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Calculations have been carried out for the reaction of Sa@t SiHCI with H and CI atoms. In each case,

the stationary point geometries and harmonic frequencies were characterized using CASSCF/derivative methods
and the cc-pVDZ basis set. Accurate energetics were obtained by combining the CCSD(T) results using the
aug-cc-pVTZ basis set with an extrapolation to the basis set limit using the aug-cc-pVDZ, aug-cc-pVTZ, and
aug-cc-pVQZ basis sets at the MP2 level. The geometries, energetics, and harmonic frequencies were used
to obtain rate constants using conventional transition state theory or a Gorin-like model. In each case, we
find direct abstraction pathways compete with an addition elimination pathway. In the case of-5ig|H

the two direct pathways are H abstraction which is barrierless and Cl abstraction with a barrier of 13.5 kcal/
mol, whereas the addition elimination process has a barrrier of 26.9 kcal/mol. In the case,of $ICthe

direct pathway is Cl abstraction with a barrier of 16.4 kcal/mol, whereas the addition elimination pathway
has a barrier of 29.6 kcal/mol. In the case of SiCHHCI, the direct pathway is H abstraction which is
barrierless and the addition elimination pathway has a barrier of 2.0 kcal/mol.

I. Introduction of triple excitations (CCSD(T)) method using the augmented
A f . liable datab . CC-pVTZ basis set (aug-cc-pVTZ) and extrapolated to the
As part of a project to create a reliable database in complete basis set (CBS) limit using the Mold?lesset second-

microelectronic processing, calculgtlons of_gas-phase reactiong qer perturbation theory method (MP2) with the aug-cc-pVDZ,

rates have been carried out for use in modeling thermal Chem'calaug-cc-pVTZ and aug-cc-pVQZ basis Sets described below
vapor deposition (.C.VD) reactors. We are investigating the (The CCSD(T) and MP2 calculations made use of the closed
thermal decomposition of silane, chlorosilane, dichlorosilane, gpail method® for singlet states and open shell metHofis

and trichlosilane with blas an additional feed gas. In a previous - cqes with open-shells.) Here, the Ne core electrons are frozen

paper, we reportgd_ on the important reaction pa_lt_hways_and for Si and CI. The calculations were done in the nonrelativistic

reaction rate coefficients for the thermal decomposition of silane limit. The MP2 results were extrapolated to the basis set limit
and Cl substituted silane. We found that the major decomposi- using the Martin-Schwartz three-point extrapolatinThe

tion products are Silt- H; for silane, Sik + HCI and SICIH results of the MP2 extrapolation were combined with CCSD-
+ H for SiClHs, SICL + Hp and SiCIH+ HCI for SiCEH, (T) results obtained with the aug-cc-pVTZ basis set to obtain
and ,S'CJ-’ + HC .for S'CI3H' In this paper, we consider the 5 estimate of the CCSD(T) results in the limit of a complete
reactions of the silylenes SiHCI and Si@lith H and Cl atoms. basis set. The basis for this was described by Ricca and
These secondary r_e_actions_ are expected to_be _important in thGBauschlicheff’, who noticed that for bond strengths the ratio
the_rmal decomposition of dlchlorosnanQ/,thlc_h_ IS a syst_e m D¢(CCSD(T))/y(MP2) was constant for a series of correlation
of interest to the reactor modelers. The reactivities of SiH and ¢, gjstent basis sets. Thus, for barrier heights and other relative

E'HZ have %ee\;\]/ rgr']'gwed by F:asmskl,_ E.S‘_sce""?’ ant? \_I\?alsdh energy quantities, the value in the limit of a complete basis set
ecerra and Walshdiscuss the reactivities of substituted o< Cpiained as the following

silylenes including SiHCI and Sigl However, we have not

found published rate constants for the reactions considered in(AE (aug-cc-pVTZ/CCSD(T)AE(aug-cc-pVTZ/MP2))x

this paper. AE (CBS/MP2) (1)
The details of the calculations are described in section Il.

Section Il discusses the results obtained, and the conclusionsVhereAE (aug-cc-pVTZ/CCSD(T) andE(aug-cc-pVTZ/MP2)
are given in section IV. are the values obtained with the aug-cc-pVTZ basis set for

CCSD(T) amd MP2, respectively, amtE (CBS/MP?2) is the
MP2 value extrapolated to the complete basis set limit.

Tests of the MP2 extrapolation have been made by Dunning

The geometries and harmonic frequencies for all the stationaryand Petersotf They studied convergence of MP2 and MP3
points (minima or saddle points) were determined using the extrapolation of CCSD(T) results for a series of diatomic
complete active space self-consistent field (CASSCF)/derivative molecules formed from first row atoms. They found the MP3
method with the correlation consistent polarized valence dou- extrapolation was more accurate than the MP2 extrapolation.
ble< (cc-pVDZ) basis set$.In these calculations, all of the  However, for AB molecules MP2 extrapolation of aug-cc-pVTZ
bond pairs plus the open-shell orbital were included in the active results leads to an average errorDa of 0.72 kcal/mol. It is
space e.g., for SiClithis consists of 7 electrons distributed probable thaDe is a more difficult quantity to compute than
over 7 orbitals. The energetics were obtained using the coupledbarrier heights. Thus, their work suggests that our extrapolation
cluster single and double excitation with perturbational estimate should be accurate to well within 1 kcal/mol.

Il. Computational Details
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TABLE 1: SiCl, + H — SiCl + HCI, CCSD(T) Plus MP2 SIC-HCI sp
Extrapolation?
SiCi2-H abs sp
structure CBSfrom MP2

SiCL+H 0.0

SiClLH —-52.2

SiCl+ HCI —-2.8

SiCI-HCI SP 29.6

SiCl,—H abs SP 16.4

2 Relative energies in kcal/mdl.CBS estimate obtained by com-
bining the CCSD(T) results with the aug-cc-pVTZ basis set with the SICI + HCI
results of the MP2 extrapolation.

TABLE 2: SiCIH + H — Products, CCSD(T) Plus MP2
Extrapolation2P

structure CBSfrom MP2

SiCIH+H 0.0

SiCIH;, —63.9

HSICI-H SP 13.5

CISiH-H SP -0.4

SiCl—H, SP1 —-4.3

SiCl—H, SP2 26.9

S!CI_HZ SP3 34 Figure 1. Energetics, pathways, and structures for Si€lH —
g:ﬁl-:—lﬁél _35'3 products. Energies in kcal/mol. Large dark circles are Si atom, smaller

dark circles are Cl atom, and small light circles are H atom. The same
aRelative energies in kcal/mdl.The notation SP denotes a saddle ~conventions are used for the remaining figures.
point. ¢ CBS estimate obtained by combining the CCSD(T) results with

the aug-cc-pVTZ basis set with the results of the MP2 extrapolation. HSICI-H sp

40

TABLE 3: SiCIH + CI — SiCl + HCI, CCSD(T) Plus MP2
Extrapolation?

structure CBSfrom MP2
SiCIH + CI 0.0 0
SiCLH —79.6
SiCIH—-CI SP —13.6
SiCI-HCI SP 2.0 -20
SiCl+ HCI —-30.4
SiH + Cl; 47.4 SiCl + H2

) o ) ) -40
2 Relative energies in kcal/mdl.CBS estimate obtained by com-

bining the CCSD(T) results with the aug-cc-pVTZ basis set with the

results of the MP2 extrapolation. 50

The CCSD(T) method used here is a single reference based
method, but this method has been shown to deal with all but 80
the most severe near-degeneracy effects. In a recent Haper, ' )
we showed that for the decomposition of dimethylaluminum F'Qlére t2. T'inergetlt?s, g@éh\}:lvgs, eér_lglirnctpris for lSlGH—gﬂ t—h>

: H : proaucts. e reaction ol — 3l 2 IS Darrierless, but has
hydlr_lde; CCSD(T) ga\1|e results Indgglod a%r;:dement with the a saddle point at the CASSCF level and this saddle point is shown as
multireference internally contracte methisd. . spl.

For the reactions with barriers (i.e., those with well-defined

saddle points), rate coefficients as a function of temperature jp«iraction of CI leading to SiGH HCI. This process has a
were obtained using conventional transition state theory. For oot of 16.4 keal/mol. The second péthway is addition of H

reactions without bqrrie.rs a Gorin-!ike motfewas PSEd' . atom to SiC} leading to SiCIH with no barrier. The SiGH
The CASSCF/derivative calculations were carried out using . olecule is bound by 52.2 kcal/mol with respect to SI€IH.

DALTON,* the CCSD(T) calculations were carried out using Ty pathway denoted by SIEHCI SP has a barrier of 32.4
MOLPRO;* and the MP2 calculations were done using Gauss- \ -ai/mol with respect to SiG+ HCI. The main features of the
ian941 The transition state theory calculations were carried

out using POLYRATEY PES are a direct abstraction pathway in competition with an

addition elimination pathway.
From Figure 2 it is seen that there are three pathways from
SiCIH + H. The first is addition of H atom to the Si atom of
Table 1 gives energetics for the reaction of Si@ith H atom. SiCIH. This pathway, which has no barrier, leads to &iH
(Note that in the text and figures a saddle point is denoted by The other two pathways from the reactants are abstraction
SP.) Here, the energetics are obtained by combining the CCSD-processes. HSI€IH SP is H abstraction of a Cl leading to SiH
(T) results with the results of the MP2 extrapolation to the basis + HCI. This pathway has a barrier of 13.5 kcal/mol. The
set limit using eq 1. (The same approach is used for Tables 2pathway CISiH-H SP is H abstractionfa H leading to SiCl
and 3.) The energetics and structures of the stationary points+ H,. This pathway has no barrier. (The energy of the CASSCF
are also shown in Figure 1. There are two pathways from,SiCl saddle point is computed to be0.4 kcal/mol with respect to
+ H. The pathway denoted by SiCtH abs SP is a H the reactants, which means there is no barrier due to the

I1l. Discussion
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60 . TABLE 4: High-pressure TST Rate Coefficientsk(T) = A
SiH + CI2 Trexp(—E«kT)
A(sectorcc
0 — reaction moleculets™) Ej(kcal/mol) nP
SiCIHCI sp SiClL,H — SiCl + HCl 3.510x 1013 85.493
SiCl + HCI — SiClLH 4.193x 10712 39.179
20 SiCl, + H—SiCI+HCI  4.068x 10710 18.862
SiCl+ HCl—SiCL+H  1.053x 107 19.490
SiCIHsGI SiCIH, — SiCl + H, 3.975x 1013 92.894
0 SiCl + H, — SiClH, 2.053x 10°% 62.885
SiCIH; — SiH + HCI2 1.869x 10 61.507
SiH + HCIl — SiCIH2 1.106x 10718 —2.032 2.158
SiCIH+H—SiCl+ H22  3.647x 10716 —1.210 1.736
20 SICIH-Cl sp SICl + HC S!C| + Hy— Si(_:|H +H2  6.681x 1071° 32.586
SiCIH+H—SiH+HCI 1.404x 10710 15.973
SiH+HCI—SiICIH+H 8.414x 1074 17.112
SiCl+ H,— SiH+ HCIE 3.149x 10°% 31.267
0 — SiH+ HCl— SiCl+ H2  1.559x 10718 -1.707  1.984
3 Loose transition states, treated with Gorin-like mo#élank means

50 n=0
(those with a well-defined saddle point) and for the endothermic
direction of the loose transition state reactions, each calculated
rate fits nicely to a pure Arrhenius form withh= 0, with an
activation energyg, that falls within a few kcal/mole of the
saddle point barrier height, or the endothermicity for the latter
Figure 3. Energetics, pathways, and structures for SiGHCI — cases. For the exothermic barrierless reactions, the fits resulted
products in nonzero values fon, and in a few cases, small negative
activation energies.

-80 —

saddlepoint.) SiClkis computed to be 63.9 kcal/mol below
the SICIH+ H reactants. There are two elimination pathways )
from this minimum to products. Both of these lead to silylidynes. !V Conclusions
SP2 leads to SiCt Hz and SP3 leads to Sitt HCI. Note that
SP3 involves no barrier, whereas SP2 involves a 59.7 kcal/mol
barrier (with respect to SiH- HCI). This result is consistent
with our earlier work in which we showed that substituting H
with CI greatly reduces the reactivity of silylenes and silylidynes
for the series Sik SiCIH, SiCh, and SiH, SiCl in reaction with
H,. Finally, SP1 interconnects Si€l H, with SiH + HCI. The
main features of the potential energy surface (PES) are direct
abstraction pathways leading to S#HHCI and SiCl+ H, and
a competing addition elimination pathway which also leads to
SiH + HCI and SiC} + H..

Table 3 and Figure 3 show results for the reaction of SiCIH
with a Cl atom. There are two pathways from SiCHCI. The

Calculations have been carried out for the reaction of SiCl
and SiHCI with H and Cl atoms. In each case, the stationary
point geometries and harmonic frequencies were characterized
using CASSCF/derivative methods and the cc-pVDZ basis set.
Accurate energetics were obtained by combining the CCSD(T)
results using the aug-cc-pVTZ basis set with an extrapolation
to the basis set limit using the aug-cc-pVDZ, aug-cc-pVTZ, and
aug-cc-pVQZ basis sets at the MP2 level. The geometries,
energetics, and harmonic frequencies were used to obtain rate
constants using conventional transition state theory or a Gorin-
like model.

In each case, we find direct abstraction pathways compete
N . . - . with an addition elimination pathway. In the case of SiCiH
firstis an abstraction of H atom by Cl leading directly to SIiC| H, the two direct pathways are H abstraction which is barrierless

+ HCl in a barrierless process. The second is an H atom addition h . .
to SiCl, leading to SiCiH which is bound by 79.6 kcalimol  2nd Cl abstraction with a barrier of 13.5 kcal/mol, whereas the
addition elimination process has a barrrier of 26.9 kcal/mol. In

with respect to the reactants. The main features of the PES are . ; . . .
a direct abstraction pathway in competition with an addition the case of SiGl+ H, the direct pathway is Cl abstraction with

elimination pathway. a barrier of 16.4 kcal/mol, whereas the addition elimination

Thermal rate coefficients in the high-pressure limit calculated pathway.has a barrier .Of 29.6 kcal/mol. In.the. case (.)f SICIH
using conventional transition state theory employing the Cl, the direct pathway is H abstraction which is barrierless and

POLYRATE prograni are reported in Table 4. Input require- the addition elimination pgthway has a barrlgr of 2.0 kcal/mol.
ments are the geometries, harmonic frequencies, and the 1Nese secondary reactions can convert:Sa@t SiHCI (the

energetics of the reactants, products, and saddle points. FolPfimary products of decomposition of dichlorosilane and
“loose” transition state cases, where there is no barrier, we frichlorosilane) to SiCl, and SiCl and SiH, respectively. This
employed a Gorin-like modéBwhere the data for the transiton ~May be important because these species may have different
state is taken from the separated fragments of the reactant of€activities with Si surface than the primary decomposition
product state. The rate coefficients for each reaction were Products.

calculated for 10 temperatures in the range from 300 to 2000 )
K and then fitted to an Arrhenius-like form Acknowledgment. This work was supported by NASA

Contracts Nos. NAS2-14031 and NAS2-99092 to ELORET.

k(T) = AT exp(—E/KT)
Supporting Information Available: Six tables of energetics
The values ofA, n, andE;, for the reactions considered in this  from CCSD(T) and MP2 calculations. This material is available
work are presented in Table 4. For the “tight” transition states free of charge via the Internet at http://pubs.acs.org.
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