10−16 4.40×10−16 1.34×10−14 6.36×10−15 7.75×10−16 5.07×10−16

425 5.03×10−14 2.58×10−14 1.11×10−15 6.95×10−16 1.53×10−14 7.26×10−15 9.89×10−16 6.97×10−16

450 5.38×10−14 2.79×10−14 1.41×10−15 1.05×10−15 1.73×10−14 8.21×10−15 1.24×10−15

470 5.69×10−14 2.97×10−14 1.69×10−15 1.50×10−15 1.89×10−14 9.01×10−15 1.47×10−15

500 6.19×10−14 3.27×10−14 2.19×10−15 2.09×10−15 2.16×10−14 1.03×10−14 1.85×10−15

525 6.64×10−14 3.53×10−14 2.67×10−15 2.82×10−15 2.40×10−14 1.14×10−14 2.22×10−15

600 8.22×10−14 4.43×10−14 4.55×10−15 3.20×10−14 1.53×10−14 3.61×10−15

700 1.08×10−13 5.92×10−14 8.29×10−15 4.50×10−14 2.15×10−14 6.18×10−15

800 1.41×10−13 7.74×10−14 1.37×10−14 6.09×10−14 2.92×10−14 9.70×10−15

900 1.80×10−13 9.94×10−14 2.12×10−14 7.99×10−14 3.83×10−14 1.43×10−14

1,000 2.26×10−13 1.25×10−13 3.11×10−14 1.02×10−13 4.90×10−14 2.02×10−14

1,200 3.42×10−13 1.91×10−13 5.93×10−14 1.58×10−13 7.59×10−14 3.61×10−14

1,500 5.82×10−13 3.24×10−13 1.27×10−13 2.74×10−13 1.31×10−13 7.22×10−14
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useful information for future experimental measurements.
The three-parameter fits of the CVT/SCT rate constants of
the four reaction channels in the temperature range from 200
to 1,500 K were performed and the expressions are given as
follows (in units of cm3molecule−1s−1):

k1aðTÞ ¼ 2:93� 10�26T4:25 exp �318:68 T=ð Þ

k2aðTÞ ¼ 3:67� 10�22T2:72 exp �1414:22 T=ð Þ

k3aðTÞ ¼ 7:00� 10�24T3:27 exp �384:04 T=ð Þ

k4aðTÞ ¼ 6:35� 10�22T2:59 exp �603:18 T=ð Þ

Reactivity trends

The molecular electrostatic potential is an important tool used
to analyze molecular reactivity because it can provide infor-
mation about local polarity. Figure 6 presents the distribution
of the molecular electrostatic potential. There, the most neg-
ative and positive potentials are indicated in blue and red,
respectively, and the color spectrum is mapped to all other
values by linear interpolation. The more negative potential
region (more blue) will be more favored for electrophilic
attack. In the molecules trifluoro- and trichloro-silane, the H
atoms bear stronger positive potential (red) than the halogen
atoms (green), indicating that the H atoms can be attacked
more easily by the nucleophile. Note that the C atom of CF3
radical is encircled by marked negative potential; therefore,
the CF3 radical preferentially attacks the H atom in SiHF3 and
SiHCl3 compared to the CH3 group. From these results, we
can infer that the H-abstraction reaction channel and halogen-
abstraction reaction channel in SiHF3 and SiHCl3 with the
CF3 radical could occur more easily than with the CH3 radical.
As a result, the reaction rate constants increase in the order of
CH3 + SiHX3 < CF3 + SiHX3 (X 0 F, Cl). This is in line with

the potential energy barrier heights, bond dissociation ener-
gies, and the rate constant results calculated above.

Conclusions

In this paper, the multi-channel reactions SiHX3 (F, Cl) with
CF3 and CH3 radicals were investigated theoretically using
direct dynamics methods. Four type reaction pathways were
identified; H-abstraction, F-abstraction, H-displacement and
F-displacement from SiHF3 for the four reactions. The cal-
culated potential barriers show that major reaction channel
is H-abstraction. The results of theoretical investigation
mean that for the four reactions, the H-abstraction reaction
rate constants decrease in the order of CF3 + SiHX3 > CH3 +
SiHX3 (X 0 F, Cl). The calculated results are in good
agreement with the corresponding available experimental
values. We expect that the theoretical results may be useful
for estimating the kinetics of the reactions over a wide
temperature range where no experimental data is available
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