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Abstract The multiple-channel reactions OH + SiH
(CH3)3 — products (R1) and the single-channel reaction
OH + Si(CH3)4 — Si(CH3)3CH2 4+ H20 (R2) have been
studied by means of the direct dynamics method at the BMC-
CCSD//MP2/6-311+G(2d,2p) level. The optimized geome-
tries, frequencies and minimum energy path are all obtained
at the MP2/6-311+G(2d,2p) levels, and energy information
is further refined by the BMC-CCSD (single-point) level.
The rate constants for every reaction channels are calcu-
lated by canonical variational transition states theory (CVT)
with small-curvature tunneling (SCT) contributions over the
temperature range 200-2,000K. The theoretical total rate
constants are in good agreement with the available experi-
mental data, and the three-parameter expression k; = 2.53 x
1072173 4exp(1,352.86/T), ka = 6.00 x 10719725
exp(—106.11/T) (in unit of cm? molecule~!s™1) over the
temperature range 200-2,000K are given. Our calculations
indicate that at the low temperature range, for reaction R1, H-
abstraction is favored for the SiH group, while the abstraction
from the CH3 group is a minor channel.
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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. Tet-
ramethylsilane is frequently used as a solvent. The use of vol-
atile silicon compounds may lead to their emission into the
atmosphere, where they can be removed by reactions with a
variety of reactive species, such as hydroxyl and nitrate rad-
icals. For most hydrocarbons, hydrogen abstraction by OH
radicals is one of the major channels for their removal in the
atmosphere [1,2]. For reaction SiH(CH3)3 + OH, the hydro-
gen atom can be abstracted from SiH group and CH3 group,
as a result, two reaction pathways are feasible, denoted as
R1a and R1b, respectively. For the reaction Si(CH3)4 4+ OH,
there exists only one hydrogen abstraction channel, that is,
H-abstraction from the CH3 group denoted as R2 as follows:

OH + SiH(CH3)3 — Si(CH3)3 + H20 (R1a)
— SiH(CH3),CH; + H,0 (R1b)
OH + Si(CH3)s — Si(CH3)3CH; + H,0 (R2)

With the flash-photolysis resonance-fluorescence (FP-RF)
technique, the overall rate constants of the title reactions
have been investigated by Goumri et al. [3], and the rate
constants they measured were represented by the expres-
sion k; = (3.1 +£0.4) x 10~ cm3 molecule~!s~! at 293—
297K for the OH + SiH(CH3)3 reaction and k, = (1.2 +
0.2) x 1072 c¢m3 molecule=!s~! at 293-297K for the
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OH + Si(CH3)4 reaction. For the OH + Si(CH3)4 reaction, the
rate constants obtained by Atkinson et al. [4] at 297+ 2K, by
Sommerlade et al. [5] at 297 £2 K, and by Tuazon et al. [6] at
298 £ 2 K were (1.00£0.27) x 10712, (1.2840.46) x 102,
and (8.5 +0.9) x 10~'3 (in unit of cm®mol~'s™1), respec-
tively. The k, value of reaction R2 taken from Goumri et al.’s
work [3] is in good agreement with those given by Atkinson
etal. [4], Sommerlade et al. [5], and Tuazon et al. [6] at room
temperature. To the best of our knowledge, the rate constants
of the title reactions have not been studied theoretically.

In this work, dual-level direct dynamics method [7-10]
is employed to study the kinetics of OH radical reactions
with SiH(CH3)3 and Si(CH3)4. The potential energy surface
information, including geometries, energies, gradients, and
force constants of all the stationary points (reactants, hydro-
gen-bonded complexes (HBC), products, and saddle points),
and some extra points along with the minimum energy path
(MEP) are obtained directly from electronic structure cal-
culations. Single-point energies are calculated at the BMC-
CCSD level [11]. Subsequently, by means of the POLYRATE
9.1 program [12], the rate constants of these reaction chan-
nels are calculated by the variational transition states theory
(VTST) [13,14] proposed by Truhlar and his 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 frequen-
cies of all the stationary points (reactants, HBC, products, and
saddle points) are optimized at the restricted or unrestricted
second-order Mgller—Plesset perturbation (MP2) [15-17]
level with the 6-311+G(2d,2p) basis set. At the same level,
the MEP are obtained by intrinsic reaction coordinate (IRC)
theory with a gradient step-size of 0.03 (amu)'/2 bohr. Then,
the first and second energy derivatives are obtained to cal-
culate the curvature of the reaction path and the generalized
vibrational frequencies along the reaction path. To obtain
more accurate energies and barrier heights, the energies are
refined by the BMC-CCSD method (a new multi-coefficient
correlation method based on the coupled cluster theory with
single and double excitations (CCSD) proposed by Lynch
and Truhlar) [11] based on the MP2/6-311+G(2d,2p) geom-
etries. Furthermore, the effect of the basis set superposition
error on the energies for the reactant precursor complex is
considered by means of the counterpoise method proposed
by Boys and Bernardi [18]. All electronic structure calcu-
lations are performed by GAUSSIANO3 program package
[19].

VTST [13,14] is employed to calculate the rate constants
by the POLYRATE 9.1 program [12]. The theoretical rate
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constants for each reaction channel over the temperature
range 200-2,000K are calculated by canonical variational
transition states theory (CVT) [14,20] incorporating small-
curvature tunneling (SCT) [21,22] contributions proposed by
Truhlar and co-workers [14,20]. For the title reactions, all
vibrational modes are treated as separable harmonic oscil-
lators, except for the lowest vibrational mode of the three
transition states that is treated by the hindered rotor model
[23,24]. Note that since there are several methyl groups, have
the hindered rotor approximation needs to be applied to the
internal rotation of these groups. In order to test the reliabil-
ity of treating this mode as hindered rotor, we re-estimated
the rate constants for R1a by considering the internal rota-
tion of all methyl groups and applying the hindered rotor
approximation to reactant, product, and the complex. The
detailed results are list in Table S1 as supporting informa-
tion. By comparing the two results, we found that using the
hindered rotor approximation only for one mode and only
in the transition state region does not change the rates sig-
nificantly. Thus, it is reasonable to treat the hindered rotor
approximation only for the lowest vibrational mode of the
three transition states. The model used for hindered rotor
approximation is the torsional mode. Here, we use the RW
scheme, where R stands for applying the rectilinear model
for calculating the reduced moment of inertia (/;) of the rota-
tor and the W means using the rotational barrier height (W)
from direct ab initio calculation to estimate the vibrational
frequency (wj). The vibrational frequency can be estimated
by wj = (W;/21;)'/> M, where M is the total number of min-
ima along the torsional coordinate in the range 0—27. In this
paper, the values of W; and M are 1, 000 cm~! and 9 for
R1 and 12 for R2, respectively. In addition, we used “full”
approximation level to calculate the partition function. The
two electronic states for OH radicals in the calculation of its
electronic partition functions, with a 140 cm™! splitting, are
considered. The vibrational frequencies along the reaction
path are calculated using redundant rectilinear coordinates.
Since SiH(CH3)3 and Si(CH3)4 are C3y and Td symme-
tries, respectively, the symmetry factor o = 1, 9, 12 for the
reaction channels R1a, R1b, and R2 are taken into account in
the rate constant calculation. The total rate constants k; are
calculated from the sum of the individual rate constants, i.e.,
ki = kia + kip.

3 Results and discussion

3.1 Stationary points

The optimized geometries of the reactants (SiH(CHz)3, OH
and Si(CH3)4), HBC (CRl1aR and CR2P), products

(Si(CHj3)3, SiH(CH3),CH,, H,O, and Si(CH3)3CH,) and
saddle points (TSla, TS1b, and TS2) at the MP2/6-311+
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Fig. 1 Optimized geometries Reactants
of the reactants, products,
hydrogen-bonded complexes
and saddle points at the
MP2/6-311+G(2d,2p) level. The
values in parentheses are the
experimental values (ref [25] for
OH, ref [26] for H,O). Bond
length is in angstrom, and angle
is in degree

Si(CH3); (Csv)

Si(CH;):CH; (C)) SiH(CH;).CH: (Cy)

Hydrogen-bonded Complex

CRI1aR (C))

Saddle points

dp 0939
d 1045
1.088 () ‘! s

TSla (Cy)

G(2d,2p) level along with the available experimental values
[25,26] are presented in Fig. 1. It can be seen that the theo-
retical geometric parameters of OH and H,O are in excellent
agreement with the corresponding experimental values. And
the length of Si—C bond in Si(CHj3)4 is longer than that in
SiH(CH3)3 because of methyl substitution. For the structures
of TS1a, TS1b, and TS2, the reactions will proceed via early
transition states, consistent with Hammond’s postulate [27],
applied to for an exothermic hydrogen-abstraction reaction.

The harmonic vibrational frequencies of the reactants,
HBC, products, and saddle points calculated at the MP2/6-

TS1b (Cy) TS2 (C1)

311+G(2d,2p) level as well as the available experimental
values [28-30] as a supplementary information section along
to the Cartesian coordinates. For the species OH, Si(CH3)4,
and H;O, the calculated frequencies are in good agreement
with the experimental values with the largest deviation of 6%.
The three saddle points are all confirmed by normal-mode
analysies to have one and only one imaginary frequency cor-
responding to the stretching modes of the coupling breaking
and forming bonds. And the values of those imaginary fre-
quencies are 728i cm~! for TS1a, 1,507i cm~! for TS1b,
and 1,465i cm™! for TS2.
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Table 1 The reaction enthalpies at 298 K (AH2098), the relative ener-
gies with and with out zero-point energy (ZPE) correction of hydro-
gen-bonded complexes (AE€) and TSs (AE) (kcal mol~1), and for the

reactions of OH radicals with SiH(CH3)3 and Si(CH3)4 at the BMC-
CCSD//MP2/6-311 4+ G(2d,2p) level together with the experimental
value

BMC-CCSD//MP2/6-311 4 G(2d,2p) Expt.
AH2098 OH + SiH(CH3)3 — Si(CH3)3 + H,O —26.31 —24.11+2.63
OH + SiH(CH3)3 — SiH(CH3),CH> + H,O —18.75
OH + Si(CH3)4 — Si(CH3)3CH, + H,O —18.62
AE OH + SiH(CH3)3 — Si(CH3)3 + H,0 —2.70
OH + SiH(CH3)3 — SiH(CH3),CH> + H,0 2.44
OH + Si(CH3)4 — Si(CH3)3CH; + H,0 2.00
AE+ZPE OH + SiH(CH3)3 — Si(CH3)3 + H,0 —2.48
OH + SiH(CH3)3 — SiH(CH3),CH;, + H,0 0.78
OH + Si(CH3)4 — Si(CH3)3CH; + H,O 0.35
AE® +ZPE OH + SiH(CHj3)3 — Si(CHj3)3 + H,O —1.78
OH + Si(CH3)4 — Si(CH3)3CH; + H,O —21.33
AE€ OH + SiH(CHj3)3 — Si(CH3)3 + H,O —2.77
OH + Si(CH3)4 — Si(CH3)3CH; + H,O —22.09

Experimental value derived from the standard heats of formation (in kcal mol™ 1 ): SiH(CH3)3, —39.00 £ 0.96 kcal mol~! [31]; OH, 9.33 kcal mol !

[32]; Si(CH3)3, 4.07 + 1.67 kecalmol ™! [33]; H,O, —57.85kcalmol ! [32]

3.2 Energetics

The reaction enthalpies (AH§98) and the relative energies
with and without zero-point energy (ZPE) correction of HBC
(AE®) and TSs (AE) for the three reaction channels calcu-
lated at the BMC-CCSD//MP2/6-311+G(2d,2p) level as well
as the available experimental reaction enthalpy are listed in
Table 1. It is shown that the three individual reactions are all
exothermic reactions, consistent with the discussion above of
Hammond’s postulate [27]. The theoretical value of AH2098
forreaction R1ais —26.31 kcal mol~! whichis in good agree-
ment with the corresponding experimental value of —24.11+
2.63kcalmol~! which was derived from the experimental
standard heats of formation (SiH(CHj3)3, —39.0040.96 kcal
mol~! [31]; OH, 9.33kcalmol~! [32]; Si(CH3)3,4.07 £
1.67kcalmol~! [33]; H>O, —57.85kcalmol~! [32]). The
reaction enthalpies of reactions R1b and R2 obtained at the
BMC-CCSD//MP2 level are —18.75 and —18.62 kcal mol !,
respectively. Due to the lack of the experimental heats of for-
mation for SiH(CH3),CH> and Si(CH3)3CH; species, it is
difficult to make a direct comparison between theory and
experiment for the enthalpy of channels R1b and R2. How-
ever, in view of the good agreement obtained earlier, it is
expected that the enthalpy of reactions R1b and R2 calcu-
lated at the same level is reliable.

Note that the energy of reactant is set to zero for refer-
ence. For reaction Rla, the complex CR1aR with the rela-
tive energy 1.78kcalmol™! lower than the reactants OH +
SiH(CHj3)3 is found at the BMC-CCSD//MP2 level on the
reactant side. It is seen that the energy of the complex is
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very close to the reactants, so one question arises: does the
complex really exists or is it an artifact due to the theoreti-
cal methods? To test the stability of the complex, the basis
set superposition error (BSSE) correction is estimated using
the counterpoise method. When the BSSE is considered,
the energy of the weakly bonded complex at the MP2/6-
311+G(2d,2p) level is 4.13kcal mol~!. It can be found that
the complex CR1aR disappears when BSSE correction is
included. For reaction R2, the complex CR2P with the rel-
ative energy 2.25kcalmol~! lower than that of the products
at the BMC-CCSD//MP2 level is located at the product side.
When BSSE is considered, the energy of the weakly bonded
complex is 2.26 kcal mol~! lower than that of the products at
the MP2 level, and this means that the weakly bonded com-
plex is existent. The barrier height of reaction Rla taking
the value of —2.48kcalmol~! is about 3.3 kcalmol~! lower
than that of the reaction R1b at the BMC-CCSD//MP2/6-
311+G(2d,2p) level. At the same time, the former reaction
path is more exothermic than the later about 7.55 kcal mol ™ 1
and as aresult, the former reaction path is more favorable than
the later both thermodynamically and kinetically. If theoret-
ical activation energy (E,) is estimated based on the calcu-
lated CVT/SCT rate constants for reaction channel R1a, the
corresponding E, value is —1.03kcalmol~! in 200-450K;
this negative activation energy results in the negative tem-
perature dependence.

Table 2 lists the calculated bond dissociation energies
(D3gg) of the Si-H and C-H bonds in the trimethylsilane,
SiH(CH3)3, along with several experimental data [34-37]
of Si-H bond dissociation energy. The D3¢ (Si-H) value
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Table 2 Calculated and experimental bond dissociation energies in SiH(CH3)3 at 298 K (kcal mol™1)

BMC-CCSD//MP2/6-311+G(2d,2p)

Expt.

DS (Si-H)
DSyg (C-H)

93.28
100.65

94.82 +0.48%,95.06 4 0.48", 95.06 4 1.43¢,91.24 + 1.67¢,90.28 + 1.43¢

a4 Ref. [34]
b Ref. [35]
¢ Ref. [33]
d Ref. [36]
€ Ref. [37]

with 93.28 kcal mol !, obtained at the BMC-CCSD//MP2/6-
311+G(2d,2p) level, shows good consistency with the pre-
vious literature results, 94.82 £ 0.48 [34], 95.06 £+ 0.48
[35], 95.06 £ 1.43 [33], 91.24 £ 1.67 [36], and 90.28 +
1.43kcalmol~! [37]. At the same level, the D3gq (C-H) value
in SiH(CH3)3 is 100.65kcalmol~!. No comparison between
theory and experiment can be made due to the lack of the
experimental D3gs (C-H) value in SiH(CH3)3. The above-
calculated results show that when the comparison is possible,
the agreement between theory and experiment is good. This
implies that the BMC-CCSD//MP2/6-311+G(2d,2p) level is
a suitable method to compute the bond dissociation energies
and our calculated D5 (C-H) value may be expected to
provide reliable reference information for future laboratory
investigations. The dissociation energy of the Si—H bond is
more than 7kcalmol~! smaller than that of the C—H bond
in SiH(CH3)3, it means that the H-abstraction channel R1a
proceeds more effectively than R1b.

3.3 Rate constants calculation

Dual-level dynamics calculations [7—10] of the title reactions
are carried out at the BMC-CCSD//MP2/6-311+G(2d,2p)
level. The rate constants of the individual channel are eval-
uated by canonical transition states theory (TST), canonical
variational transition states theory (CVT), and the CVT with
the SCT contributions in a wide temperature range from 200
to 2,000 K.

The MEP for reaction R2 is calculated by IRC theory at
MP2/6-311+G(2d,2p) level, and the dynamics calculations of
the title reaction is carried out with the VTST-ISPE method
atthe BMC-CCSD//MP2 level. The classical potential energy
curve (Vmgep(s)), the vibrationally adiabatic ground-state
potential energy curve (VaS%(s)), and the zero-point energy
(ZPE) curve of the reaction R2 as a function of the intrinsic
reaction coordinate s are plotted in Fig. 2, where VaG (s) =
VmEep (s) +ZPE(s). As can be seen, the Vygp and VaG curves
are similar in shape, and the ZPE is practically constant as
s varies with only a gentle drop near the saddle point. The
same conclusion can be drawn from the other two reaction
channels.

] ZPE
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12,

S (amu) “bohr

Fig. 2 Classical potential energy curve (Vygp), ground-state vib-
rationally adiabatic energy curve (VaG), and zero-point energy
curve (ZPE) as functions of s (amu)'/2 bohr at the BMC-
CCSD//MP2/6-311+G(2d,2p) level for the reaction OH + Si(CHz )4 —
Si(CH3)3CH; + H,O

The CVT/SCT rate constants of ki, and kjp, the over-
all CVT/SCT rate constants of k;, and the TST, CVT, and
CVT/SCT rate constants of kp together with the experimen-
tal values [3-06] are all listed in Table 3. The TST, CVT, and
CVT/SCT rate constants of reaction R1a and R1b are plot-
ted against the reciprocal of temperature in Fig. 3, and the
overall CVT/SCT rate constants of R1 and R2 as well as the
available experimental values [3—6] are displayed against the
reciprocal of temperature in Fig. 4. Note that the variational
effects, i.e., the ratio between CVT and TST rate constants,
are important in the lower temperature range for reaction R1a.
The ratios of k1,(CVT)/k1,(TST) are 0.26, 0.54, 0.75, and
0.81 at 200,400, 800, and 1,500 K, respectively. For reactions
R1band R2, CVT and TST rate constants are nearly the same
over the whole temperature range, which indicates that the
variational effects are almost negligible. On the other hand,
considering the tunneling effect, i.e., the ratio between CVT
and CVT/SCT rate constants, for reaction R1a, the CVT and
CVT/SCT rate constants are almost the same over the whole
temperature range, which means that the tunneling effect is
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Fig. 3 The TST, CVT and CVT/SCT rate constants of ki,

and kip(cm> molecule™'s~!) calculated at the BMC-CCSD//MP2/6-
311+G(2d,2p) level for the two reaction channels R1a and R1b versus
1,000/T between 200 and 2,000 K

almost negligible. For reaction R1b and R2, the tunneling
effect plays an important role at the lower temperatures. The
ratios of k1p(CVT)/k1,(CVT/SCT) are 8.88, 3.86, 2.11, and
1.51at200, 400, 800, and 1,500 K, respectively, and the ratios
of kp(CVT)/ka(CVT/SCT) are 12.4, 5.05, 2.80, and 1.92 at
200, 400, 800, and 1,500K, respectively. Also, we can find
that for reaction R1b and R2, the CVT/SCT rate constants
become lower than the CVT ones, which indicates that the
quantum effect decreases the rate constant. This is an unusual
case of dynamics calculation in which quantum effects pre-
clude particles (supermolecules) to pass over the classical
barrier. There are many reactions showing this phenomenon
[38—40]. The CVT/CAG and SCT factors for R1-2 are list in
Table S2 in the supporting information. We can find that for
reaction R1a, the CVT/CAG factors and the SCT factors are
close to 1 or equal to 1, while for the reactions R1b and R2,
the CVT/CAG factors are small and the SCT factors are 1-2
at lower temperatures. Therefore the CVT/CAG factor is the
reason why CVT/SCT is lower than CVT. From Table 3 and
Fig. 4, we can easily see that our theoretical CVT/SCT rate
constants, k1 and k», are in good agreement with the avail-
able experimental values at the measured temperatures, for
example, the ratio of k1 (CVT/SCT)/k;(expt) is 0.45 for R1
at 296 K. For reaction R2, the CVT/SCT rate constants are
0.65-0.97 times of the corresponding experimental results
[3-6] at the room temperature. Thus, the present calculation
can provide reliable estimations of the rate constants for the
title reactions at the higher temperatures.

Figure 3 and Table 3 show that the rate constants of reac-
tion R1a, ki,, are about 1-3 orders of magnitude higher than
the ones of reaction R1b, k11, from 200 to 800 K. Thus, it can
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Fig. 4 The CVT/SCT rate constants of k| and k7 (cm3 molecule~'s~1)
calculated at the BMC-CCSD//MP2/6-311+G(2d,2p) level for the two
reaction R1 and R2 versus 1,000/T between 200 and 2,000 K, together
with the experimental value

be concluded that the H-abstraction channel R1a is always
dominant, and reaction R1b is a minor pathway below 800 K.
For example, the values of k1,/(k1, + k1p) are greater than
or equal to 76% in the temperature range 200-500 K. This is
consistent with the inferences made from the barrier heights
of these two reaction channels. Increasing temperature, the
contribution of k1 to the overall rate constant increases grad-
ually, for instance, the ratios kip/(k1a + ki1p) are 41% at
800K, 53% at 1,500K and 56% at 2,000K, i.e., the reac-
tion channel R1b becomes more and more competitive. At
1,240K, the rate constants of R1a and R1b are equal; above
that, R1b becomes the major reaction channel. Therefore, the
reaction channel R1b should be considered when the temper-
ature increases. The temperature dependence of the branch-
ing ratios, k1, /(k1a + k1p) and k1p/ (k12 + k11), are exhibited
against 1,000/ (K~!) in Fig. 5.

As a result of the limited experimental knowledge of the
kinetics of the title reaction, we hope that our present study
may provide useful information for further laboratory
investigations. For convenience of future experimental mea-
surements, the three-parameter fits of the CVT/SCT rate con-
stants of three reaction channels and the whole reaction R1
in the temperature range from 200 to 2,000 K are performed
and the expressions are given as follows (in unit of cm?
molecule~!s™1):

kia(T) = 4.46 x 107 187%2%exp(1,029.43/T)
kip(T) = 2.88 x 10729728 exp(—141.43/T)
ki(T) = 2.53 x 1072173 exp(1, 352.86/T)
k>(T) = 6.00 x 10~ 1972exp(—106.11/T)
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Fig. 5 Calculated branching ratios for the reaction R1 versus 1,000/T
between 200 and 2,000 K

4 Conclusion

In this paper, the reactions OH + SiH(CH3)3 — products,
and OH +Si(CH3)4 — Si(CH3)3CH, + H»O are studied by
a dual-level direct dynamics method. The potential energy
surface information is obtained at the MP2/6-311+G(2d,2p)
level, and energies of the stationary points and a few extra
points along the MEP are refined at the BMC-CCSD level.
For reaction R1, reaction R1a is the major pathway, while the
contributions of R1b channel should be considered with the
increase in temperature. The rate constants, k1 and k3, cal-
culated by CVT incorporating SCT correction at the BMC-
CCSD//MP2 level are in good agreement with the available
experimental values. The three-parameter rate-temperature
formulas for OH + SiH(CH3)3 and OH + Si(CH3)4 reactions
are fitted and given as follows (in unit of cm? molecule s~ 1):
ki(T)=2.53x10"21T314exp(1,352.86/T), ko(T) =6.00 x
107 19723%exp(—106.11/T). We hope that our results may
be useful for further experimental studies on the kinetic prop-
erties of the title reactions.
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