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The kinetics for the previously proposed 114-reaction mechanism for the chemical vapor deposition (CVD)
process that leads from methyltrichlorosilane (MTS) to silicon carbide (SiC) are examined. Among the 114
reactions, 41 are predicted to proceed with no intervening barrier. For the remaining 73 reactions, transition
states and their corresponding barrier heights have been explored using second-order perturbation theory
(MP2) with the aug-cc-pVDZ basis set. Final energies for the reaction barriers were obtained using both
MP2 with the aug-cc-pVTZ basis set and coupled cluster theory (CCSD(T)) with the aug-cc-pVDZ basis set.
CCSD(T)/aug-cc-pVTZ energies were estimated by assuming additivity of basis set and correlation effects.
Partition functions for the computation of thermodynamic properties of the transition states were calculated
with MP2/aug-cc-pVDZ. Forward and reverse Gibbs free energy barriers were obtained at 11 temperatures
ranging from 0 to 2000 K. Important reaction pathways are illustrated at 0 and 1400 K.

I. Introduction Diau et al. studied the C4+ C,H, reactions theoreticall§.
They found that Chl + C,H, — CH3CH=CH is the primary
reaction at<1300 K. At temperatures 1400 K and atmospheric
ressure, Cgl+ C,H, — CH3CCH + H becomes the major
eaction pathway. Hase et al. calculated the energy barrier for
the GH4 + H — C,Hs reaction using the UMP2, QCISD, and
MRCI methods with various basis sét3hey also calculated
the reaction rate constants, which agreed well with experimental

In the previous papér,a mechanism consisting of 114
reactions was proposed to account for the production and
consumption of the various gas-phase species in the chemica
vapor deposition of silicon carbide, starting from methyltrichlo-
rosilane (MTS). In the present work, the transition states and
associated barrier heights, as well as minimum energy reaction
paths, are considered. Some of the reactions in this network luess—12
have been studied previously. Gordon et al. studied the thermalva l{e ' .
decomposition pathways of ethane using the MP4/6-311G(d,p)// Liu et al. studied @Hz + CHs —~ CoHs + CHs and GHs +

HF/6-31G(d) methotland concluded that the cleavage of the CoHe — SZH"' + CoHs using the G2//MP2 and G2//QCISD
C—C bond was the most kinetically favored decomposition methods'® They obtained the rate constants using transition state

; ; : theory (TST) and canonical variational transition state theory
reaction path with an 85 kcal/mol energy barrier at 0 K. The
direct 1,2-elimination of hydrogen has a much larger 130 kcal/ (CVT) and concluded that £l + CoHe — CoHs + CoHs was

mol barrier, even though it is thermodynamically favored. Jensen faster than @Hs + CHy — CzH4 + CHs at 200-3000 K. Wu
et al. studied the &1, — C,H, + H, reaction at the MP4/6- et al. applied the CCSD(T) method to investigate the potential

311+G(d,p)//IMP2/6-31G(d) level of theodTwo pathways energy surfz;ce of H CHs = Hp + CEﬁ andhpred]iccted itsn;zte
were proposed. One involves the formation of ethylidenesfCH constant with an accuracy comparable to that of experiments.
CH) and the other involves the formation of vinylidene (CHf They also found that rate constants predicted by transition state
as an intermediate. A direct 1,2-elimination pathway efiidm theory are reasonably accurate at temperatures above 500 K.

ethylene was not found. Allendorf et al. studied various reaction However, the effect of tunneling becomes nontrivial at tem-
pathways related to the decomposition of MTS using MP4/6- pera_tures below 400 K. ) N
31G(d,p)//HF/6-31G(d) with empirical bond additivity correc- ~ Wittbrodt and Schlegel studied the thermal decomposition
tions (BAC)5 Their results suggest that-SC bond cleavage, ~ Of dichlorosilane and obtained estimated QCISD(T)/6-8+G-

C—H bond cleavage, and 1,2-elimination of HCI are the (3df,3pd) energies for reactants, products, and transition states

predominant decomposition pathways of MTS at-82600 K. by assuming additivity of basis set and correlation correctiéns.
However, consecutive reactions after MTS decomposition are The preferred decomposition pathway was found to be,SiH
not discussed in their papers. Cl; — SiHCI + HCI with a 70.8 kcal/mol barrier at 298 K, 1.9

kcal/mol lower than that of SipCl, — SiCl, + H,. Walch et
* Corresponding author. Tel: 515-294-0452. Fax: 515-294-0105. E- al- investigated the thermal decomposition pathways and rate
mail: mark@si.fi.ameslab.gov. constants for silane, chlorosilane, dichlorosilane, and trichlo-
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rosilane, using CCSD(T) energies extrapolated to the complete— SiCl, + CI). In the following discussion, these reactions will

basis set limit at CASSCF/cc-pVDZ geometri€sThey also
studied reactions of Sigand SiHCI with H and Cl atoms using
the same methol. Their classical barrier heights (kcal/mol)
related to this paper are Sill, — SiHCI + HCI (74.8), Sib-
Cl, — SiCl, + H, (77.2), SIHC} — SiCl, + HCI (72.7), SiHCI

+ H — SiH + HCI (13.5), SiHCI+ Cl — SiH + Cl, (2.0), and
SiCl + HCI — SiHCl; (32.4). The SIHCH H — SiCl + H;
and SiHCI+ Cl — SiCl + HCI reactions are predicted to be
barrierless.

Despite several previous studies of B—Si—Cl, C—H, and
H—Si—CI systems, the present work is the first electronic
structure theory study that thoroughly investigates all reactions
during and after the decomposition of MTS in the gas-phase

that may have a significant effect on the gas-phase composition

during the SiC CVD process and/or on the concentration of the
major species that account for the deposition and growth of
silicon carbide.

Il. Computational Details

be referred to as having no transition state.

Figure 1 illustrates key structural information in the TS region
for the 73 transition states that were found. Each transition state
is labeled with “TS” followed by an arbitrarily assigned number.
The corresponding reactions can be found in the first columns
of Tables 3, which are labeled in a consistent way with the
transition states in Figure 1. MP2 and CCSD(T) energies and
zero point energies (ZPE) of these transition states are tabulated
in the Supporting Information.

Tables 13 list forward and reverse enthalpies, entropies,
and Gibbs free energies of activation, respectively, for the 73
reactions at 62000 K. The harmonic oscillator/rigid rotor
approximation has been employed to construct the appropriate
partition functions. Classical energy barriers have been obtained
by calculating the estimated CCSD(T)/aug-cc-pVTZ energy
difference between transition states and reactants or products
at MP2/aug-cc-pVDZ geometries. Enthalpies of activation have
been obtained by adding MP2/aug-cc-pVDZ ZPE and thermo-
dynamic corrections at various temperatures to the classical

Geometries, harmonic vibrational frequencies, and zero point barriers. Negative enthalpies of activation most likely occur due

energies of all transition state structures have been obtained ato their computation using single point CCSD(T) energies at
the unrestricted MP2 (UMP3) level of theory with the aug- ~ MP2 structures. This could mean either that the TS location
cc-pVDZ basis set??° Transition state structures have one shifts at the higher level of theory or that the TS actually

imaginary frequency, determined by computing and diagonal- disappears at the higher level of theory. For very small classical

izing the matrix of energy second derivatives (Hessian). barriers, it is also possible that the addition of ZPE is sufficient
Minimum energy path (MEP) calculations were performed to to reduce the enthalpy of activation to zero.

confirm that the located transition state structures connect the Table 2 shows that a transition state often has a higher entropy
expected reactants and proc.zlucts..The partition functlong WerChan the reactant in unimolecular reactions but a lower entropy
calculated within the harmonic oscillator/rigid rotor approxima- than reactants in bimolecular reactions. This is expected, because

tion, at temperatures ranging from O 1o 2000 K. Single-point a transition state usually has a looser structure than a unimo-
energies were obtained at these geometries using MP2/aug-cc;

OVTZ1920and CCSD(T)/aug-cc-pvDZ. CCSD(T)/aug-ce-pVTZ lecular reactant but tighter structure than the two bimolecular

sinale point eneraies were estimated by assumina additivity of reactants. The Gibbs free energies of activation in Table 3 may
gep 9 . o y 9 y be useful for future rate constant calculations using transition
basis set and correlation corrections:

state theory.

Figures 2-6 illustrate five important potential energy sur-
faces. Gibbs free energies of minima and transition states are
obtained in the following way: classical energies are estimated
CCSD(T)/aug-cc-pVTZ energies (calculated using eq 1) at MP2/
aug-cc-pVDZ structures; ZPE and thermodynamic properties
of codes?! CCSD(T)/aug-cc-pVTZ singlet point calculations are calculated with MP2/aug-cc-pVDZ. Relative Gibbs free
were performed using the ACES pack&ge. energies are given at 0 and 1400 K, because 1400 K is a typical

Structures, vibrational frequencies, and minimum energy paths SiC CVD temperature. The species with the lowest Gibbs free
were visualized with the aid of MacMolPit. energy &0 K is selected as the reference when relative Gibbs
free energies are calculated. Note that Gibbs free energy barriers
of the reactions without a transition state presented in this paper
are assumed to be equal to the absolute values of the corre-

ECCSD(T)/auchcfpVTZ ~ ECCSD(T)/auchcfpVDZ +

(EMPZIauqccfpVTZ - EMPZ/auqccfpVDZ) 1)

All of the MP2 calculations were done with the GAMESS suite

Ill. Results and Discussion

In the preceding paper, a 114-reaction mechanism was

proposed to account for the gas-phase chemistry of SiC CVD
started from MTS and Has feeding gasIn the present work,
41 reactions have been determined to have no well-define
transition state (TS) by the following means. First, bon
breaking reactions without significant reconstruction of elec-
tronic structure are assumed to have no well-defined transition
state. For example: G§SiCl; — CHs + SiCl; simply breaks a
C—-Si bond to form two radical fragments. Second, rate

sponding reaction free energies. More accurate free energies of
activation of the reactions without TS will be obtained in a

dsubsequent work by a means of free energy profiling along the
d- minimal energy path. These five reactions are discussed in the

following sub-sections.

A. Unimolecular Decomposition of CHSICls. Eight uni-
molecular decomposition pathways are illustrated in Figure 2.
Three are simple bond-cleavage reactions with no transition

expressions have been obtained from others previous researctstates: CHSIClz — CHz + SiCls, CH3SiCls — CHSIiCl; + H,
Constant reaction rate expression within a wide temperatureand CHSICl; — CHsSIiCl, + CI. The forward Gibbs free

range often suggest the reaction has no well-defined transitionenergies of activation for these three reactions (which correspond
state, such a¥CH, + CHz; — C,H4 + H?4 and3CH, + 3CH, to the net reaction endothermicities) are 91.6, 101.1, and 108.4
— C,H, + Hp?4 Third, constrained geometry optimizations were kcal/mol at 0 K, respectively. However, at 1400 K, these free
performed to obtain approximate reaction paths that ensure thatenergies are reduced to 38.1, 51.4, and 61.1 kcal/mol, respec-
a reaction has no energy barrier. This approach provides indirecttively. This significant decrease at 1400 K is mainly due to the
evidence that no transition state is present (for examplezSiCl entropy increase when GHICl; dissociates.
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Figure 1. MP2/aug-cc-PVDZ transition state structures. Bond lengths in angstroms; bond angles and dihedral angles in degrees. The corresponding
reactions can be found in the first columns of Tables31
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TABLE 1: Forward (Upper Entry) and Reverse (Lower Entry) Activation Enthalpies (kcal/mol) at Various Temperatures
Ranging from 0 to 2000 k&

reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
TS1. CHSIiClz — CH,SICl, + HCI 81.0 81.1 81.1 81.2 81.3 81.3 81.2 81.1 80.9 80.7 80.5
2.2 1.2 1.2 1.3 15 1.9 2.2 2.5 2.9 3.2 3.5
TS2. CHSIiClz — CHsCl + SiCl, 109.0 109.3 109.2 109.1 108.8 108.5 108.1 107.7 107.3 106.9 106.5
36.4 36.2 36.5 37.2 37.7 38.2 38.7 39.1 39.5 40.0 40.4
TS3.Cl+H,—HCI+H 5.4 4.2 4.0 3.7 3.6 3.6 3.6 3.6 3.6 3.5 3.5
3.8 2.7 2.5 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.4
TS4.Cl+ HCI—Cl, +H 47.8 47.1 47.0 46.9 46.8 46.7 46.6 46.4 46.2 45.9 45.7
0.4 —0.4 -06 —-11 -15 -1.9 —2.3 —2.7 —-3.1 —3.5 —3.9
TS5.CH+H,— CHs+H 13.6 11.7 11.3 10.8 10.7 10.8 11.0 11.2 115 11.8 121
131 11.9 11.8 11.7 11.7 11.7 11.7 11.6 11.6 115 11.4
TS6.CH+ H—3CH; + H, 145 13.3 131 12.9 12.7 12.6 12.6 12.5 12.4 12.3 12.2
9.5 7.8 7.5 7.3 7.3 7.5 7.7 8.0 8.3 8.6 8.9
TS7.CH+ CHz —3CH, + CH,4 16.8 155 15.4 15.6 16.0 16.5 171 17.6 18.2 18.7 19.2
11.3 10.3 10.4 10.9 11.6 12.3 12.9 135 141 14.7 15.2
TS8. CH + HCl— CHsCl + H 30.6 29.2 29.0 28.9 29.1 29.3 29.7 30.0 30.3 30.6 30.9
10.1 9.3 9.2 9.1 9.0 8.9 8.7 8.5 8.4 8.2 8.0
TS9. CH+ HCI— CHs + CI 2.3 0.7 0.5 0.4 0.6 0.9 1.2 15 1.8 2.1 2.4
3.3 25 2.6 2.9 3.2 3.4 3.6 3.7 3.7 3.8 3.7
TS10. CHCI + Hy — CH, + HCI 86.9 85.8 85.8 85.8 86.0 86.2 86.4 86.6 86.8 87.1 87.3
107.0 105.9 106.0 106.5 107.0 107.6 108.0 108.4 108.8 109.1 109.4
TS11. CHCI + HCI— CHCl> + H 33.2 31.9 31.8 31.8 32.1 32.4 32.7 33.1 33.4 33.7 34.0
9.2 8.3 8.2 8.0 7.9 7.7 7.5 7.4 7.2 7.0 6.8
TS12. GHg— CoHs + H> 122.9 122.9 1229 123.0 123.1 123.2 123.2 123.2 1231 123.0 122.8
91.6 89.8 89.3 88.8 88.5 88.6 88.7 88.9 89.2 89.5 89.7
TS13. GHe(e)— CoHs + H2 1135 113.7 1140 1147 1153 115.8 116.2 116.6 116.9 117.1 117.3
84.7 82.9 82.5 82.1 81.9 82.0 82.1 82.3 82.6 82.8 83.1
TS14. GHg + H— CoHs + H> 10.2 9.2 9.0 8.9 8.9 8.9 8.9 8.9 8.8 8.7 8.6
14.0 12.1 11.7 11.3 11.2 11.3 11.5 11.7 12.0 12.3 12.6
TS15. GHs— CoHs + H 38.9 38.7 38.6 38.6 38.6 38.5 38.4 38.2 38.0 37.7 37.4
3.9 2.7 2.4 2.1 1.8 15 1.3 1.0 0.8 0.6 0.4
TS16. GHs — CH.C + Hy 92.6 93.0 93.3 93.8 94.2 94.4 94.4 94.4 94.3 94.1 93.9
10.5 8.5 8.2 7.8 7.6 7.6 7.7 7.8 8.0 8.2 8.3
TS17. CHC — HCHC 0.5 0.3 01 -03 -06 —-1.0 —-14 -1.7 21 —25 —2.9
-0.8 —-1.0 -11 -15 -18 —2.3 —2.7 —-31 —3.6 —4.0 —4.4
TS18. HCHC— C;H» 0.1 0.0 -01 —-04 07 -11 —-14 —-1.8 —2.2 —2.6 —3.0
43.6 43.5 43.3 42.8 42.3 41.8 41.3 40.8 40.3 39.7 39.2
TS19. CHCH(s)— CoH2 + H> 33.2 33.4 33.6 33.9 34.3 34.5 34.8 35.0 35.1 35.3 35.4
66.4 64.4 63.7 62.8 62.2 61.9 61.7 61.7 61.6 61.7 61.7
TS20. GHs + H— CoHz + H» 171 16.1 16.0 15.8 15.7 155 154 15.3 151 15.0 14.9
9.9 8.4 8.1 7.8 7.8 7.9 8.1 8.3 8.6 8.8 9.1
TS21. GH3— CoHa + H 39.6 39.8 39.9 40.2 40.3 40.3 40.2 40.1 39.9 39.6 39.4
6.8 5.4 4.9 4.1 3.4 2.8 2.2 1.7 12 0.7 0.3
TS22. GH3z + CHs — CoHs + CHs 11.8 11.0 111 11.6 12.2 12.8 13.4 14.0 14.6 151 15.6
19.5 18.5 18.5 18.7 19.1 19.6 20.1 20.6 21.1 21.6 22.1
TS23. GH3 + CoHe — CoHa + CoHs 10.0 9.5 9.7 10.2 10.8 114 12.0 12.6 13.1 13.7 14.2
21.0 20.2 20.2 20.5 20.9 21.4 21.9 22.4 23.0 23.5 24.0
TS24.GH,+H—CH + H» 34.6 34.1 33.9 33.7 33.4 33.1 32.8 32.5 32.2 31.9 31.7
2.8 2.0 2.1 2.1 2.3 2.5 2.7 2.9 3.1 3.4 3.6
TS25. GHg + CH3 — CoHs + CHy 14.3 135 13.5 13.9 14.4 15.0 15.6 16.2 16.7 17.3 17.8
17.7 16.6 16.7 17.1 17.7 18.3 18.9 19.5 20.0 20.6 21.1
TS26. GHg + 3CH, — C;Hs + CHs 8.7 7.9 8.1 8.7 9.3 10.0 10.6 11.2 11.8 12.4 12.9
17.6 16.4 16.3 16.5 17.0 17.5 18.0 18.6 19.1 19.7 20.2
TS27. GH4 + HCI — CoHsCl 41.9 40.5 40.4 40.4 40.6 40.8 411 41.4 41.7 42.0 42.2
58.2 58.3 58.4 58.6 58.6 58.6 58.5 58.3 58.1 57.9 57.6
TS28. GH2 + HCI — CHsCl 47.1 45.7 45.4 45.2 45.2 45.2 45.3 45.4 455 45.6 45.7
72.2 72.6 72.9 73.3 73.5 73.5 73.5 73.4 73.2 73.0 72.8
TS29. GHs + HCI — C;HsCl + H 28.4 27.0 26.9 26.9 27.2 27.5 27.8 28.2 28.5 28.8 29.1
9.7 8.8 8.7 8.6 8.4 8.3 8.1 7.9 7.7 7.6 7.4
TS30. GHs + HCI — CyHg + Cl 0.4 -1.0 -12 -12 -11 -0.8 —-0.5 -0.2 0.1 0.4 0.7
-1.9 —2.4 -23 —20 -18 -15 —-14 -13 -13 —-1.3 -13
TS31. GH3z + HCI — C;H3Cl + H 23.4 22.4 22.3 225 22.8 23.1 23.5 23.8 24.1 24.4 24.7
15.7 14.9 14.8 14.5 14.2 13.9 13.6 13.4 131 12.9 12.6
TS32. GH3z + HCI — C;Hs + Cl —-1.0 —2.2 —-23 —-23 20 -1.7 —-14 -11 —0.8 —0.5 —-0.2
7.7 7.1 7.1 7.3 7.4 7.5 7.6 7.6 7.6 7.6 7.6
TS33.8CH; + HCl— CH; + Cl 0.0 -11 -1.1 -09 -06 —0.2 0.2 0.5 0.9 12 15
6.6 5.9 5.9 6.1 6.4 6.6 6.7 6.8 6.8 6.8 6.8
TS34.8CH; + HCl— CH,CI + H 25.0 23.7 23.7 23.8 24.1 24.5 24.9 25.2 255 259 26.2
14.4 13.4 13.3 13.1 12.9 12.7 12.6 12.4 12.2 12.0 11.8
TS35. SiC} + SiCls — SixCls 13.7 13.7 13.9 14.3 14.7 15.1 155 15.9 16.3 16.7 171
46.4 46.2 46.0 45.7 45.4 45.0 44.7 44.3 43.9 43.5 43.1
TS36. SiC} + H, — SiHClz + HCI 61.7 60.2 59.8 59.4 59.2 59.2 59.4 59.5 59.8 60.0 60.3
44.7 44.0 43.9 44.0 44.3 44.5 44.8 45.1 45.4 45.7 46.0
TS37. SiCt+ H,— SiHC + H 16.3 15.2 15.0 15.0 15.3 15.6 16.0 16.4 16.8 17.2 17.6
3.6 2.9 2.8 2.7 2.6 2.6 25 2.4 2.3 2.1 2.0
TS38. SiCt + H, — SiHCL, + HCI 48.4 46.8 46.4 45.8 45.7 45.7 45.8 46.0 46.2 46.5 46.8
30.2 29.3 29.2 29.2 29.3 29.6 29.9 30.2 30.5 30.7 31.0
TS39. SiCt + HCl— SiCls, + H 15.0 14.5 14.6 15.1 15.6 16.0 16.5 16.9 17.3 17.6 17.9
19.2 18.5 18.3 18.1 17.9 17.7 17.5 17.3 17.1 16.9 16.7
TS40. SiCt + HCl — SiHClz + Cl 8.8 7.8 7.7 7.7 7.9 8.2 8.5 8.7 9.0 9.3 9.6
—2.5 —2.9 -30 —-31 -—-32 —-3.3 —-3.4 —3.5 —3.6 —3.8 —3.9
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TABLE 1 (Continued)

reaction 0K 29815K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000 K
TS41. SIC4 + Ho— SiHCl 404 386 382 378 377 377 379 381 384 387 389
723 724 723 722 721 719 716 714 711 708 704
TS42. SICh + Ho — SiHCI + HCI 343 326 321 316 315 316 3L7 320 323 325 328
46 33 31 30 32 35 38 41 44 47 49
TS43. SIC4 + Hp— SIHChL + H 5.2 501 500 500 502 505 508 512 515 519 522
65 —71 —72 -74 -76 -77 -79 -81 82 -84 —86
TS44. SICh + HCI — SiCk + H 333 328 330 334 339 344 348 352 356 360 363
62 -70 -71 -73 -75 -77 -80 -82 -84 86 88
TS45. SiHC4 — SICl, + HCl 671 674 674 673 671 669 666 663 660 657 654
167 157 157 158 160 163 166 170 173 175  17.8
TS46. SIHCl, — SIHCI + HCI 68.7 689 690 689 688 686 684 682 679 676 673
71 59 58 59 61 64 67 70 73 76 78
TS47. SIHC4 + Ho — SiH,Cl, + HCI 623 608 604 600 598 598 599 601 603  60.6  60.9
437 430 429 429 431 434 437 440 443 446 4438
TS48. SIHCh + Ho — SiHClz + H 168 156 155 155 157 160 164 168 172 176  18.0
37 30 29 28 27 27 26 25 24 23 21
TS49. SiHC} + HCl — SiHCl: + H 148 142 143 147 152 156 160 164 168 171 175
202 194 193 190 188 186 184 182 181 179  17.7
TS50. SiHC} + HCl — SiH;Cl, + CI 88 79 78 77 79 81 84 86 89 91 94
-29 32 33 —34 -35 -37 -38 -39 —41 —42 —44
TS51. SIHCH- Hz — SiHsCl 190 172 168 164 162 162 164 166 168 170 173
624 624 624 624 622 620 618 615 612 609  60.6
TS52. SiIHCH- HCl — SiHCl + H 256 246 247 251 255 260 264 268 271 275 278
-24 33 35 -37 -39 -41 -43 —45 -47 —49 51
TS53. SIC4 + CHs — CHsSICls + H 403 398 400 407 415 423 430 436 443 448 454
297 288 286 282 278 275 273 270 268 265 263
TS54. SiC4 + CHs — SiHCl; + CHs 183 181 184 193 201 209 217 224 230 236 242
60 56 57 60 65 70 75 79 84 89 93
TS55. SIC4 + CHz — SiCl, + CHsCl 06 00 01 03 06 10 14 18 22 26 30
196 199 204 213 220 226 232 237 242 247 252
TS56. SIC4 + CHz — SIHCl; + °CH, 206 202 205 211 218 226 232 239 245 251 257
28 25 27 32 38 43 49 54 59 64 68
TS57. SICh + CHs — CHaSIHCk, 640 630 631 635 641 647 653 659 664 670  67.5
970 970 969 967 964 962 958 955 952 948 945
TS58. CHSICk + Hz — CHsSIHC, 307 290 286 281 279 279 280 282 284 287 289
89.9 899 900 900 900 899 898  89.6 894 892 889
TS59. CHSIHClL — CH,SIHCI + HCl 786 786 787 789 789 790 789 788 786 784 782
44 33 33 33 36 39 43 46 49 52 55
TS60. CHSICL + Hz — CHsSIHC, + H 160 148 147 147 149 153 156 161 165 168 172
36 29 28 27 26 26 25 24 23 21 20
TS61. CHSICk + Hp — CHsSiCls + H 131 113 110 106 106 107 110 113 116 119 122
114 105 103 102 102 101 101 100 100 99 98
TS62. CH + CHsSiCl; — CHs + CHoSICly 126 118 118 122 127 132 138 144 149 155  16.0
137 129 130 135 141 148 154 160 166 172 177
TS63. CH+ CHSICl,—~ CHiCl + CHzSIC, 336 330 329 330 331 334 337 340 343 347 351
59 62 65 71 77 82 86 91 95 99 104
TS64. SIC4 + CH:SICk — SiHC + CH,SiCl; 139 143 146 154 162 170 177 183 189 195 201
28 29 30 35 40 45 50 55 60 65 70
TS65. SIC4 + CHiSICk — SiCls+ CHsSiCl, 177 183 186 191 196 200 204 208 212 216 220
147 153 156 161 165 169 173 177 181 185 189
TS66. H+ CH;SiCl; —~ HCl + CHsSICl, 206 198 197 194 192 100 188 186 184 182 180
134 128 129 133 138 143 147 151 155 158  16.1
TS67. Cl+ CHsSICl — HCl + CH,SiCls 32 29 30 33 36 38 40 40 41 41 40
34 22 21 22 25 28 32 35 38 41 44
TS68. CHSICL — H + CHSICk, 728 728 730 732 734 735 735 734 732 730 728
12 -00 -03 -06 -10 -12 ~-15 -17 -19 -22 -24
TS69. CHSICl — CHsSIiCLCl 957 959 959 956 953 949 946 942 938 934 931
-155 -156 —157 —161 —164 -168 —-17.2 —175 —17.9 -183 —187
TS70. CHSICLCI — CHsSICI + Cl 220 219 218 215 212 209 205 202 198 194 190
48 44 45 46 48 50 51 53 55 57 59
TS71. CHSICl+ Hp — CHsSiH,Cl 249 229 225 220 217 217 219 221 223 225 228
674 674 673 672 670 668 665 662 659 656 653
TS72. CHSICl+ HCl — CHsSIHCk, 62 52 51 52 54 57 60 63 66 69 71
69.0 693 693 69.2 691 689 687 685 682 67.9 675
TS73. SIHCh — SiCh + H 449 456 458 460 461 460 459 457 454 451 448

—0.2 —0.8 -09 -11 -13 -15 —-1.7 -1.9 21 —-2.3 —-25

a Classical energies are obtained at the estimated CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVDZ level of theory. Zero point energies and partition
functions are obtained at the MP2/aug-cc-pVDZ level of theory.

CHj3SiCl; can also undergo 1,2-elimination of HCI to produce and therefore is not favored by entropic effects at high
CH.SIiCl,. The HCI elimination reaction has the lowest free temperatures.
energy of activation, 81.0 kcal/mol, among all eight MTS  The fifth decomposition reaction of MTS is a three-centered
molecular elimination reactions at 0 K. However, thesSIClz Cl-shift reaction, in which a Cl atom shifts from Si to C along
— CHSIiCl, + HCI free energy of activation is 36.6 kcal/mol  with Si—C cleavage to form CkCl and SiCl,. This three-
higher than that for Ck8iCl; — CH3; + SiClz at 1400 K. So, centered reaction has a 109.0 (100.9) kcal/mol forward free
CHsSiCl; — CH.SICl, + HCI is not the primary reaction at  energy of activation at 0 (1400) K, higher than that for the HCI
high temperatures, because it has a tight transition state structurelimination reaction.
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TABLE 2: Forward (Upper Entry) and Reverse (Lower Entry) Entropies of Activation (cal/(mol K)) at Various Temperatures

Ranging from 0 to 2000 k&

reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000 K
TS1. CHSIClz — CHSiCl, + HCI 0.0 4.3 4.5 4.7 4.8 4.8 4.7 4.6 4.5 4.4 4.2
0.0 —32.0 —-322 —-320 -316 —31.2 —30.9 —30.7 —30.5 —30.3 —30.1
TS2. CHSICls — CHsCl + SiCl, 0.0 6.7 6.6 6.2 5.8 55 51 4.8 4.6 4.3 4.1
0.0 —33.4 —-325 —-31.2 -304 —29.9 —295 —291 —28.8 —28.6 —28.4
TS3.Cl+ H,—HCI+H 0.0 —18.6 —-19.2 -19.7 -199 -—19.9 —19.9 —19.9 —19.9 —19.9 —19.9
0.0 —21.4 —220 —225 227 —228 —22.9 —23.0 —23.1 —23.1 —23.2
TS4.Cl+ HCI—Cl;+ H 0.0 —21.1 —-21.4 216 -—-21.7 218 —22.0 —221 —22.2 —224 =225
0.0 —19.2 —-199 -208 -21.3 —21.8 —22.2 —22.5 —22.7 —23.0 —23.2
TS5.CH+ H,—CHs+H 0.0 —25.6 —-269 —278 -—-28.0 —27.9 —27.7 —27.5 —27.3 —27.2 —27.0
0.0 —19.7 —-20.2 —-204 -204 —-204 204 204 —204 -205 —20.5
TS6.CH+H—3CH, + H, 0.0 —20.4 —-211 -—-216 -—-21.7 —218 —-21.9 —22.0 —22.0 —22.1 —22.2
0.0 —24.4 —252 257 -—257 —255 —253 —251 —24.9 —24.7 —24.5
TS7.CH + CHz — 3CH, + CHs 0.0 —24.5 —248 —245 -239 —233 —228 224 —22.0 —21.7 —21.4
0.0 —22.5 —222 -—-21.1 -201 -—-194 -—-188 —183 —-17.9 —17.6 —17.3
TS8. CH + HCI— CH:Cl + H 0.0 —29.7 —-30.3 —-304 -30.2 —29.9 —29.6 —294 —29.2 —29.0 —28.8
0.0 —21.8 —220 —223 -—-224 226 —22.7 —22.8 —23.0 —23.1 —23.2
TS9. CH + HCI— CHs + CI 0.0 —29.4 —-30.0 —-30.2 -—-29.9 —29.6 —29.3 —291 —28.9 —28.7 —28.6
0.0 —20.6 —-204 -198 -194 -—19.1 —18.9 —18.9 —18.8 —18.8 —18.8
TS10. CHCl + H, — CH; + HCI 0.0 —20.7 —-20.8 —20.7 -205 —20.3 —20.1 —19.9 —19.8 —19.6 —19.5
0.0 —22.6 —223 —-214 -20.6 —20.0 —19.6 —19.3 —19.0 —18.8 —18.7
TS11. CHCI + HCI— CHCl> + H 0.0 —33.1 —335 —-334 -330 —326 —323 321 —31.9 —31.7 —31.5
0.0 —20.5 —-20.8 —21.2 -214 216 —-21.8 —21.9 —22.0 —22.1 —22.2
TS12. GHg— CoHs + H2 0.0 2.1 2.2 2.4 2.6 2.7 2.7 2.7 2.6 2.5 2.5
0.0 —27.1 —284 —296 -—299 —29.9 —29.8 —29.6 —29.4 —-293 —29.1
TS13. GHe(e) = CoHs + H2 0.0 3.4 4.2 55 6.3 6.9 7.3 7.6 7.8 7.9 8.1
0.0 —25.8 —-269 —278 -—-281 —28.0 —27.9 —27.7 —27.5 —274  —-27.2
TS14. GHg + H— CoHs + H2 0.0 —18.8 —-19.2 -194 -194 -194 -195 195 —19.5 —19.6 —19.6
0.0 —29.1 -30.3 —-31.2 -313 312 —31.0 —30.8 —30.6 —-30.4 —-303
TS15. GHs— CoHs + H 0.0 —-1.8 -1.9 —-1.9 —-2.0 —2.1 —2.2 —2.3 —2.5 —2.6 —2.8
0.0 —20.8 —21.4 —222 -—-226 —229 —-23.1 —23.3 —235 —23.6 —23.7
TS16. GHs— CH,C + H2 0.0 51 6.0 7.1 7.6 7.9 7.9 7.9 7.8 7.7 7.6
0.0 —27.2 —283 —29.1 -293 —293 —29.3 —29.2 —29.1 —29.0 —28.9
TS17. CHC — HCHC 0.0 —0.1 —0.5 -1.2 -1.8 —2.2 —-2.5 —2.8 —-3.1 —3.3 —-3.5
0.0 —0.2 —0.6 -13 -1.9 —2.4 —2.8 —-3.1 —3.4 —3.6 —-3.8
TS18. HCHC— CoH2 0.0 —-0.4 -0.7 -1.2 -1.7 21 —2.4 —2.7 —-3.0 —3.2 —-3.4
0.0 4.2 3.5 2.5 18 1.2 0.7 0.4 00 -0.3 —0.6
TS19. CHCH(s)— CoHz + H> 0.0 0.6 1.0 1.8 2.2 2.6 2.8 2.9 3.0 3.1 3.2
0.0 —24.3 —26.3 —28.2 -—-291 —-294 296 —29.6 —29.6 —29.6 —29.6
TS20. GHs +H— CoHz + H2 0.0 —19.3 —-19.7 —-20.1 -204 —20.5 —20.6 —20.7 —20.8 —20.9 —21.0
0.0 —26.4 —27.2 —279 -279 278 —276 274 —27.3 —27.1 —27.0
TS21. GH3— CoH2 + H 0.0 0.9 1.4 19 2.1 2.1 2.1 1.9 1.8 17 15
0.0 —19.9 —21.4 —23.0 -—-240 -—247 —25.2 —25.6 —25.9 —26.2 —26.5
TS22. GHz + CHs — CoHs + CH3 0.0 —28.0 —276 —26.6 —-258 —251 —245 241 —23.7 —234 231
0.0 —26.8 —26.8 —264 —-259 —253 —24.9 —24.5 —24.1 —23.8 —23.6
TS23. GH3z + CoHg — CoHa + CoHs - 0.0 —30.2 —29.7 —28.7 -—-278 271 —26.6 —26.1 —25.8 —25.5 —25.2
0.0 —33.4 —-333 —32.8 -322 -316 —-31.1 —30.7 —-30.4 -30.1 —29.8
TS24. GH, + H— CoH + H» 0.0 —16.1 -16.5 -171 -175 -—17.8 —18.1 —18.3 —18.5 —18.7 —18.8
0.0 —20.0 —-20.0 —19.9 -19.7 -—195 —-19.3 -—19.1 —18.9 —18.8 —18.7
TS25. GHg + CH3 — CoHs + CHy 0.0 —24.4 —243 —23.6 —228 —222 —21.6 —21.2 —20.8 —20.5 —20.2
0.0 —28.8 —286 —27.8 -270 —264 —258 —253 —25.0 —24.6 —24.4
TS26. GHg + 3CH, — CoHs + CHg 0.0 —25.6 —-251 —-240 -231 —-224 218 213 —20.9 —20.6 —20.3
0.0 —31.9 —-321 —-31.7 -31.0 -305 —29.9 —29.5 —29.2 —28.8 —28.6
TS27. GH4 + HCI — C3HsClI 0.0 —30.3 —-30.7 —-30.7 -304 —30.2 —29.9 —29.7 —29.5 —29.3 —29.2
0.0 1.1 1.3 1.6 1.7 1.7 1.6 15 1.3 1.2 1.0
TS28. GH, + HCI — CoHsClI 0.0 —27.8 —286 —29.1 -29.1 —29.0 —28.9 —28.8 —28.8 —28.7 —28.7
0.0 2.9 3.6 4.4 4.7 4.8 4.7 4.7 4.6 4.4 4.3
TS29. GHs + HCI — C;HsCl + H 0.0 —34.5 —349 —348 -344 341 —33.8 —33.5 —33.3 —33.2 —33.0
0.0 —22.1 —224 —22.7 -—-229 231 —23.2 —23.4 —23.5 —23.6 —23.7
TS30. GHs + HCI — CyHg + ClI 0.0 —33.0 —336 —33.7 -—-335 —332 —32.9 —32.7 —32.5 —32.3 —-32.1
0.0 —20.0 -19.7 -191 -18.7 —184 —183 —18.2 —18.2 —18.2 —18.2
TS31. GH3 + HCI — C;HsCl + H 0.0 —31.0 —-31.1 -—-30.8 -304 —30.0 —29.7 —29.5 —29.3 —29.1 —28.9
0.0 —21.2 —21.7 —223 227 —-231 —23.3 —235 —23.7 —23.8 —23.9
TS32. GH3 + HCI — C;Hs + ClI 0.0 —30.4 —-30.7 —-30.6 -—-30.3 —29.9 —29.7 —29.4 —29.2 —29.0 —28.9
0.0 —20.5 —-204 —20.1 -19.8 —19.7 —19.6 —19.6 —19.6 —19.6 —19.6
TS33.3CH; + HCl — CHz + ClI 0.0 —26.4 —26.5 —26.1 -256 —252 —24.9 —24.6 —24.4 242 —24.0
0.0 —19.6 —-195 —-19.1 -188 —18.6 —185 —184 —-184 —-184 184
TS34.3CH; + HCl — CHyCl + H 0.0 —27.4 —275 —272 -—-26.7 —26.3 —26.0 —25.7 —25.5 —25.3 —25.2
0.0 —23.2 —23.6 —24.0 -—-243 245 —246  —24.8 —24.9 —25.0 —25.1
TS35. SiC + SiCls — SixCls 0.0 —35.6 —350 —342 -336 —-331 —32.8 —32.5 —32.2 —32.0 —31.8
0.0 0.4 01 -05 -1.0 —-1.4 -1.7 —2.0 —-2.3 —25 —2.7
TS36. SiC} + H, — SiHCl; + HCI 0.0 —21.3 —22.3 —232 -—-235 —235 —234  —23.2 —23.1 —22.9 —22.8
0.0 —30.4 —-304 —30.2 -—-299 —29.6 —29.3 —29.1 —28.9 —28.7 —28.6
TS37. SiCt+ H,— SiHCl; + H 0.0 —25.1 —255 —255 252 248 —245 241 —23.9 —23.7 —23.5
0.0 —20.0 —-20.3 —20.5 -206 —20.7 —20.8 —20.9 —20.9 —21.0 —21.1
TS38. SiCt + H, — SiHCL, + HCI 0.0 —25.4 —26.6 —27.6 —-279 —27.9 —27.8 —27.6 —27.5 —27.3 —27.2
0.0 —33.1 —334 —334 -—-332 —329 —32.7 —32.4 —32.2 —32.1 —31.9
TS39. SiCt+ HCl— SiCls + H 0.0 —315 —-31.1 —-30.2 -295 —29.0 —28.5 —28.2 —28.0 —27.8 —27.6
0.0 —-17.3 -17.7 —-182 -—-185 —187 —18.9 —19.1 —19.2 —19.3 —19.4
TS40. SiCt + HCl — SiHCl; + ClI 0.0 —30.2 —-30.5 —-30.5 -30.3 —30.0 —29.7 —29.5 —29.3 —29.2 —29.0
0.0 —22.2 —224 —22.7 -—228 —22.9 —23.0 —23.1 —23.2 —23.3 —23.4
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TABLE 2 (Continued)
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reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
TS41. SiCh + Hy — SiHCl 00 —285 —-296 -305 —-306 —-306 —-304 —-30.3 -—30.1 —29.9 —29.8
0.0 1.6 15 1.3 11 0.9 0.7 0.5 0.3 0.1 —-0.1
TS42. SiCh + H, — SiHCI + HCI 00 —271 —283 —-294 -—-296 —295 —-294 -—-292 -—-29.0 -—28.8 —287
00 —-331 —-336 —-338 —336 —333 —33.0 -—-328 -—-326 —324 —322
TS43. SiCh+ Hy— SiHCL + H 00 —226 —229 -—-229 -—227 —223 —220 -21.8 -—-215 —213 211
00 —222 —225 -229 -231 -—-233 -—-234 -236 —23.7 —23.8 —23.9
TS44. SiC + HCl— SiClk + H 00 —294 —-290 -281 -274 -268 -—-264 -—-261 —259 257 255
00 —-214 218 —-222 -—-225 -—-228 —-230 —-231 -—-232 —-234 235
TS45. SIHCE — SiCl, + HCI 0.0 4.8 4.8 4.5 4.3 4.1 3.8 3.6 3.4 3.2 3.0
00 -—-320 —-322 -320 —-316 -—-31.3 -—-31.0 -308 -—-306 —304 —30.3
TS46. SiHCl, — SiHCI + HCI 0.0 4.0 4.1 4.0 3.8 3.6 3.4 3.2 3.1 2.9 2.7
00 -—-321 —-323 -322 -319 -316 -31.3 -311 -309 -—30.7 —30.6
TS47. SIHCt + H, — SiH.Cl, + HCI 00 —244 255 -265 —-268 —-268 —26.6 —265 —26.3 —26.2 —26.0
00 -—-311 —-3813 —-312 —-309 —-30.6 —304 -—-30.1 -—-299 —298 —29.6
TS48. SIHC) + Hy, — SiHCl + H 00 —251 —255 —-25.6 —253 —249 245 242 -—-240 —23.7 —23.6
00 —-190 -193 -195 -196 -196 -—-19.7 -19.8 -—-19.8 -19.9 -—20.0
TS49. SIHC} + HCl — SiHClz + H 00 —-311 —-308 —-299 -—-293 -—288 —-284 -—-281 278 276 —275
00 -—-183 -—-187 -191 -194 -196 -198 -—-20.0 -—-20.1 —20.2 -—203
TS50. SiHC} + HCl — SiHCl, + CI 00 —284 —28.7 —28.7 —285 —283 —281 279 277 276 274
00 -194 -196 -198 —-20.0 —-201 —20.2 -—-203 —204 —205 —20.6
TS51. SIHCIH Hz — SiHsCl 00 —288 -300 -309 -311 -31.1 -31.0 -30.8 —30.7 -—-305 —304
0.0 2.5 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 11
TS52. SIHCH HCI — SiHCl, + H 00 -—-317 —-314 -30.7 —-301 -296 —29.2 -—-289 -—28.7 —285 —283
00 —253 —258 —-26.3 —26.6 —26.8 —27.0 -—-272 273 —274 275
TS53. SiC + CHs — CHsSiCl + H 0.0 —304 —29.7 —-282 -—-271 -—-263 —256 —251 247 244 241
00 —-200 -—20.7 —-216 —-221 -—224 227 —229 —-23.0 —232 —233
TS54. SiCt+ CHs — SiHCIl; + CH3 00 —235 -—-226 -209 -19.7v -187 -181 -175 -—-171 -16.8 -16.5
00 —243 —241 -234 -—-227 -—-222 -—-21.7 -—-214 -—-211 -—-20.8 —205
TS55. SiC4 + CHz — SiCl, + CH3Cl 00 —278 —27.7 —-27.2 —26.8 —264 —26.0 -—-257 —-255 —252 —250
0.0 —281 —26.7 —-249 -238 -—-231 -—-226 —222 219 -—-216 214
TS56. SiC} + CHz — SiHCl; + 3CH, 00 —241 —-234 -221 -211 -203 -196 —-191 -—18.7 -—184 -—18.1
00 —229 —-223 -21.3 -204 -198 -193 -189 -—186 —183 -—18.1
TS57. SiCh + CHs — CHsSIHCI, 00 —-325 —-323 -314 -—-306 —299 —-294 -289 -—-285 —28.2 279
0.0 0.7 0.5 0.0 -04 0.7 —1.0 —-1.2 —-15 —-1.7 —-18
TS58. CHSICl, + H, — CH3SIHCl, 00 —275 -—-286 -—-29.7 —-30.0 -—-30.0 -—-299 -—298 -—29.6 —295 —293
0.0 0.0 0.1 0.2 0.2 0.1 -0.0 —0.1 —0.3 -0.4 —0.6
TS59. CHSIHCl, — CH;SIHCI + HCI 0.0 15 1.7 2.0 2.1 2.1 2.1 2.0 1.9 1.8 1.6
00 —-328 —-330 —-328 —-325 -—-321 -—-31.8 -315 -—-313 —-31.2 -—310
TS60. CHSICl, + H, — CH3SIHCL + H 00 —25.0 —254 —-255 —251 —248 —244 -—-241 -—-238 —236 —234
00 —-200 -203 -205 -206 -—20.7 -208 -—-209 -—-209 -—-21.0 -—21.1
TS61. CHSICl; + H, — CHsSIiCls + H 00 -—-304 315 -322 -322 -321 -319 -316 -—-314 312 311
00 —-202 —-206 —-208 —-209 -209 -210 -210 -—-211 -—211 -—21.2
TS62. CH + CH3SiClz — CH4 + CH,SIClz 00 —274 273 -—-26.6 —259 —253 —247 243 -—-239 —-236 —234

00 —318 315
TS63. CH + CHsSiCls — CH:Cl + CHsSiCl, 0.0 —235 —23.8
00 —295 -285
TS64. SiCt + CHsSiCls— SiHClz + CH,SiCl; 0.0 —30.8 —29.8
00 —359 354
TS65. SiCt + CH3SiClz — SiCly + CH3SICl, 00 —227 —220
0.0 —223 -215

TS66. H+ CH3SiCls — HCI + CHsSIiCl, 00 -179 -183
00 —-31.7 313
TS67. Cl+ CH3SiClz; — HCI + CHSIiCl; 00 —-219 -—216
00 —350 —354
TS68. CHSICl, — H + CH.SICl, 0.0 —0.6 -0.2
00 —231 -—238
TS69. CHSICls — CH3SiCLCI 0.0 7.2 7.0
0.0 -0.8 —-1.2
TS70. CHSIClLClI — CHsSIiCl + Cl; 0.0 —-15 —-1.7
0.0 —347 344
TS71. CRSICl + Hy, — CHsSiHxCI 00 —-31.6 —329
0.0 —0.3 —0.5
TS72. CHSICl + HCl — CH3SiHCL 00 —333 —335
0.0 3.9 3.9
TS73. SIHC} — SiCl, + H 0.0 5.6 6.2

0.0 —-183 -—186

—-30.5 —296 —288 —283 —278 —274 -—-27.1 —26.8
—23.7 —235 -—-232 —-23.0 —227 —225 —223 221
—27.2 —264 —-259 —254 251 —248 —245 243
—282 —-27.0 -26.2 —255 —250 —246 —243 -—-240
—-345 —-338 —-332 —-327 -—-323 -—-320 -31.7 315
—-21.0 —-203 -—-198 -195 -191 —189 —18.6 —184
—20.6 —-20.0 -195 -19.2 -188 -—186 —183 -—181
—18.8 —-191 -194 -19.6 -—19.7 -199 -20.0 -—-20.1
—-305 —-29.8 -293 —-289 —286 —284 —28.2 —28.0
—-21.0 —-206 -—-204 —20.2 —20.2 —20.1 —-20.1 —20.2
—35.2 —348 —-345 —-341 —-339 —337 -—-335 -—333

0.4 0.6 0.7 0.7 0.6 0.5 0.4 0.3
—246 —-251 -—-254 256 —258 —259 —26.1 —26.2
6.5 6.1 5.7 5.3 5.1 4.8 4.6 4.4

-19 -24 -28 —-31 —3.4 —3.7 —3.9 —4.1
—22 —-27 =30 —3.4 —3.6 —3.9 —4.1 —4.3
—34.1 —-339 -337 —-335 —-334 —-332 -—-331 -330
—34.0 —343 -343 —-342 —-340 —-339 —-33.7 -—336
-07 -10 -12 —-15 —-1.7 —-1.9 —2.1 —2.3
—-334 —-330 -—-327 —-324 -—-322 -—-320 -31.8 317

3.8 3.7 3.5 3.3 3.1 2.9 2.7 2.5
6.7 6.7 6.7 6.5 6.4 6.2 6.1 5.9
—-19.0 -19.3 -195 -19.7 -199 -200 —-20.1 —20.2

a Partition functions are obtained at the MP2/aug-cc-pVDZ level of theory.

The sixth and seventh MTS decomposition reactions produce energy barrier. Various optimization calculations starting from

the carbene3CH, and 1CHSICk. The corresponding reverse
reactions are high energy insertions@H; into the Si-H bond
of SiHCIl3 and 'CHSICk into H,. Carbene insertion reactions
are expected to have no or negligible energy barfer. For
example, Gordon and Gano found tR&@H, + SiH; — CHs-
SiHz and!CH, + CH4 — C;Hg have no energy barrier at the
MP3/6-31G(d)//HF/3-21G level of theo”f.An MP2/aug-cc-
pVDZ optimization starting from separate BENd!CHSICk also
shows that CHSICl; can be formed without overcoming an

separatéCH, and SiHC} show that!CH; tends to insert into

a Si—Cl bond of SiHC}. One reason is that a Cl atom can donate
one lone pair of electrons to the C&H,, which has the ability

of accepting one pair of electrons with an empty valence orbital.
1CH, further forms a single bond with Si along with the-%il
bond cleavage. MP2/STO-3G level dynamic reaction coordinate
calculations, however, suggest tH&H, can insert into the
Si—H bond of SiHCH, starting from separatéCH, and SiHC}

with zero initial momentums. Therefore, it is reasonable to
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TABLE 3: Forward (Upper Entry) and Reverse (Lower Entry) Free Energies of Activation (kcal/mol) at Various Temperatures

Ranging from 0 to 2000 k&

reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
TS1. CHSIiClz — CH,SICl, + HCI 81.0 79.8 79.3 78.4 77.5 76.5 75.6 74.7 73.7 72.9 72.0
2.2 10.8 14.0 20.5 26.8 33.1 39.3 455 51.6 57.7 63.7
TS2. CHSIiClz — CHsCl + SiCl, 109.0 107.3 106.6 1053 104.1 103.0 101.9 100.9 100.0 99.1 98.3
36.4 46.2 49.5 55.9 62.1 68.1 74.0 79.9 85.7 914 97.1
TS3.Cl+H,—HCI+H 5.4 9.7 11.6 15.5 19.5 23.5 27.4 31.4 35.4 39.4 43.4
3.8 9.0 11.3 15.7 20.2 24.8 29.4 34.0 38.6 43.2 47.8
TS4.Cl+ HCI—Cl, +H 47.8 53.4 55.6 59.9 64.2 68.5 72.9 77.3 81.8 86.2 90.7
0.4 5.3 7.3 114 15.6 19.9 24.3 28.8 33.3 37.9 42.5
TS5.CH+H,— CHs+H 13.6 19.3 22.0 275 33.1 38.7 44.2 49.8 55.3 60.7 66.1
131 17.8 19.8 23.9 28.0 32.0 36.1 40.2 44.3 48.4 52.5
TS6.CH+ H—3CH; + H, 145 19.4 21.5 25.8 30.1 34.5 38.9 43.2 47.6 52.1 56.5
9.5 151 17.6 22.7 27.9 33.0 38.1 43.1 48.1 53.0 58.0
TS7.CH+ CHz —3CH, + CH,4 16.8 22.8 25.3 30.3 35.1 39.8 44.4 48.9 53.4 57.7 62.0
11.3 17.0 19.2 23.6 27.7 31.6 35.5 39.2 42.8 46.3 49.8
TS8. CH + HCl— CHsCl + H 30.6 38.0 41.1 47.2 53.2 59.2 65.2 71.1 76.9 82.7 88.5
10.1 15.8 18.0 22.5 26.9 314 36.0 40.5 45.1 49.7 54.3
TS9. CH+ HCI— CHs + CI 2.3 9.5 12.5 18.5 24.5 30.5 36.4 42.2 48.0 53.8 59.5
3.3 8.6 10.7 14.7 18.7 22.5 26.3 30.1 33.8 37.6 41.4
TS10. CHCI + Hy — CH, + HCI 86.9 92.0 94.1 98.2 1024 106.4 110.5 114.5 118.4 122.4 126.3
107.0 112.7 115.0 1193 1235 127.6 1315 135.4 139.3 143.1 146.8
TS11. CHCI + HCI— CHCl> + H 33.2 41.8 45.2 51.8 58.5 65.0 715 78.0 84.4 90.7 97.0
9.2 14.4 16.6 20.8 25.0 29.3 33.7 38.0 42.4 46.8 51.3
TS12. GHg— CoHs + H> 122.9 122.2 122.0 1216 121.1 120.5 120.0 1195 118.9 118.4 117.9
91.6 97.9 100.7 106.5 1125 118.5 124.4 130.4 136.3 142.2 148.0
TS13. GHe(e)— CoHs + H2 1135 112.7 1124 1114 110.2 108.9 107.4 105.9 104.4 102.8 101.2
84.7 90.6 93.3 98.8 1044 110.0 115.6 1211 126.6 132.1 137.6
TS14. GHg + H— CoHs + H> 10.2 14.8 16.7 20.6 24.5 28.4 32.3 36.2 40.1 44.0 47.9
14.0 20.8 23.8 30.0 36.2 425 48.7 54.9 61.0 67.1 73.2
TS15. GHs— CoHs + H 38.9 39.2 39.4 39.8 40.2 40.6 41.0 415 41.9 42.5 43.0
3.9 8.9 11.0 154 19.9 24.4 29.0 33.7 38.4 43.1 47.8
TS16. GHs — CH.C + Hy 92.6 91.4 90.9 89.6 88.1 86.5 84.9 83.4 81.8 80.2 78.7
10.5 16.7 19.5 25.2 31.1 37.0 42.8 48.7 54.5 60.3 66.1
TS17. CHC — HCHC 0.5 0.3 0.3 0.5 0.8 1.2 1.7 2.2 2.8 3.4 4.1
-0.8 -0.9 -09 —-0.7 -03 0.1 0.6 1.2 1.8 2.5 3.3
TS18. HCHC— C;H» 0.1 0.1 0.2 0.4 0.6 1.0 15 2.0 2.5 3.2 3.8
43.6 42.3 41.9 41.3 40.9 40.6 40.4 40.3 40.2 40.2 40.3
TS19. CHCH(s)— CoH2 + H> 33.2 33.2 33.2 32.9 32.5 32.0 314 30.9 30.3 29.7 29.0
66.4 717 74.2 79.7 85.5 91.3 97.2 103.1 109.1 115.0 120.9
TS20. GHs + H— CoHz + H» 171 21.9 23.9 27.9 32.0 36.0 40.2 44.3 48.4 52.6 56.8
9.9 16.3 19.0 24.5 30.1 35.7 41.2 46.7 52.2 57.6 63.0
TS21. GH3— CoHa + H 39.6 39.5 39.4 39.0 38.6 38.2 37.8 37.4 37.0 36.7 36.3
6.8 11.3 13.4 17.9 22.6 27.5 32.5 37.5 42.7 47.9 53.2
TS22. GH3z + CHs — CoHs + CHs 11.8 19.3 22.1 27.6 32.8 37.9 42.8 a47.7 52.5 57.2 61.8
19.5 26.5 29.2 34.5 39.8 44.9 49.9 54.8 59.7 64.5 69.2
TS23. GH3 + CoHe — CoHa + CoHs 10.0 18.5 21.6 27.4 33.1 38.6 43.9 49.2 54.4 59.5 64.6
21.0 30.2 33.6 40.2 46.6 53.0 59.3 65.5 71.6 77.6 83.6
TS24.GH,+H—CH + H» 34.6 38.9 40.6 43.9 47.4 50.9 54.5 58.2 61.8 65.6 69.3
2.8 8.0 10.1 14.1 18.0 21.9 25.8 29.6 334 37.2 41.0
TS25. GHg + CH3 — CoHs + CHy 14.3 20.8 23.2 28.0 32.7 37.2 415 45.8 50.0 54.1 58.2
17.7 25.2 28.1 33.8 39.3 44.6 49.8 55.0 60.0 64.9 69.8
TS26. GHg + 3CH, — C;Hs + CHs 8.7 15.6 18.2 23.1 27.8 32.3 36.7 41.0 453 49.4 53.5
17.6 25.9 29.1 355 41.8 47.9 54.0 59.9 65.8 71.6 77.3
TS27. GH4 + HCI — CoHsCl 41.9 49.6 52.7 58.8 64.9 71.0 77.0 83.0 88.9 94.8 100.6
58.2 58.0 57.9 57.6 57.3 56.9 56.6 56.3 56.0 55.8 55.5
TS28. GH2 + HCI — CHsCl 47.1 54.0 56.8 62.6 68.4 74.2 80.0 85.8 91.6 97.3 103.1
72.2 71.8 71.4 70.6 69.7 68.8 67.8 66.9 66.0 65.1 64.2
TS29. GHs + HCI — C;HsCl + H 28.4 37.3 40.8 47.8 54.7 61.6 68.4 75.1 81.8 88.5 95.1
9.7 154 17.7 22.2 26.8 314 36.0 40.7 45.4 50.1 54.8
TS30. GHs + HCI — CyHg + Cl 0.4 8.8 12.2 19.0 25.7 32.4 39.0 45.5 52.0 58.5 65.0
-1.9 3.5 55 9.4 13.2 16.9 20.6 24.2 27.9 31.5 35.2
TS31. GH3z + HCI — C;H3Cl + H 23.4 31.6 34.8 41.0 47.1 53.1 50.1 65.0 70.9 76.7 82.5
15.7 21.3 23.4 27.8 32.4 36.9 41.6 46.3 51.0 55.7 60.5
TS32. GH3z + HCI — C;Hs + Cl —-1.0 6.8 9.9 16.1 22.2 28.2 34.2 40.1 45.9 51.7 57.5
7.7 13.2 15.2 19.3 23.3 27.2 31.1 35.1 39.0 42.9 46.8
TS33.8CH; + HCl— CHz + Cl 0.0 6.8 9.5 14.7 19.9 25.0 30.0 34.9 39.8 44.7 49.5
6.6 11.8 13.7 17.6 214 25.1 28.8 32.5 36.2 39.9 43.5
TS34.8CH; + HCl — CH,CI + H 25.0 31.9 34.7 40.1 45.5 50.8 56.1 61.2 66.4 71.5 76.5
14.4 20.3 22.7 27.5 32.3 37.2 42.1 47.0 52.0 57.0 62.0
TS35. SiC} + SiCls — SixCls 13.7 24.3 27.9 34.8 41.6 48.3 54.9 61.4 67.8 74.3 80.6
46.4 46.0 46.0 46.0 46.2 46.4 46.8 47.1 47.6 48.1 48.6
TS36. SiC} + H, — SiHClz + HCI 61.7 66.5 68.8 73.3 78.0 82.7 87.4 92.0 96.7 101.3 105.8
44.7 53.0 56.1 62.2 68.2 74.1 80.0 85.9 91.7 97.4 103.2
TS37. SiCt+ H,— SiHC + H 16.3 22.7 25.2 30.4 354 40.4 45.4 50.2 55.0 59.8 64.5
3.6 8.9 10.9 15.0 19.1 23.3 27.4 31.6 35.8 40.0 44.2
TS38. SiCt + H, — SiHCL, + HCI 48.4 54.3 57.0 62.4 68.0 73.6 79.1 84.7 90.2 95.7 1011
30.2 39.2 425 49.2 55.9 62.5 69.1 75.6 82.0 88.5 94.9
TS39. SiCt + HCl— SiCls, + H 15.0 23.9 27.1 33.2 39.2 45.0 50.7 56.4 62.0 67.6 73.2
19.2 23.6 254 29.0 32.7 36.4 40.2 44.0 47.8 51.6 55.5
TS40. SiCt + HCl — SiHClz + Cl 8.8 16.9 19.9 26.1 32.1 38.2 441 50.1 56.0 61.8 67.6
—2.5 3.7 6.0 10.5 15.1 19.7 24.3 28.9 335 38.2 42.8
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TABLE 3 (Continued)

reaction 0K 29815K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000 K

TS41. SIC4 + Ho— SiHCl 404 471 501 561 622 683 744 805 85 925 985
723 719 717 714 712 710 708 707 706 706  70.6

TS42. SICh + Ho — SiHCI + HCI 343 406 435 493 552 6Ll 670 728 786 844  90.2
46 132 166 233 300 367 434 499 565 630  69.4

TS43. SIC4 + Hp— SIHChL + H 51.2 569 592 638 683 728 773 816  86.0 903 945
—-65 —05 18 63 109 156 203 250 297 344 392

TS44. SICh + HCI — SiCk + H 333 416 446 503 558 612 665 718 770 821 873
-62 —06 16 60 105 150 196 242 288 335 382

TS45. SiHC4 — SICl, + HCI 671 659 655 645 636 628 620 613 606 599  59.3
167 253 286 350 413 476 539 600 662 723 783

TS46. SIHCl, — SIHCI + HCI 687 677 673 665 657 650 643 636 630 624 618
71 155 187 252 316 380 443 505 567 628  69.0

TS47. SIHC4 + Ho — SiH,Cl, + HCI 623 681 706 758 8L2 8.5 919 972 1025 1077 1129
437 522 554 6L7 679 740 801 862 922 982 1041

TS48. SIHCh + Ho — SiHClz + H 168 231 257 308 359 409 459 507 556 603 651
37 86 106 145 184 223 262 302 341 381 421

TS49. SiHC} + HCl — SiHCl: + H 148 234 266 327 386 444 501 558 613 669 724
202 248 267 305 344 383 422 462 502 542 583

TS50. SiHC} + HCl — SiH;Cl, + CI 88 163 192 250 307 364 420 476 532 587  64.2
-29 25 45 85 124 164 205 245 286 327 368

TS51. SIHCH- Hz — SiHsCl 190 258 288 349 411 473 535 597 659 720 781
624 617  6L4 609 604 600 596 593 590 587 585

TS52. SiIHCH- HCl — SiHCl + H 256 341 373 435 496 556 615 673 730 788 844
-24 42 68 121 173 227 281 335 389 444 499

TS53. SIC4 + CHs — CHsSICls + H 403 488  5L9 577 632 685 737 788 838 887 935
297 348 369 411 455 499 545 590 636 682 729

TS54. SiC4 + CHs — SiHCl; + CHs 183 251 275 318 359 397 434 469 504 538  57.1
60 128 153 201 247 292 336 379 421 463 504

TS55. SIC4 + CHz — SiCl, + CHsCl 06 83 112 166 220 274 326 378 429 480  53.0
196 283 311 362 411 458 503 548 592 636  67.9

TS56. SIC4 + CHz — SIHCl; + °CH, 206 274 298 344 387 428 468 507 545 582 618
28 93 116 160 201 242 281 319 356 3903 430

TS57. SICh + CHs — CHaSIHCk, 640 727 760 824 886 946 1005 1064 1121 1178 1234
970 968 967 967 967 968 970 972 975 978 982

TS58. CHSICk + Hz — CHsSIHC, 307 372 401 459 519 579 639 699 758 8L7  87.6
80.9 899 899 899 898 898 898 89.8 899 899  90.0

TS59. CHSIHClL — CH,SIHCI + HCl 786 782 780 777 773 768 764 760 756 752 749
44 131 165 231 296 360 424 488 551 613 675

TS60. CHSICL + Hz — CHsSIHC, + H 160 223 249 300 350 400 449 498 546 593  64.0
36 89 109 150 192 233 274 316 358 400  44.2

TS61. CHSICk + Hp — CHsSiCls + H 131 204 235 299 364 428 492 556 619 681 744
114 165 186 227 269 3L1 352 394 436 479 521

TS62. CH + CHsSiCl; — CHs + CHoSICly 126 200 227 281 334 385 435 484 532 580 627

13.7 22.3 25.6 31.8 37.8 43.6 49.3 54.9 60.4 65.9 71.3

TS63. CH + CH3SiClz — CH3Cl + CH3SIiCl, 33.6 40.0 42.5 47.2 51.9 56.6 61.2 65.8 70.3 74.8 79.2
5.9 14.9 17.9 23.4 28.8 34.0 39.2 44.2 49.2 54.1 59.0

TS64. SiCt + CH3SiCls — SiHCIl; + CH,SiCls 13.9 23.4 26.5 32.3 37.8 43.1 48.3 53.4 58.3 63.2 68.0
2.8 13.6 17.2 24.2 31.0 37.7 44.3 50.8 57.3 63.6 70.0

TS65. SiCt + CH3SiCls — SiCls + CH3SICl, 17.7 25.1 274 317 35.8 39.8 43.7 47.6 51.4 55.2 58.9
14.7 22.0 24.2 284 325 36.4 40.3 44.1 47.8 51.5 55.2

TS66. H+ CHsSiClz — HCI + CHsSICl, 20.6 25.1 27.0 30.7 34.5 38.4 42.3 46.2 50.1 54.1 58.1
13.4 22.2 25.5 31.6 37.7 43.6 49.4 55.1 60.8 66.5 72.1

TS67. Cl+ CH3SiCl; — HCI + CHSICls 3.2 9.4 11.7 15.9 20.1 24.2 28.2 32.3 36.3 40.3 44.4
3.4 12.7 16.3 23.3 30.3 37.3 44.1 50.9 57.7 64.4 711

TS68. CHSICl, — H + CH,SICl, 72.8 73.0 73.0 73.0 72.9 72.8 72.7 72.5 72.4 72.3 72.3
1.2 6.9 9.3 14.1 19.1 24.2 29.3 34.4 39.6 44.8 50.0

TS69. CHSIClz — CH3SIClLCl 95.7 93.8 93.1 91.7 90.4 89.3 88.2 87.1 86.1 85.2 84.3

—-155 -154 -—-153 -—-149 -145 -140 -134 -128 -—-12.0 -11.3 -105

TS70. CHSIClLClI — CHsSICl + Cl, 22.0 22.3 225 22.9 23.4 23.9 24.6 25.3 26.0 26.8 27.7
4.8 14.7 18.2 25.1 31.9 38.6 45.3 52.0 58.7 65.3 71.9

TS71. CHSICl + Hz — CHsSiHxCl 24.9 32.3 35.6 42.3 49.2 56.0 62.9 69.7 76.5 83.2 90.0
67.4 67.4 67.5 67.6 67.8 68.0 68.3 68.6 69.0 69.4 69.8

TS72. CHSICl + HCl — CH3SiHCl, 6.2 15.1 18.5 25.2 31.8 38.4 44.9 51.4 57.8 64.2 70.5
69.0 68.1 67.7 66.9 66.2 65.5 64.8 64.2 63.6 63.0 62.5

TS73. SIHC) — SiCl, + H 44.9 43.9 43.3 42.0 40.7 39.3 38.0 36.7 35.5 34.2 33.0
—0.2 4.7 6.5 10.3 14.1 18.0 22.0 25.9 29.9 33.9 38.0

a Classical energies are obtained at the estimated CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVDZ level of theory. Zero point energies and partition
functions are obtained at the MP2/aug-cc-pVDZ level of theory.

assume that the free energies of activation for these two reactiondViP2/aug-cc-pVDZ calculations show that TS69, the transition
are close to the net reaction free energies. state for CHSICl; — CHsSIClLCI, has a 15.5 kcal/mol lower

An eighth decomposition pathway, GBiCl; — CHsSiCl + free energy than C4$iCl,Cl at 0 K. This suggests that GH
Cly, is a two-step reaction at the MP2/aug-cc-pVDZ level of SiCLCI may not be a true local minimum. TS70, the transition
theory. CHSICl; first undergoes an isomerization reaction to state for CHSICLCl — CH3SiCl + Cl, lies 133.1 (125.2) kcal/
form CHsSIiClL,Cl with a Si—Cl—Cl bridge, which is a local ~ mol above CHSICl; at 0 (1400) K. CHSICI + Cl; also lies
minimum at this level of theory. Then GHICI,Cl can lose GJ 128.3 (73.1) kcal/mol above GBICl; at 0 (1400) K. So, it is
to form CH;SICl. However, dual level CCSD(T)/aug-cc-pVTZ//  likely that CH;SICl; — CHSICI + Cl, is negligible kinetically



1484 J. Phys. Chem. A, Vol. 111, No. 8, 2007

2145 2552
. : 3.755 .
570
[133.1,1252]
CH:SICl+Cl CH3SIChLCI
(1283,73.1] [111.1,99.9] 'CHSICl + Ha[119.7, 74.1]

TS2
[109.0, 100.9]

TS69
[95.7,87.1]

'CH; + SiHCI:[118.2, 68.0]
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CH3SiCly
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Figure 2. Unimolecular decomposition reaction pathways of;Si€ls.

Numbers in square brackets are relative Gibbs free energies in kcal/

mol at 0 K (left) and 1400 K (right), respectively.
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Figure 3. C;H¢ potential energy surface. Numbers in square brackets
are relative Gibbs free energies in kcal/molaK (left) and 1400 K
(right), respectively.
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1.224
341
CaH, C:H,
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Figure 4. C;H, potential energy surface. Numbers in square brackets
are relative Gibbs free energies in kcal/mbloaK (left) and 1400 K
(right), respectively.

and thermodynamically relative to the much more favored-CH
SiCl; — CHs + SiCl; dissociation reaction at temperatures in
the range 6-2000 K.

Overall, the 1,2-HCI elimination reaction is the predominant
MTS decomposition reaction at low temperatures. However, at
typical SiC CVD temperatures, such as 1400 K;-Sibond
cleavage of CHSIiCl; becomes a competitive decomposition
reaction pathway, followed by-€H and Si-Cl bond breaking
reactions.

B. Potential Energy Surface of GHg. C;Hg can be formed
from the association reaction of two Glradicals, where Ckl
can be produced from the -SC bond cleavage of MTS.

Ge et al.

TS45+H
[79.9,79.9]

TS3 + SiCl,
[67.1,53.8]

TS73 +HCI
[63.1,45.8]
SiClL + H, + Cl
[61.7,22.4

TS38
[48.4,84.7]

SiCl, + H + HCl
[63.2,19.8]

TS49
[33.0, 64.8]

SiHCI, + HCI
[18.2,9.1]
SiHCl, + H

[12.8,18.6]

SiCl; + H,
[0.0,0.0]

Figure 5. Potential energy surface of [StCt H,]. Numbers in square
brackets are relative Gibbs free energies in kcal/md K (left) and
1400 K (right), respectively.
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SiH,Cl+ Cl SiCl,+H+H
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[83.1,71.9]
sl TS46 552
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[31.9,-9.8]

SiHCl
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Figure 6. Potential energy surface of [SiCt H,]. Numbers in square
brackets are relative Gibbs free energies in kcal/md K (left) and
1400 K (right), respectively.

be a major source of the production ofH and GH, in the

gas phase. Figure 3 illustrates the various pathways for the
reaction GHg — C;H4 + H,. The negative relative free energies
of C;H4 + Hy at 1400 K is mainly due to the entropic effect. A
Cs symmetry constrained Bg(e) — C,Hs+ Ha reaction path
was discussed by Gordon, Truong, and Pdgherein, GHg-

(e) refers to eclipsed ethane angHg refers to staggered ethane.
A C; reaction path, starting from-8g, has been found in this
work. The forward barrier for @4 — CoHa + H> is 122.9
(119.5) kcal/mol at 0 (1400) K, higher than that oftg(e) —
CoHs + Hz (113.5, 105.9 kcal/mol at 0, 1400 K). A third
pathway to GH,4 from CHg consists of two consecutive reaction
steps: GHg — H + C,Hs followed by GHs — H + C,Ha.
CHeg — H + C;Hs has no transition state, whereagHg — H

+ C;H,4 does have one (TS15). The predicted reverse activation
free energy for @Hs — H + C,H4 is 3.9 kcal/mol at 0 K,
agreeing well with the previous predictions by Hase €t(dL6
kcal/mol by QCISD(T)/6-311G(2df,p) and 4.8 kcal/mol by
MRCI/TZP+F).

Overall, the two unimolecular decomposition reaction paths
through transition states TS12 and TS13 and the two-step
reaction GHg — C;Hs + H — C,H4 + H; are the three major
reaction paths for the production ofldy at low temperatures.
The two-step reaction has a significantly lower free energy
barrier than the unimolecular reactions at 1400 K due to the
entropic effect; hence it may play the most important role in
the production of gH, at CVD temperatures.

C. Potential Energy Surface of GH4. The GH, PES

Because, as noted above, the latter reaction is important in thepresented in Figure 4 is similar to that in a previous study by

MTS CVD, it is possible that dehydrogenation ofHg might

Jensen, Morokuma, and Gorddrsuggesting two indirect
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pathways that account for hydrogenation gHg, CoH, + H, SiHCI; may also break SiH and/or Si-Cl bonds to produce
— CH3CH(s)— C,H4 and GH;, + Hy — CH,C + Hy — CoHa. SiHCI, SiCh, SiHCl, and/or SiCi. Bond breaking reactions
The GH, + H, — CH3CHY(s) reaction path is found to occur are more likely to occur at 1400 K than at 0 K. For example,
within Cs symmetry. CHCH(s) has one imaginary frequency SiCl; — SiCl, + Cl has a 61.7 kcal/mol forward free energy
(450.5 cnm?), that is, a transition state that leads to two identical requirement 80 K that decreases to 22.4 kcal/mol barrier at
ethylenes (@H,). In the previous work by Jensen, Morokuma, 1400 K.

and Gordor?, CH;CH(s) is a transition state that connects two A transition state, TS73, was found for the SiH€Et SiCl,

identical CHCH molecules irC; symmetry (CHCH(C,)). CHs- + H bond-cleavage reaction. The forward activation free energy
CH(Cy) is slightly distorted from theCs CH3CH(s) structure. is 44.9 (36.7) kcal/mol at 0 (1400) K. The reverse activation
Because the barrier that leads from 4Hl to GH, is free energy is a negligible-0.2 kcal/mol &0 K that increases

vanishingly small, and because the i internal rotation to 25.9 kcal/mol at 1400 K due to entropic affects.

barrier is also very small, the difference between the two sets  Overall, SiCk + H, — SiHCl; + H is the major reaction in

of calculations is likely due to the higher levels of theory used this PES at low temperatures-Stl cleavage of SiGlbecomes

in the present work and has no significant consequence. Anthe predominant reaction at high CVD temperatures due to the
HCHC intermediate with a €H—C bridge (see Figure 4 for  entropic effect. SiGl— SiCl, + Cl is expected to be one of

structural information) was located between £LHand GH.. the major sources for the production of Si@i the gas phase
HCHC has no imaginary frequency at the MP2/aug-cc-pVDZ of SiC CVD.
level of theory. E. Potential Energy Surface of SiC} + H,. Figure 6

Transition states, TS17 and TS18, were located for the illustrates the SikCl, PES. The SikCl, — SiCl, + H reaction
reactions CHC — HCHC and HCHC— C;H,. The forward has a high forward activation free energy of 72.3 (70.7) kcal/
and reverse Gibbs activation free energies fo,bCH- HCHC mol at 0 (1400 K). It is interesting to note that the molecular
are+0.5 and—0.8 kcal/mol at 0 K, respectively. This suggests decomposition SikCl, — SiCl, + Hzis 31.9 kcal/mol endoergic
that HCHC may not be a real local minimum. The forward and at O K but becomes 9.8 kcal/mekeergic at 1400 K. However,
reverse Gibbs free energies of activation for HCHCC,H, the corresponding silylene insertion free energy of activation
are 0.1 and 43.6 kcal/mol at 0 K. At 1400 K, the forward and is 80.5 kcal/mol at 1400 K, so this process may be negligible
reverse activation free energies for §&H— HCHC are 2.2 and at high CvD temperatures. The forward reaction free energy
1.2 kcal/mol and those for HCHE C,H, become 2.0 and 40.3  for SiH>Cl, — SiHCI + HCl is 61.6 kcal/mol &80 K and 13.1
kcal/mol. Another GH; — C;H, + H, pathway involves two kcal/mol at 1400 K, with corresponding activation free energies
steps: GH4 — CyHz + H followed by GHz + H — C;H; + of 68.7 and 63.6, respectively. The reverse activation free
H,. The first reaction has a 109.9 (65.0) kcal/mol forward free energies are 7.1 and 50.5 kcal/mol. St requires 89.6 (46.9)
energy barrier at 0 (1400) K. The second (H abstraction) reactionkcal/mol to break a StH bond at 0 (1400) K.
is predicted to be barrierless. A SiH,Cl; Si—ClI bond cleavage requires 106.3 (62.2) kcal/

No direct unimolecular decomposition reaction path has beenmol at 0 (1400) K. H may abstract eitha H or a Clatom
found for GH, — CzHz + H in the present work, in agreement ~ from SiHChL. The reaction Ht SiHCl, — SiCl; + H, has a
with the previous stud§ The lowest free energy reaction path hegative activation free energy, after ZPE and higher order

for decomposition of €Hs is C;Hs — CH,C + Hp — CoHp + correlation corrections are included, at 0 K. The activation free

H, at 0 K. GH4 — CoHz + H — C,H, + H, becomes one of ~ energy becomes 25.0 kcal/mol at 1400 K. The reaction SIHCI

the major pathways that accounts for the productionmﬁt + H — SiHCI + HCl also has a negative activation free energy

1400 K due to entropic affects. of —2.4 kcal/mol &0 K that increases to 33.5 kcal/mol at 1400
D. Potential Energy Surface of SiC} + H,. Figure 5 K. i i

illustrates the SiGl+ H, potential energy surface. Sighdicals Overall, there are 2 competing reaction pathways for produc-

can be produced via an-SC bond cleavage of MTS. +bften ing SiH,Cl, from SiCl and . One is the direct Sigh Ho —~
maintains a high and nearly constant concentration during the SiHzClz pathway through TS41. The other is a two-step reaction

CVD of MTS for two possible reasons. One is that the overall SiCl + H, — SIHCI + HCI — SiH,Cl, through transition states
MTS — SiC + 3HCI reaction neither produces nor consumes TS42 and TS46, respectively. The two-step reaction has 3.6 (7.1)
H,. Second, H is often the major component of the feeding Kcal/mol lower overall free energy barrier than SiG1 Hp —~

gas in SiC CVD. There are two reaction pathways that involve SiH2Clz at 0 (1400) K. Because both reaction pathways have
both SiCk and H as reactants. The reaction SiGH H, — high free energy barr|ers_>(70 kcal/mol) at 1400 K, SikCl, is _
SiHCI; + H proceeds with a 16.3 (50.2) kcal/mol forward free MOt €xpected to be a major component in the gas phase of SIC
energy of activation at 0 (1400 K). The reaction Si€lH, — CVvD process. This prsedlctlon is consstgnt with the experiments
SiHCI, + HCI proceeds with a 48.4 (84.7) kcal/mol forward of Mousavipour et a#* and Zhang et &

free energy of activation at 0 (1400) K. The first of these
reactions involves a three-center transition state, TS37, and th

second involves a four-center transition state TS38. H can Reaction paths of 73 reactions with well-defined transition
abstract a Cl atom from SiHEWith a 20.2 (46.2) kcal/mol  states that take place during and after the decomposition of MTS
forward activation free energy at 0 (1400) K. The reverse were studied. Structures, energies, and zero point energies of
activation energy is 14.8 (55.7) kcal/mol at 0 (1400) K. The g|| transition states were calculated using the MP2 method.
SiHCl; — SiCl; + HCl transition state, TS45, has a high forward  Higher level correlation energies were obtained at the CCSD-
free energy of activation, 67.1 kcal/mdl @K and 61.3 kcal/  (T) level of theory. Partition functions were also obtained using
mol at 1400 K. The reverse activation free energy is 16.7 (601) the MPZ/aug_CC_pVDZ method to Compute the thermodynamic
kcal/mol at 0 (1400) K. This suggests that both directions are contribution to enthalpies and entropies at 11 various temper-
slow at high CVD temperatures. atures from 0 to 2000 K. Potential energy surfaces o§&i€ls,
Bond breaking reactions are also illustrated in Figure 5.5SiCl CyHg, C:Ha4, SiClk + Ha, and SiC} + H, are illustrated at 0
may undergo a SiCl cleavage to produce Si£ISiIHCL and and 1400 K. Activation enthalpy, entropy, and Gibbs free energy

e|V. Conclusions
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obtained in this work are expected to be useful for future work (6) Diau, E. W.; Lin, M. C.; Melius, C. FJ. Chem. Physl994 101,

on predicting rate constants for the various gas-phase reactions°’92(37-) Hase, W. L. Schiegel, H. B.. Balbyshev, V.; Page, MPhys
during and after the decomposition of methyltrichlorosilane. This cpen 1996 100, 5354. T T B

work also sheds light on the gas-phase chemistry of CVD that  (8) Hanninglee, M. A.; Green, N. J. B.; Pilling, M. J.; Robertson, S.

involves G-H, C—H—CI, C—H—Si, Si~Cl, and other different ~ H.J. Phys. Chey_l?:g?a 97, 8%0-F_ . 1 en

C—H-Si—CI molecular systems. Chirﬁ)lgérg%%, 2.1,42c.3ucaut, . F.; Scacchi, Gan. J. Chem.-Re Can.
Despite the authors’ efforts to select significant gas-phase  (10) Trenwith, A. B.J. Chem. Soc., Faraday Trans.1®86 82, 457.

reactions, it is still difficult to predict a small set of key (11) Loucks, L. F.; Laidler, K. JCan. J. Chem1967, 45, 2795.

- i - (12) Lin, M. C.; Back, M. H.Can. J. Chem1966 44, 2357.
elementary reactions that have nontrivial effects on the SiC CVD (13) Liu. G. X Li. Z. 5. Xiao, J. F.- Liu. J. Y.. Fu. Q.- Huang, X. R.:
process. In a subsequent work, accurate rate constants of theyn c. c.: Tang, A. cChem. Phys. Chen2002 3, 625.

studied reactions will be obtained by transition state theory  (14) Wu, T.; Werner, H. J.; Manthe, \Science2004 306, 2227.

(TST), variational transition state theory (VTST) via the 82; wgtlf:’?dst' JF-) MD astgglegEIEHbﬁi/ZenéhEpnySélﬁgTi%g22631291'

0 i , 9. P , Co|. . . .
POLYRATE code?® RRKM theory via the RRKM codé; and (17) Walch, S. P.- Dateo, C. B. Phys. Chem. 2002 106 2931.
molecular dynamics simulation via the VENUS cé&tasing (18) Aikens, C. M.; Webb, S. P.; Bell, R. L.; Fletcher, G. D.; Schmidt,
the geometric, energetic, and thermodynamic data presented irM. W.; Gordon, M. S.Theor. Chem. Ac2003 110, 233.

; ; ; ; e ; (19) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.
this and the preceding paper. This will facilitate the narrowing (20) Dunning, T. H.J. Chem. Phy<1989 90, 1007,

of the reaction set on a sound basis and will be addressed in (21) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
subsequent papers. Surface reactions that may be involved inGordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;

the SiC CVD process will also be investigated. More compre- fgé??-li? wvindus, T. L.; Dupuis, M.; Montgomery, J.AComput. Chem.
hensive kinetic simulations that include both gas-phase and ™ 25) ACES i is a program product of the Quantum Theory Project,

surface reactions and take into account the heat transfer ancUniversity of Florida. Authors: J. F. Stanton, J. Gauss, J. D. Watts, M.
mass transfer would eventually provide a reaction set that bestNooijen, N. Oliphant, S. A. Perera, P. G. Szalay, W. J. Lauderdale, S. A.
simulates the realit Kucharski, S. R. Gwaltney, S. Beck, A. Balkoia E. Bernholdt, K. K.
Y Baeck, P. Rozyczko, H. Sekino, C. Hober, and R. J. Bartlett. Integral
) ) . packages included are VMOL (J. Alitffland P. R. Taylor); VPROPS (P.
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