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Thermochemistry and Thermal Decomposition of the Chlorinated Disilanes (SHnClg—n, N =
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The thermochemistry and thermal unimolecular decomposition reactions of the chlorinated disilanes have
been characterized using ab initio molecular orbital techniques. Silylene, chlorosilylene, dichlorosilylene,
and hydrogen elimination reactions and their reverse insertions were considered. Reactant, product, and
transition-state geometries and vibrational frequencies were calculated at the MP2/6-31G(d,p) level. Energetics
were obtained at the MP2/6-35(2df,p), MP4/6-3%G(2df,p), G2(MP2), and/or G2 levels of theory,
depending on the number of chlorine atoms in the molecule. In addition to the expected insertion reactions,
direct reaction paths for SiHCt+ SiH,Cls;—, == SiH, + SiH-1Cls—, and SiHCI+ SiH.\Cls—, = SICl, +
SiH.+1Cls—, were observed, with energetic barriers lying a few kcal/mol above the insertion reactions. To

our knowledge, these concerted, two-atom exchange reactions have not previously been observed or predicted.

They appear to represent a new type of elementary reaction for these compounds. Heats of formation for the
chlorinated disilane reactants and chlorinated silylsilylene products of hydrogen elimination were calculated
using isodesmic reactions. Energy barriers and conventional transition state theory rate constants for all of

the reactions are presented. These can provide a basis for the construction of a detailed mechanism for the

multistep thermal decomposition of the chlorinated silanes, which plays an important role in the chemical
vapor deposition of epitaxial silicon from the chlorinated silanes.

Introduction Theoretical investigations of the thermochemistry and thermal

The chiorinated sil ricularly dichl i d trichl decomposition of silanes and halosilanes have been reviewed
€ chlorinated siianes, particularly dichlorosiiane and trichio- by Gordon et al. The kinetics and mechanisms of silylene

rosilane, are used as precursors for the chemical vapor deposnior?eactions have been reviewed by Becerra &taald Jasinski et

(CVD) of _epltaxu_al silicon. At the high temperatures \_N_here this al® Elimination of silylene from disilane and the reverse
process is carried out, homogeneous decomposition of the. - - : .
. . “insertion reaction have been well studied both experimeAtélly

precursor molecules can play an important role by generating - 510-13 - . . .

. : ' 2 and theoretically:> The insertion reaction is effectively
reactive species that lead to film growth. Secondary reactions . .

. barrierless and exothermic by about 54 kcal/mol. Thermal

can both accelerate the decomposition of the precursor anddecom osition reactions of the chlorinated silanes were studied
consume reactive intermediates that could otherwise lead to film P

) 15 ;
growth. SiHCI and SiG| products of direct decomposition of theoreltlcallly b¥ Slf a?(i_Schleg’étl). _In th'ts worlt<hwe use t:eb S
the chlorinated silanes, can insert into the parent molecules tosar;es eh\ie S :) ca f# ? lon a.nt ﬁ;}s Sets ﬁs _osle uszje Ki yt' u
give chlorinated disilanes, which then decompose very quickly. and >chiegel, so that consistent thérmochemical and xinetic

This makes possible complex secondary chemistry involving parameters can be.obtalned. W|ttbrth and S_chlegel_ have
the chlorinated disilanes. For example, dichlorosilane could recently published higher level calculations for dichlorosilane

decompose in a silylene- or chlorosilylene-catalyzed cycle such décompositiort® These results differed only slightly from the
as previous study. Haly has recently assessed the use of density

functional methods for calculating the thermochemistry of Si
SIHCI + SiH,Cl, — HCL,SiSiH,CI H—CI compounds and found that while DFT methods were
promising, they did not do as well as the high-level conventional
methods used here. Ignacio and Schi¥gegrformed calcula-
tions similar to those presented here for the fluorinated disilanes
with up to two fluorine atoms. McKean et 20 have
SiH,Cl — SiHCI + H, calculated structures and vibrational frequencies for the chlo-
rinated disilanes with up to three chlorine atoms in conjunction
This cycle of reactions, and others like it, provide lower energy With an experimental study of the infrared spectra of these
paths for dichlorosilane decomposition than the corresponding compounds, but they did not present calculated energies. To
direct reaction SikCl, — SiCl, + H,, which has a significant ~ our knowledge, there have been no previously published
activation barrier. To understand the importance of such theoretical studies of either the thermochemistry or reactions
reactions and develop detailed kinetic models for the decom- of the chlorinated disilanes. There is experimental information
position of chlorinated silanes, we need rates for the thermal for the insertion of SiHCI into Sil and SiHCIl, at room
decomposition reactions of the chlorinated disilanes and their temperaturé! The insertion rate was roughly the same for both
reverse reactions, the insertion of $it$iHCI, and SiCJ into reactions and indicated that there is a significant barrier to this
the chlorinated silanes. insertion. Jenkins et & measured relative rates of $iFBiHCI,
and SiC} elimination from BCISiSiH; and HCSiSiH;. They
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  observed comparable rates for competing elimination reactions.

HCL,SiSiH,Cl — SiH,Cl + SiCl,
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Doncaster and Walghinvestigated the thermal decomposition Results and Discussion
of Si,Clg and found an activation energy of 49 kcal/mol for

SiCl, elimination near 600 K. L ) . .
2 calculated in this work are given in Table 1. The energies of

Basegl on our knowle_o_lge of d's"af‘e decomposition, chiori- the chlorinated silanes and silylenes at these levels have been
nated silane decomposition, and estimates of the thermochem-

istry from the sources cited above, there are four possible previously published by Su and Schieg®lOur calculated

reactions for the decomposition of a chlorinated disilane. These results are identical with theirs and are presented here only for
ST omposition « . NS convenience. We have added the G2(MP2) calculations for
are elimination of Sil, elimination of SiHCI, elimination of

. T . these species and the G2 calculations for Sg#@d SiCl. G2

SIClz and 1,1 elimination of b [?wect cleavage .O.f any.of the energies for disilane and silylsilylene have also been previously

bonds would be too endothermic to be competitive with these blished?® . | ‘dentical. Th .

channels, as would elimination of HCI or £l 1,2-Hydrogen publShed: Again, our results are identical. The zero-point

eliminatic;n from disilane was found to have é hiah batdier €nergies and thermal energies are calculated from the geometries
. ve a hig .~ . and unscaled frequencies at the MP2(full)/6-31G(d,p) level in

and be unimportant compared to 1,1-elimination. This is the rigid rotor. harmonic oscillator approximations

expected to be true for the chlorinated disilanes as well, so the 9 ' PP )

1,2-elimination is not considered here. Preliminary estimates Geometries and Frequencies.Generic representations of a

of the thermochemistry were made by assuming that eaChchlorinated silylsilylene and a chlorinated disilane are presented

chlorine substitution results in a constant increment of the heats'” Figure 1, parts a and b, respectively. The atoms numbered
of formation. In the decomposition direction, Sielimination 1 and 2 are silicon for al! of the structures consu;iered, whereas
and b elimination are roughly 55 kcal/mol endothermic, SiHCI those numbered 3 and higher can be either chlorine or hydrogen.
elimination is roughly 44 kcal/mol endothermic anél sicl The geometric parameters for these structures are given in Table
elimination is roughly 33 kcal/mol endothermic. However, the 2 ;he atolm I%tl)ehng In Tta_ble 2 co(rjrespc_)tl)wd; tbo trl;e n;rinbertlrr:g
order of reactivity of the silylenes is well established as.SiH In Figure L. € geomelries are described by bond lengins,
> SiHCI > SiCl,, so we expect the barriers for the reverse bond angles_, a_II relative to _theSS| bond, and dihedral an_gles
reactions to incr,ease from SiHwhich has no barrier for about the Si-Si bond, relative to the atom numbered 3 in the

insertion into silané,to SiHCI, which has a barrier for insertion figure. In all cases, the structure given is that believed to be
into silane and dichlorosilarfé,to SiCh. The insertion of the lowest energy rotamer, although the other rotamers may be
H3SiSiH into H; has almost no barrier, so we might expect the very close in energy to the one show_n. _There s little change
corresponding insertions of chlorinated silylsilylenes into hy- N the geomgtnes with c?hlorlne SUbSt'_tUtlon'

drogen, the reverse of 1,1-hydrogen elimination, to also have Figuré 2 gives generic representations of the four types of

small barriers. Thus, these four primary decomposition paths transition-state structures considered here. _ The geometric
could all be competitive with one another, and we investigate parameters for these structures are presented in Table 3 and are

all of them, realizing that different reactions could dominate the same bond lengths and angles used to describe the
for the different chlorinated disilanes. chlorinated disilanes. Figure 2a is the transition state for

elimination of SiH, SiHCI, or SiCh. The atoms numbered-3
can be either hydrogen or chlorine. For some reactions there
are multiple rotamers of this structure, obtained by interchanging
The ab initio molecular orbital calculations presented here atoms 3, 4, and 5. In those cases, only the structure believed
were carried out using the GAUSSIAN 94 series of progréms. to be the lowest energy rotamer is given. Note that there are
Geometries were fully optimized using the “tight” convergence some reactions where the transition state Gasymmetry.
criteria at the MP2(full)/6-31G(d,p) level using analytical However, there are others whe@; symmetry would be
gradients. Vibrational frequencies were obtained at this samepossible, including Sikielimination from HSiSiH; and SiC}
level using analytical second derivatives. The frequency elimination from HC}SiSiHs, that have transition states which
calculations verified that the points located were indeed minima distort toC; symmetry. There is little change in the geometry
or first-order saddle points with zero or one imaginary fre- of these structures with chlorine substitution. The-Si
quency, respectively. Energies were calculated using a largerdistance in the transition state tends to be longest for, SiH
basis set and second-order Mghétesset perturbation theory  elimination and shortest for SiCklimination. This can be
(MP2/6-3H-G(2df,p), frozen core) for all of the species explained by the fact that the reaction endothermicity increases
considered. For molecules and transition states with three orfrom SiCk to SiHCI to Sikp, while the height of the barrier to
fewer chlorine atoms, energies were also calculated using fourth-reaction changes very little. This would lead us to expect that
order Mgller-Plesset theory (MP4SDTQ/6-3G(2df,p),frozen the transition-state location would move closer to the products
core) and at the G2(MP2)level. Full G28energy calculations  as we go from SiGlto SiHCI to Sik, and this is what is
were performed for those molecules with two or fewer chlorines. observed. It is expected that for each of the structures such as
The G2 methods approximate a quadratic configuration interac- Figure 2a, there is a corresponding potential minimum with
tion? calculation at the QCISD(T)/6-3#1G(3df,2p) level by ~ similar geometry but with the inserting chlorinated silylene
applying basis set corrections additively to a QCISD(T)/6- further removed from the chlorinated silane. These clusters are
311G(d,p) calculatio”® In the original G2 method, some of  known to exist for Sikinsertion into SiH* and for Sik, SiHCI,
these corrections are calculated at the MP4 level, whereas inand SiC} insertions into H, HCI, and C}.1> We located such
the modified G2(MP2) method, all of the corrections are clusters for the insertions of SiHCI into Sitand Sik into
calculated at the MP2 levé}. In both cases, zero-point energy  SiHsCl, but to conserve limited computational resources did not
based on the HF/6-31G(d) frequencies, scaled by 0.8929, ischaracterize them with higher level energy calculations. We
added to the energy, as is an empirical correction based on thedid not attempt to locate the clusters for reactions with more
number of paired and unpaired electrons in the molecule. Notethan one chlorine.
that in all of the reactions considered here, all of the electrons Figure 2b shows the generic geometry fof élimination.
remain formally paired, so that this empirical correction in the Atoms 3-6 can be hydrogen or chlorine, but atoms 7 and 8 are
G2 methods cancels when taking energy differences betweenalways hydrogen. Again, only the lowest energy rotamer is
reactants and products or transition states. given. The transition-state geometry is almost unaffected by

The total energies for reactants, products, and transition states

Computational Method
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TABLE 1: Total Energies?

Swihart and Carr

MP2 MP2 MP4 thermal
6-31G(d,p) 6-314+G(2df,p) 6-31+G(2df,p) G2(MP2) G2 ZPE + ZPE
Stable Molecules

H, —1.157 66 —1.157 66 —1.164 56 —1.166 36 —-1.16636  6.589 8.070
HCI —460.21562 —460.25726 —460.28461 —460.33162 —460.34017 4.471 5.952
Cl, —919.19122 —919.28423 —919.33412 —919.42573 —919.44221 0.781 2.383
SiH; —290.09398 —290.10622 —290.13449 —290.16426 —290.16771 7.763 9.558
SiHCI —749.19537 —749.25501 —749.30033 —749.37527 —749.38596  5.098 7.036
SiCl —1208.30179 —1208.40987 —1208.47201 -1208.59240 —1208.61039  1.842 4.210
SiH4 —291.34986 —291.36478 —291.39656 —291.41555 —291.41907 20.565 22.462
SiHsCl —750.43414 —750.49647 —750.54532 —750.61044 —750.62181 17.307 19.408
SiH,Cl, —1209.520 71 —1209.63082 —1209.696 86 —1209.808 94 —1209.82818 13.536 16.092
SiHCl; —1668.607 26 —1668.76526 —1668.84859 —1669.00835 —1669.03548 9.313 12.529
SiCl, —2127.691 64 —2127.89726 —2127.99799 -—2128.206 00 —2128.24113  4.809 8.794
H3SiSiH —580.28005 —580.30869 —580.36181 —580.41077 —580.41783 20.161 23.087
HsSiSiCl —1039.378 02 —1039.45517 —1039.52529 -1039.62009 —1039.63433 17.024 20.429
H,CISiSiH —1039.365 67 —1039.44196 —1039.51203 -—1039.607 87 —1039.62254 16.582 19.915
H,CISiSiClI —1498.463 66 —1498.58852 —1498.67558 —1498.81756 —1498.83937 13.387 17.328
HCI,SiSiH —1498.454 22 —1498.57931 —1498.666 04 —1498.80938 —1498.83150 12.877 16.822
HCI;SiSiCl —1957.551 62 —1957.724 47 —1957.82847 —1958.018 08 9.477 14.112
Cl3SiSiH —1957.543 67 —1957.71513 —1957.81912 -—1958.010 25 8.529 13.308
Cl5SiSiCl —2416.640 66 —2416.860 96 5.165 10.600
H3SiSiH; —581.53462 —581.56454 —581.62123 —581.66095 —581.66809 32.245 35.314
H,CISiSiH; —1040.618 61 —1040.696 08 —1040.76976 —1040.85625 —1040.87116 28.629 32.188
HCI,SiSiHs —1499.706 11 —1499.83129 —1499.92200 -—1500.05598 —1500.07868 24.613 28.839
H,CISiSiH:CI —1499.702 51 —1499.82757 —1499.91826 -—1500.05181 -1500.07450 24.943 29.073
HCI;SiSiHCI —1958.789 19 —1958.96222 —1959.06999 —1959.251 26 20.884 25.697
Cl3SiSiHs —1958.79511 —1958.967 73 —1959.07552 —1959.257 66 20.289 25.286
HCI,SiSiHCL —2417.87577 —2418.096 92 16.765 22.305
Cl;SiSiHCI —2417.877 76 —2418.098 32 16.560 22.148
Cl;SiSiHChL —2876.964 23 —2877.232 89 12.454 18.761
CI;SiSiCk —3336.052 76 —3336.368 86 8.095 15.199

Transition States with Structure of Figure 2a
H3SiSiH; <> SiH, + SiH, —581.45440 —581.48951 —581.54761 —581.59053 —581.59704 31.196 33.995
H,CISiSiH; <> SiHsCl + SiHy° —1040.53582 —1040.617 68 —1040.69357 —1040.78438 —1040.79870 27.693 31.033
H,CISiSiH; < SiH3;Cl + SiH° —1040.524 54 —1040.61174 —1040.68615 -—1040.77520 —1040.78953 27.728 31.057
H,CISiSiH; <> SiH,; + SiHCI —1040.534 76 —1040.617 84 —1040.69309 —1040.78330 —1040.79731 27.632 30.917
H,CISiSiH,Cl < SiH,Cl, + SiH; —1499.617 37 —1499.75308 —1499.844 16 —1499.98003 —1500.00220 23.899 27.775
H,CISiSiH,Cl < SiH3Cl + SiHCI —1499.624 42 —1499.75517 —1499.84712 —1499.984 36 —1500.00628 23.866 27.647
HCI;SiSiH; < SiH.Cl, + SiH; —1499.619 19 —1499.74941 —1499.84251 —1499.98140 —1500.00346 23.489 27.512
HCI;SiSiH; < SiH;Cl + SiHCI —1499.614 76 —1499.75034 —1499.84177 —1499.97774 —1499.99965 23.975 27.972
HCI,SiSiH; < SiH, + SiCl, —1499.613 54 —1499.744 47 —1499.837 06 —1499.97509 —1499.99673 23.734 27.638
HCI;SiSiH,Cl < SiHCl; + SiH, —1958.697 73 —1958.88193 —1958.99066 —1959.175 07 19.477 24113
HCI,SiSiH,Cl <> SiH,Cl, + SIHCP  —1958.706 93 —1958.88640 —1958.99557 —1959.180 42 19.761 24.276
HCI,SiSiH,Cl <> SiH,Cl, + SiIHCIF  —1958.705 78 —1958.889 97 —1958.998 02 —1959.181 17 20.052 24.626
HCI;SiSiH,Cl < SiH;Cl + SiCl, —1958.703 66 —1958.88231 —1958.99156 —1959.176 90 19.868 24.329
Cl5SiSiH; < SiHCl; + SiH, —1958.70517 —1958.88281 —1958.99325 —1959.180 27 19.124 23.914
Cl53SiSiH; < SiH;Cl + SiCl, —1958.706 86 —1958.89069 —1958.99912 —1959.182 76 19.851 24.647
HCI,SiSiHCL < SiHCl; + SiHCI —2417.788 11 —2418.020 74 15.698 21.037
HCI;SiSiHCL < SiH,Cl; + SiCl, —2417.786 94 —2418.013 90 15.864 21.027
Cl;SiSiHCl < SiCl, + SiH; —2417.777 13 —2418.009 12 14.930 20.378
Cl3SiSiH,Cl <> SiHCl; + SiHCI —2417.79073 —2418.018 11 15.455 20.747
Cl5SiSiH,Cl < SiH,Cl, + SiCl, —2417.79559 —2418.027 85 15.882 21.255
Cl;SiSiHCL < SiCl, + SiHCI —2876.868 88 —2877.149 21 11.153 17.317
ClI3SiSiHChL < SiHCI; + SiCl? —2876.87011 —2877.14553 11.357 17.348
CI3SiSiHCL < SiHCI; + SiCL* —2876.880 58 —2877.159 90 11.821 18.003
Cl5SiSiCk < SiCl, + SiCl, —3335.962 19 —3336.291 02 7.187 14.110

Transition States with Structure of Figure 2b
H3SiSiH; <> H3SiSiH + H, —581.44097 —581.47563 —581.53294 —581.57869 —581.58504 29.919 32.925
H,CISiSiH; < H3SiSiCl + H, —1040.520 68 —1040.604 87 —1040.67899 —1040.77149 -1040.78504 26.220 29.754
H,CISiSiH; < H,CISiSiH + H, —1040.526 29 —1040.609 20 —1040.68335 —1040.77596 —1040.79000 26.164 29.697
H.CISiSiH,Cl <> H,CISiSiICl+ H,  —1499.605 73 —1499.73806 —1499.82898 —1499.96852 —1499.98984 22.527 26.608
HCI,SiSiH; <= HCI,SiSiH + H; —1499.614 25 —1499.74524 —1499.83626 —1499.97657 —1499.99826 22.121 26.317
HCI;SiSiH,Cl < HCI,SiSiCI+ H,  —1958.692 61 —1958.87311 —1958.98094 —1959.168 67 18.318 23.138
Cl5SiSiH; < Cl3SiSiH + H, —1958.702 42 —1958.88062 —1958.98874 —1959.177 31 17.782 22.730
Cl3SiSiHCl < CI5SiSiCl+ H, —2417.780 08 —2418.008 40 14.028 19.596

Transition States with Structure of Figure 2c
SiHs + SIHCI < SiHsCl + SiH, —1040.509 58 —1040.597 82 —1040.67312 —1040.76369 —1040.77738 28.071 31.279
SiH;Cl + SiHCl < SiH.Cl, + SiH,  —1499.599 87 —1499.73572 —1499.82802 —1499.96543 —1499.98686 24.547 28.191
SiH;CI + SiHCI < SiH, + SiCl, —1499.604 33 —1499.74178 —1499.83399 —1499.97162 —1499.99262 24.072 28.054
SiHCl; + SiHCI < SiHCl; + SiH, —1958.686 48 —1958.87141 —1958.98080 —1959.165 17 20.406 24.777
SiH.Cl, + SiHCI < SiHsCl + SiCl, —1958.694 88 —1958.879 63 —1958.98890 —1959.17367 20.490 24.928
SiHCI; + SiHCI < SiCl, + SiH, —2417.766 13 —2418.000 84 15.935 20.976
SiHCl; + SIHCI < SiH.Cl, + SiCl, —2417.78094 —2418.014 18 16.196 21.466
SiCly + SiIHCIl <> SiHCl; + SiCl, —2876.858 91 —2877.141 64 11.594 17.622
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TABLE 1 (Continued)

MP2 MP2 MP4 thermal
6-31G(d,p)  6-31+G(2df,p) 6-31+G(2df,p) G2(MP2) G2 ZPE +ZPE
Transition States with Structure of Figure 2d
H3SiSiH; < SiH, + SiH, —581.456 76 ~ —581.491 38 —581.54963 —581.59366 —581.59977 31.485 34.329
H,CISiSiH; <> SiH;Cl + SiH,  —1040.537 90 —1040.61944 —1040.69523 —1040.78660 —1040.80066 27.827  31.109

aTotal energies in hartrees (1 hartree627.51 kcal/mol), zero-point energies (ZPE), and thermal energy in kcal/mol at 298 K and 1 atm using
geometry and unscaled frequencies at the MP2/6-31G(d,p) level. MP2/6(2tif,p) and MP4/6-31G(2df,p) energies are at MP2/6-31G(d,p)
geometry. Note that G2 and G2(MP2) energies include zero-point energy calculated using scaled HF/6-31G(d) frequencies. Entries left blank were
not calculated due to computational experisEransition state corresponding to insertion inte-Bibond. ¢ Transition state corresponding to insertion
into Si—Cl bond.

bonds of SiH and SiHCIl. We were unable to locate corre-
sponding structures for insertion of Silhto the Si-H bonds
of SiH,Cl, and SIHC}. In these cases the potential surface is
still very flat near the expected geometry for this structure, but
appears not to have a saddle point.

Attempts to locate a structure like that of Figure 2d for
insertions of SiIHCI and SiGlinto Si—H and Si-Cl bonds and
for insertions of SiH into Si—Cl bonds led instead to the
structure shown in Figure 2c. In this structure, atom 6 is
chlorine and atom 7 is hydrogen. Reaction paths passing
through this transition state do not lead to insertion, but instead
lead to the concerted four-centered exchange of a hydrogen atom
for a chlorine atom between the two silicon centers. This
exchange motion is shown clearly when one looks at the normal
mode corresponding to the imaginary vibrational frequency of
this structure. For the reaction

SIHCI + SiH, = SiH, + SiH,CI

we followed the minimum energy path at the HF/6-31G(d) level
from the structure of Figure 2c in both directions. This path
connected to a cluster of SIHCI and Silh one direction and

a cluster of SiH and SiHCl in the other, confirming the path

of this exchange reaction through the transition structure of
chlorine substitution. Potential minima with the kFholecule Figure 2c. To our knowledge, these concerted, two-atom
further removed from the chlorinated silylsilylene are expected exchange reactions have not previously been observed or
to be present for these reactions, analogous to those for insertiorpredicted for these compounds. Geometric parameters for the

Figure 1. Generic molecular geometries. Atoms 1 and 2 are silicon:
atoms 3-8 may be hydrogen or chlorine. Bond lengths and angles are
given in Table 2.

of SiH,, SIHCI, and SiC) into H,.1®> These were located for
HsSiSiCl and HCISISiH insertions into Bl We did not attempt

transition states for the eight possible reactions of this type are
given in Table 3. Only the lowest energy rotamer of each

to locate them for the reactions where more than one chlorine structure is given. Based on the-%i and Si~Cl distances,

atom is present.
Figure 2d shows an alternative geometry for the elimination
and insertion of Sikl For SiH; insertion into SiH, this type

these appear to be genuinely four-centered structures. Both the
hydrogen atom (7) and the chlorine atom (6) are approximately
equidistant from the two silicon atoms in this structure. The

of geometry has been presented and discussed by severallistancedR(2—6) andR(2—7) are given in Table 3 and range

authors*512 |t lies approximately 8 kcal/mol below the
separated Siptand SiH. We found that following the minimum
energy path from this point toward SiH- SiH; (at the MP2/
6-31G(d,p) level) leads to a potential minimum of similar
geometry but with Sikifurther removed from Sild This cluster
can presumably form from SiHand SiH, with no barrier.
Following the minimum energy path toward disilane leads to
another minimum in energy which has;, symmetry and
corresponds to a complex between a normak$jidup and an
inverted SiH group. This is the structure presented by Becerra
et al.# who showed that it can convert to disilane with a very
small barrier. Thus, it appears that the insertion of Sitio
SiH, proceeding along this path would go first through a
structure like that of Figure 2d, then through 1Big structure
and on to disilane. It should be kept in mind that the potential

from 2.29 to 2.35 A and 1.58 to 1.66 A, respectively. The
corresponding distances to the other silicon atBi,-6) and
R(1-7), range from 2.28 to 2.41 A and 1.60 to 1.73 A,
respectively. For all of the structures of type 2c the difference
between the two SiCl distances is 0.12 A or less, and the
difference between the two SH distances is 0.14 A or less.
Computed vibrational frequencies for the chlorinated di-
silanes, chlorinated silylsilylenes, and transition states are given
in Table 4. There is limited experimental information on these
compounds that can be used to estimate a scaling factor for the
frequencies. Matching the calculated frequencies to experi-
mental anharmonic frequencies for disil&heequires a mean
scaling factor of 0.938. The SH stretching frequencies of
H.CISiSiHs, H.CISiSiH,Cl, HCI,SiSiH;, and HC}SISIH,CI
would require scaling by a factor of 0.928 to match those

surface in this region is quite flat and the barriers are small, so measured by McKean et #:2° Schlegel* suggested a scaling
that the insertion is not tightly constrained to this path, and there factor of 0.945 for the frequencies of Sj8l, calculated at the

may be completely barrierless paths that have not beensame level, for which a number of comparisons with experi-
discovered. With this in mind, we located transition states with mental frequencies were possible. Thus it appears that a factor
structures such as Figure 2d for insertion of Sitfo the Si-H of 0.93-0.94 is probably appropriate.
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Figure 2. Generic geometries for the four types of transition states

considered in this paper. Atoms 1 and 2 are silicon: atom8 fay

be hydrogen or chlorine. Bond lengths and angles are given in Table

3.

Heats of Formation. Heats of formation for the chlorinated
disilanes and chlorinated silylsilylenes were calculated from the
energies given in Table 1 and are presented in Table 5. The
heats of formation of the chlorinated disilanes were calculated
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TABLE 4: Unscaled MP2/6-31G(d,p) Vibrational Frequencieg

Swihart and Carr

H3SiSiH
HsSiSiCl
H.>CISiSiH
H-CISiSiCl
HCI;SiSiH
HCIzSiSiCl
ClsSiSiH
CIsSiSiCl
H3SiSiHs
H>CISiSiHs
HCI,SiSiHs
H>CISiSiH.Cl
HCI,SiSiHCl
Cl3SiSiHz
HCI,SiSiHCL
ClsSiSiH:Cl
CIsSiSiHChL
CIsSiSiCk

H3SiSiH; < SiHs + SiH»
H2C|SISIH@ g SiHsC' + Sinb
H2CISiSiHz < SiHzCl + SiHx®
H,CISiSiHs < SiH4 + SiHCI

H2CISiSiHCl < SiH.Cl, + SiH,
H>CISiSiH,Cl <> SiH3Cl + SiHCI

HCleiS”‘b had SiH2C|2 + Sin
HCI;SiSiHz <> SiHzCl + SiHCI
HCI,SiSiHz < SiH,4 + SiCl,

HCI,SiSiHCl < SiHClz + SiH,
HCI,SiSiH,Cl <> SiH,Cl, + SiHCP
HCI,SiSiHCl < SiH.Cl, + SiHCI®
HCI3SiSiH,Cl <= SiHzCl + SiCl,

Cl3SiSiHz < SIHCl; + SiH»
Cl3SiSiHz <= SiHzCl + SiCl,

HCI,SiSiHChL < SiHCl; + SiHCI
HCI;SiSIHChL < SiHxCl, + SiCl,

Cl3SiSiHCl < SiCls + SiH,

Cl3SiSiH,Cl < SiHCl; + SiHCI
C|3SiSiH2C| - SinClz + Siclz

ClsSiSiHCEL < SiCl; + SiHCI

Cl3SiSiHChL < SiHCI; + SiCL°
Cl3SiSiHCL < SiHCl; + SiClLe

Cl3SiSiCk < SiCls + SiCl,

H3SiSiH; <> H3SiSiH + H»
H>CISiSiHz < H3SiSiCl + H»

H2CISiSiHz < HoCISiSiH + H»
H>CISiSiH,Cl < H>CISiSiCl+ H;
HCI,SiSiHz <= HCI;SiSiH + H»
HCI;SiSiH,Cl < HCI;SiSiCl+ H;

ClI3SiSiHz < CIsSiSiH + H;
ClsSiSiHCl <> CIsSiSiCl+ H:

SiH4 + SIHCI < SiHsCl + SiH;
SiH3Cl + SIHCI < SiH.Cl, + SiH;
SiH3Cl + SiHCI < SiH4 + SiCl,
SiH.Cl, + SiHCI ~ SiHCl; + SiH;
SiH2Cl> + SiHCIl < SiHzCl + SiCl,
SiHClz + SiHCIl < SiCls + SiH,
SiHCI; + SiHCI < SiH.Cl; + SiCl,
SiClsy + SiHCIl < SiHCl; + SiCl,

H3$iSiH3 - SiH4 + Sin
H2CISiSiHz < SiHzCl + SiH,

192i
64i
271i
470i
120i
332i
122i
284i
488i
185i
254i
187i
373i
106i
290i
155i
256i
218i
153i
224i
195i
263i
179i
153i

1021i
1041i

982i
1048i
1067i
1061i
1088i
1035i

389i
161i
380i
113i
168i

85i
171i
156i

144i
137i

402
144
183

88
144

82
109

170

116

32

143 222 271 568 582 661 746

409
397
322
168
190
112
184

85
384
372
152
165
146
124
125
110

e

68

455
416
391
356
292
142
184
141
460
436
201
367
156
188
130
142
132
130

Stable Molecules

755
509
565
438
411
217
209
180
667
542
414
468
211
188
165
186
141
130

925
547
667
528
526
443
233
188
667
571
534
560
428
211
194
195
183
136

974
918
739
563
595
535
365
236
901
627
550
573
517
383
241
234
210
184

998
972
867
716
683
549
563
366
980
742
567
598
552
539
455
386
211
184

2163
986
958
846
763
588
593
544
985
861
607
712
584
539
532
509
262
225

2293
2303
2148
968
848
773
600
573
985
943
809
745
607
592
591
554
388
225

Transition States with Structure of Figure 2a

361
163
250
178
154
114
164
135
155
133

69
122
107

519
403
278
405
237
269
165
215
168
179
163
159
123
156
151
119
110
120
135
138
102

617
520
395
550
432
396
209
271
310
222
200
204
185
187
179
164
150
194
169
147
125
135
120
118

692
593
608
569
487
479
506
384
443
270
281
279
346
195
186
196
213
223
198
167
172
164
131
134

827
620
644
652
573
534
536
552
539
304
477
400
462
242
285
256
250
224
222
224
203
185
166
159

911
704
664
765
605
596
593
622
579
441
530
478
522
479
378
264
332
267
260
287
229
218
177
180

974
787
763
832
712
732
648
642
612
516
567
501
606
520
561
426
518
288
445
391
232
232
240
229

1018
942
898
934
814
817
731
739
788
577
612
575
627
616
569
506
562
390
542
462
259
326
293
230

Transition States with Structure of Figure 2b

358
150
169
89
137
76
129
65

430
321
357
200
176
151
169
142

463
474
394
324
220
176
195
150

617
519
470
448
348
223
203
199

728
570
562
523
451
302
221
204

874
630
671
551
558
502
362
227

978
940
875
704
629
576
581
471

945
708
799
583
581
525
397
311

Transition States with Structure of Figure 2c

248
200
156
113
107
141

53

55

357
272
183
171
166
166
124
128

361
348
323
216
196
199
157
152

684
426
351
343
328
220
174
167

703
533
494
373
353
238
230
207

752
636
532
507
514
305
350
227

916
746
678
550
531
369
380
232

975
788
908
612
561
495
500
316

Transition States with Structure of Figure 2d
105 359 560 665 694 949 965 1001 1011

862 944

2306
2322
2304
2315
2165
819
712
599
1002
987
841
810
717
625
602
604
521
254

1051
997
1017
967
900
837
742
831
939
580
700
676
694
627
642
556
598
535
570
511
385
484
393
248

1017
966
892
769
819
607
582
534

1022
963
961
766
776
532
537
371

2328
2324
2320
2335
2348
2348
2185
614
1002
988
939
913
780
625
617
624
610
368

1456
1026
1057
1059
970
900
905
900
961
690
757
817
815
660
715
570
615
558
584
597
524
564
537
274

1078
1012
969
882
853
699
603
590

1125
1023
993
833
887
594
622
490

1077 1325

999

1035

2318
1005
984
991
838
927
728
626
613
484

1652
1299
1101
1319
1075
939
1024
1044
1060
730
826
829
897
767
895
640
652
578
649
605
550
602
576
375

1812
1156
1072
967
872
779
660
601

1167
1038
1122
978
1008
629
859
534

1854
1443

2328
2325
987
998
893
983
826
727
628
625

2247
2045
2253
1673
1290
1243
1268
1100
1264
909
918
932
922
1026
1036
708
821
654
737
830
569
617
596
509

2167
1769
1818
1156
1055
870
857
632

1937
1197
1185
993
1018
778
910
582

2160
1862

2333 2333 2341 2341
2339 2345 2347 2355
2333 2353 2356 2361
2345 2349 2359 2367
985 2349 2365 2370
983 2340 2363 2363
829 863 2371 2372
871 982 2353 2373
636 806 830 2372
625 637 637 656

2353
2366
2341
2333
2349

2357
2198
2333
2320
2276
2301
2344

2350

2188
2332
2283
1643

2239

1630
2342

2382
2418
2378
2375
2356
2393
2392
2369
2388
2418
2379
2393
2399
2201
2368
2388
2401
2261
2266
2389
829 2254
1214 1634
928 2373
602 631

2268 2296
2179 2199
2274 2281
2291 2313
1958 2029
1702 2317
2086 2185
2268 2294
1658 2314
1037 2253
1361 1628
962 2301
1069 1719
1217 2115
1093 2312
816 960
871 1246
682 1032
827 1460
920 949
614 643
635 743
620 921
557 593

2334
2337
2334
2336

2303
2062

2188
1743

2338
2345
2353
2358

2363
2364

2319
2064

2298
2020
2151
1780
1817
1106
1045
735

2322
2323
2297
2025

2174
1750

1822
1103

2329
2354
2341
2205
2360
1906 2199
1732 2392
1345 1772

2401
2399
2384
2378

2392

2187
1919
1857
1285
1250
1027

943

636

2293
2191
2310
1868
1801
1231
1330
865

2177 2351 2375 2396
2154 2193 2368 2410

a Frequencies are in units of crhand are unscaled. Degenerate frequencies are simply repeated an appropriate number 'of amsition
state corresponding to insertion into-&i bond.¢ Transition state corresponding to insertion inte-Si bond.

was derived from the experimentally established heat of reaction of the reactions considered here is unaffected by the value of
for Si,He decomposition and referenced to the value of 19.1 AH¢° for Si;He, provided that the value used for SiHs

kcal/mol for SpHe.* So, if we changed the value afH:° for
SioHg, We would need to make a corresponding chang®Hif
for SiH,. The result of this is that the heat of reaction for all

consistent with it.

The heats of formation in Table 5 can be reasonably

reproduced by a bond additivity scheme. We can write the heats
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TABLE 5: Heats of Formation Calculated Using Isodesmic Reactior’s

MP2 MP2 MP4

molecule 6-31G(d,p) 6-31+G(2df,p) 6-31+G(2df,p) G2(MP2) G2 S(298)
HsSiSiH 76.0 75.1 75.1 75.4 75.4 67.7
H3SiSiCl 27.2 25.8 26.0 26.3 26.8 76.0
H.CISiSiH 34.4 33.6 33.8 33.9 34.1 74.5
H.CISISiCl —14.3 —15.7 —15.3 —15.2 —14.6 83.4
HCI,SiSiH -8.8 -10.4 -9.8 -10.1 -9.6 83.0
HCILSiSiCl —57.3 —58.9 —58.3 —58.5 92.1
ClsSiSiH —53.1 —53.8 —53.3 —53.5 91.1
ClsSiSiCl —101.3 —102.8 100.2
H.CISiSiHs -21.3 -21.3 -21.1 -21.1 —21.0 76.3
H.CISiSiH;CI —61.7 —61.6 —61.3 —61.4 —61.3 83.0
HCI,SiSiHs —64.2 —64.2 —63.9 —64.0 —63.8 83.7
HCISiSiHCI —104.1 —104.2 —103.8 —104.1 91.8
Cl3SiSiHs —108.2 —108.0 —107.6 —107.9 88.5
HCI;SiSiIHCL —146.4 —146.8 98.0
ClsSiSiHCl —147.9 —147.8 98.4
CI;SiSiHCh —190.1 —190.3 105.5
ClsSiSiCk —233.8 —233.9 108.3

aHeats of formation in kcal/mol at 298.15 K and 1 atm calculated using isodesmic reactions given in text and total energies, thermal, and
zero-point energies from Table 1. Entropies are in cal/(mol/K) calculated using the unscaled MP2/6-31G(d,p) vibrational frequencies. Reference
values for calculating heats of formation weaé¢t(SiHs) = 8.2 kcal/mol°® AH«(SiCl,;) = —158.4 kcal/moB® AH¢(SiH,) = 65.2 kcal/mot; and
AH¢(Si;Hg) = 19.1 kcal/moP?! Entries left blank were not calculated due to computational expense.

of formation for the Si-H—CI compounds as decreasing in only three cases. The barriers increase in all cases
from the MP2/6-3%+G(2df,p) level to the G2 level, by an
AH® = AHg;_gNg;_gi + AHgi_yNgi_y + AHgi_cNgi_¢) + average of 1.8 kcal/mol, with the increases ranging from 0.3 to

3.5 kcal/mol. For estimating rate parameters, the barriers at
the G2 level were used for compounds with two or fewer
wherens;_s; is the number of S Si bondsps;_ is the number ~ chlorines, and the barriers at the G2(MP2) level were used for
of Si—H bonds,nsi_c; is the number of StCl bonds,Nsj()-si the compounds with three chlorines. For those with four or
is the number of SiSi bonds where one of the silicon atoms More chlorines, the average increase of 1.8 kcal/mol was added
is divalent, nsiy-+ is the number of SiH bonds where the  to the barriers at the MP2/6-315(2df,p) level. These are the

AHg;ig)-siNsi)-si T AHsi@y-r1Nsi@-n T AHsig)-ciNsi@)y-ci

silicon atom is divalent, andsjay-ci is the number of SiCl barriers given in the column labeled “best value” in Table 6.
bonds where the silicon atom is divalent. TA#l values are The estimated rate constants, activation energies, and pre-
the corresponding increments to the heat of formation. Values exponential factors were obtained from conventional transition
of AHsi—si = 6.23 kcal/mol AHsi—y = 2.50 kcal/mol AHsj—c state theory calculatiof&treating all vibrations as harmonic

= —39.84,AHsi(g)-s = 29.95 kcal/mol AHsj@)-n = 29.67 kcal/ oscillators and all rotations as rigid rotors. Improved treatment
mol, andAHsjq)-c1 = 21.66 kcal/mol were obtained by a least-  of internal rotations and low vibrational frequencies, as well as
squares fit of the above expression to the heats of formation ofa variational treatment for those reactions with negative
the compounds in Table 5, plus disilane, the chlorinated silanescalculated barriers, would be required to make more accurate
SiH\Cls—n, and the chlorinated silylenes Si€l,—,. These estimates of rate constants, but would go beyond the scope of
parameters fit the heats of formation of the 26 compounds this paper. Note that ratios of rates of competing reactions,
considered to within an average absolute error of 1.1 kcal/mol i.e., different decomposition reactions of a single reactant,
and a maximum absolute error of 2.3 kcal/mol. This forms a depend only on the energies and partition functions of the
reasonable basis for a bond additivity scheme that could be usedransition states for the competing paths and not those of the
to predict heats of formation for larger-SH—CI compounds. reacting molecules. Many of these reactions are likely to be in
Decomposition Reaction Energetics and Kinetics.The the pressure dependent falloff regime at conditions of practical
heats of reaction, forward and reverse reaction barriers, andinterest, so unimolecular rate theory calculations of the pressure
estimated rate parameters at 1000 K for all of the thermal and temperature dependence of the reactions are needed to fully
decomposition reactions considered are presented in Table 6characterize them. This also falls outside the scope of this work.
The reverse barriers are obtained by subtracting the calculatedFigure 3 gives a diagram of the energetics for thgHZCl3
energy, including zero-point energy, of the products from that system to illustrate typical results for the various possible
of the transition state. A negative barrier means that the reaction paths. Note that for this system, as well as most of
transition structure is lower in energy than the separated the others, the energetic barriers for different reaction paths lie
products. It is still, of course, higher in energy than the Qquite close together. The observations below are based on the
minimum energy cluster between the products. The forward energetics as presented in Table 5, realizing that relative changes
barrier is obtained by adding the reverse barrier to the overall of a few kcal/mol in the energetics would change the results
energy change for reaction. This was obtained from the energiessignificantly. However, these observations still represent the
of formation of reactants and product® using the isodesmic ~ best information that is available at this time for the reactions
reactions presented above. The insertion barriers were moreconsidered.
sensitive to the level of calculation than the heats of formation,  H3SiSiH; Decomposition. The results for disilane decom-
but are still reasonably consistent from the MP2/6-&(2df,p) position agree well with the previous studies cited above.
to the G2 levels. The barriers increase by an average of 0.3Silylene elimination from disilane is predicted to occur via a
kcal/mol from the G2(MP2) to the G2 level, decreasing in only loose transition state. The saddle points located for both SiH
one case. Likewise, the barriers increase by an average of 0.%elimination geometries lie well below the separated products.
kcal/mol from the MP4/6-31G(2df,p) level to the G2 level,  The rate parameters in Table 5 are those obtained with the
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TABLE 6: Thermal Decomposition Barriers and Rate Parameter$

reverse barrier

TS MP2 MP2 MP4 best forward log
reaction type AHnn 6-31G(d,p) 6-31+G(2df,p) 6-31+G(2df,p) G2(MP2) G2 value barrier k(1000K) A Ea
H3SiSiHs—SiHs+SiH, a 54.3 -3.8 —-8.8 —-7.5 —-6.7 —6.4 —6.44 46.7 7537 14.2 47.1
H3SiSiHs—SiHs+SiH, d 54.3 -5.0 —9.6 —8.5 -87 —82 8.2 44.9 28740 144 453
H3SiSiHs—H3SiSiH+H> b 56.3 1.1 —2.7 —-1.0 —-1.0 —-05 —-05 53.8 430 14.7 55.0
H,CISiSiHs—SiH3Cl+SiHP a 54.2 —2.2 —6.8 —6.0 —-6.1 —-58 —-5.8 47.5 3351 14.0 48.0
H2CISiSiHs—SiHzCI+SiH,® a 54.2 4.9 —-3.0 —-1.3 —-0.3 0.0 0.0 53.3 32 13.3 539
H,CISiSiHs—SiH3Cl+SiH? d 54.2 —-3.4 —-7.8 —6.9 -75 —-7.0 —-7.0 46.3 4226  13.8 46.6
H>CISiSiHs—SiHs+SiHCI a 44.4 8.5 3.2 4.4 4.7 48 4.8 48.4 505 13.4 4838
H,CISiSiH:—H3SiSiCH-H, b 47.8 12.0 7.6 9.4 9.4 98 938 55.7 33 14.0 57.0
H>CISiSiHs—H.CISiSiH+H> b 55.2 1.1 —-3.0 —-1.3 -11 -0.7 —-0.7 52.6 396 14.4 53.9
H2CISiSiH,Cl—SiH,Cl,+SiH; a 52.2 0.9 —=7.5 —5.4 -43 -39 —-40 47.4 457  13.1 47.6
H>CISiSiH,Cl—SiH3;CI+-SiHCI a 44.4 4.7 —-0.9 0.5 0.9 0.9 0.9 44.9 7737 13.8 453
HoCISiSiH,CI—H.CISISICHH, b 46.7 12.3 7.7 9.6 9.7 10.0 10.0 54.8 81 14.2 56.0
HCI,SiSiHs—SiH,Cl>+SiH, a 54.7 —0.6 —5.6 —-4.8 —52 —48 —48 49.3 1503 14.1 49.8
HCI,SiSiHz—SiHsCIl+SiHCI a 470 10.8 2.3 4.0 5.0 51 51 51.7 226 13.8 52.1
HCI,SiSiHs—SiH4+SiCl, a 33.6 25.2 20.3 21.1 20.6 205 20.5 53.5 33 13.3 53.8
HCI;SiSiH:—HCI,SiSiH+H,; b 54.2 1.1 —-2.6 -1.0 -05 -03 -0.3 52.2 485 14.4 535
HCI;SiSiH,Cl—SiHCl;+SiH, a 523 4.6 —-4.2 —-2.4 -15 -1.5 50.0 83 13.1 50.9
HCI,SiSiH,CI—SiH.Cl,+SIHCP  a 445 6.9 0.8 2.1 2.4 24 46.6 903 133 47.1
HCISiSiH,CI—SiH,Cl,+SiHCIc  a 445 7.9 -1.2 0.9 1.9 2.0 46.2 1530 13.4 46.8
HCI,SiSiH,Cl—SiH;CI+SiCl, a 328 21.0 15.8 16.9 16.3 16.3 48.8 238 13.1 49.3
HCI;SiSiH,CI—HCI,SiSiICHH, b  45.6 12.7 7.9 9.8 9.9 9.9 53.6 80 139 549
Cl3SiSiH;—SiHCl3+SiH; a 56.1 —-0.4 —-5.1 —4.3 —4.8 —4.8 50.7 773 141 51.3
Cl3SiSiH;—SiH;CI+SiCl, a 36.6 18.9 10.5 12.1 12.6 12.6 49.2 1656 14.1 49.6
Cl3SiSiH;—CI3SiSiH+H; b 54.5 2.0 —-2.3 —-0.5 —-0.4 -0.4 52.2 421 143 53.5
HCI;SiSiIHCL—SIiHCIz+SiHCI a 44.3 10.4 1.0 2.8 46.9 2124  13.7 47.7
HCI,SiSiHCL—SiH,Cl>+SiCl, a 32.2 22.8 17.30 19.1 51.3 92 13.3 51.7
Cl3SiSiH,Cl—SiCls+SiH; a 546 7.7 -1.2 0.7 54.5 10 13.2 555
Cl3SiSiH,CI—SiHCI3+SiHCI a 45.3 8.5 2.4 4.2 49.4 420 135 49.8
Cl3SiSiH,Cl—SiH.Cl>+SiCl, a 332 17.4 8.6 10.4 43.7 12587 13.8 44.3
Cl3SiSiH,Cl—ClI3SiSiCH-H, b 45.1 13.7 8.7 10.5 53.7 228 14.4 55.0
Cl3SiSiHCL—SIiCl,+SiHCI a 46.6 12.6 3.2 5.0 51.3 180 13.7 52.3
Cl3SiSiIHCL—SiHClz+SiCl° a 33.1 24.6 18.8 20.6 53.9 27 13.3 543
Cl3SiSiIHCL—SiHCl+SiCl*° a 331 18.5 10.2 12.1 45.3 7756 13.9 45.9
Cl3SiSiCk—SiCly+SiCl, a 35.4 20.1 10.7 12.5 48.1 3095 14.2 48.8

aEnergies are in kcal/molAH, is the standard heat of reaction at 298 K calculated from the heats of formation in Table 4. Forward and reverse
reaction barriers at 0 K, including zero-point energy, calculated as described in the text. Transition-state type refers to the structures of Figure 2.
Estimated rate parameters are at 100 EndA are in s, E;is in kcal/mol. Entries left blank were not calculated due to computational expense.
b Transition state corresponding to insertion into a8ibond.c Transition state corresponding to insertion into aGi bond.

transition states located at the saddle points. A variational the path involving transfer of an H atom. SiHCI elimination is
treatment with the transition state located closer to the separatedoredicted to have an activation energy comparable to the high-
products would be needed to make reasonable rate constantemperature activation energy for silylene elimination. Jenkins
predictions for this reaction over wide temperature rarfges. et al?? found that the ratio of Sik elimination to SiHCI
However, at high enough temperatures, the transition state will elimination was 0.8 at 663 K, based on an analysis of the final
tighten until it lies at or near the saddle points located on the products of HCISiSiH; decomposition and reasonable mecha-
potential surface. At sufficiently high temperatures, greater than nistic assumptions. This is inconsistent with our results, which
around 1000 K in this case, tight transition state calculations predict SiH elimination to be faster by a factor of at least 5,
will then provide reasonable estimates of the rate parameters.depending how the loose transition state for Sgimination

The transition state for Helimination is predicted to lie 0.5 istreated. Anincrease of kcal/mol in the activation energy
kcal/mol below the separated products, giving an activation for SiH, elimination relative to SiHCI elimination would be
energy of about 55 kcal/mol, consistent with shock tube required to bring our results into agreement with the branching
measurements of this reacti&hThis reaction is slower than  ratio observed by Jenkins et al. It should be noted that their
the silylene elimination, but is known to play a role in the experiments were carried out at reduced pressure and were

mechanism of thermal decomposition of sil&fe. probably in the unimolecular falloff regime, which may have
H.CISiSiH; Decomposition. Chlorodisilane is predicted to  affected the observed branching ratio. Their pyrolysis ex-
decompose by SifHand SiHCI elimination, with Siklelimina- periments also took place in the presence of hot walls, which

tion being faster. As was the case for disilane, the saddle pointmay have catalyzed reactions that would change the branching
on the path for Siklelimination via an H atom shift lies below  ratio or observed final products. Hydrogen elimination is
the separated products. At low temperatures, this reactionpredicted to be slightly slower than SiHCI elimination, with
should occur via a loose transition state with an activation energy production of HCISIiSiH strongly favored over production of
near the heat of reaction. At higher temperatures, the transitionHzSiSiCl.

state will tighten until the activation energy is near 48 kcal/  H»CISiSiH,ClI Decomposition. For 1,2-dichlorodisilane,
mol and the preexponential drops to neat*&J?, as predicted SiHCI elimination is predicted to have an activation energy of
by the tight transition state calculations. By contrast, the barrier 45 kcal/mol and be faster than Sikélimination. Silylene

for SiH, elimination via a Cl atom shift is essentially isoener- elimination again will be governed by a loose transition state
getic with the products. That reaction would therefore proceed and should show a decreasing activation energy with increasing
through a tight transition state and would be much slower than temperature. klelimination is predicted to have an activation
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Figure 3. Diagram of energies of Si€l; species and saddle points on the paths connecting them. Energies are in kcaldnolrelative to
CI;SiSiHs. Energies of reaction and barrier heights were calculated as described in the text from the G2(MP2) energies. Transition-state labels (a,

b, c) correspond to the transition-state types illustrated in Figure 2.

energy of 56 kcal/mol, making it much slower than the other activation energy. K elimination is slower yet, with an
activation barrier 3 kcal/mol higher than Si@&limination.

reactions.

HCI;SiSiHz Decomposition. Silylene elimination is pre- HCI;SiSiHCI; Decomposition. The only possible reactions
dicted to be the fastest reaction, again proceeding through aare SiHCI elimination and Siglelimination. The SiHCI
loose transition state with an activation energy decreasing from elimination is predicted to be faster, with an activation energy
nearly the heat of reaction down to 50 kcal/mol as the of 48 kcal/mol, compared to 52 kcal/mol for SiCl
temperature is increased. SiHCI angdfimination proceed at Cl3SiSiH,Cl Decomposition. SiCl, elimination is fastest,
comparable rates with activation energies of 52 and 53 kcal/ followed by SiHCI elimination, H elimination, and Sikl
mol, respectively. SiGl elimination is predicted to be the elimination. SiC}elimination is predicted to have an activation

slowest reaction, with an activation energy near 54 kcal/mol energy of only 44 kcal/mol.
CI3SiSiHCI, Decomposition. SiCl, elimination is much

and a relatively low preexponential factor. These predictions
disagree with the observation of Jenkins e¥’ahat Sik and faster than SiHCI elimination. These reactions have activation
SiCl; elimination proceeded at the same rate while SIHCI and energies of 46 and 52 kcal/mol, respectively. The SiCl

H; elimination were not observed. Again, the experimental elimination occurs almost entirely by Cl atom transfer. Elimi-
results were obtained in the presence of hot walls and at reducechation via H atom transfer is predicted to have a barrier that is
pressure, and the branching ratio is based on final productg kcal/mol higher than Cl atom transfer. Thus, Cl atom transfer
analysis with assumptions about the mechanism of productis preferred to H atom transfer for SiGlimination, in contrast
production. Reconciling our results with the observation of to SiH, elimination, where H atom transfer was preferred.
Jenkins et al. would require at léas 4 kcal/mol reduction in Cl5SiSiCl; Decomposition. The only possible reaction is
the activation barrier for Siglelimination relative to that for  sjcy, elimination, which is predicted to occur with an activation
SiH, elimination. energy of 49 kcal/mol. This is in good agreement with the value

HCI,SiSiH,Cl Decomposition. The energetics of these of 49.2 kcal/mol measured by Doncaster and Walsh near 600
reactions are illustrated in Figure 3. SiHCI elimination is K.23
prEdiCtEd to be the fastest decompOSition route, with 1,2 H atom Insertion and Exchange Reaction Energetics and Kinetics.
transfer and 1,2 Cl atom transfer contributing nearly equally. Table 7 presents energetic and kinetic results for the insertion
The predicted activation energy is 47 kcal/mol. Si@lmina- reactions which are the reverse of the thermal decomposition
tion is the next fastest process, with an activation energy of 49 reactions and direct exchange reactions between chlorinated
kcal/mol. Silylene elimination in this molecule can only occur  sjlylenes and chlorinated silanes. The barriers and rate constants
via a 1,2 Cl atom transfer and is substantially slower, H are determined by the same methods as for the thermal

elimination is also slower, with a rate comparable to the silylene decomposition reactions. Direct exchange reactions in which
a hydrogen atom and a chlorine atom are simultaneously

elimination rate at 1000 K.
Cl3SiSiH; Decomposition. The energetics of this reaction  transferred in opposite directions between a silylene and a silane
are considered along with the insertion reactions. These proceed

are also illustrated in Figure 3. SiCElimination, passing
through a tight transition state with an activation energy of 50 through the four centered transition state illustrated in Figure

kcal/mol, is predicted to be faster than silylene elimination, 2c, and have higher barriers than the insertions. Since these
which goes through a loose transition state but has a higherdirect reactions would have different pressure dependence than
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TABLE 7: Energetics and Rate Constants for Insertion and into Si—ClI bonds have higher barriers than insertions intot$i
Exchange Reactions bonds, but the saddle points are still at or slightly below the
reaction TS barrier k(298)  k(1000) energy of the separated reactants. The rate constants in Table
SiH, + SiHa — HaSiSiHs a 64 > 1E-11 7 are calculated assuming a tight transition state at the location
SiHy + SiH, — H3SiSiHs d -82 8.0E-11 of the saddle point on the potential surface. This results in
SiH; + SiH3Cl — H.CISiSiHs? a -58 4.1E-12 overestimates of the rate constants, especially at low tempera-
SiHz + SiH;Cl — HCISiSiHg” d -70 5.2E-12 tures, where the transition state should be much closer to the
g::Z I 2::38: - gfg(':sl'f'gf; ‘;‘ ?'g fgg:ig products, and therefore at higher energy. No room-temperature
SiH§+ SinC|2H HCIZSiSiH34 a —48 15E-12 rate constants are presented for the silylene reactions because
SiH, + SiH,Cly — HoCISiSiH,Cl a —4.0 23E13 calculations using a tight transition state do not give reasonable
SiH; + SiHCl, — SIHCI+ SiHsCl ¢ 5.7 1.2E-15 results for many of the insertions. At 1000 K the predicted
SiH, + SiHCl; — HsSiSiCh a —48 21E12 rate constant for silylene insertion into silane is in reasonable
2!:2 j: ?:gF: gﬂzcsl'f'g?g'a a _ig éggig agreement with experimental reslts ransition states for direct
S:Hz N S:Clai CI3‘ISiSiH2CII et > IE 13 exchange of a hydrogen atom for a chlorine atom to give SiHCI
SiH, + SiCl, — SiHCI + SiHCls c 7.0 1.6E-15 were located and have barriers which arerSkcal/mol above
SiHCI + SiHs — H.CISiSiHs a 48 1.8E17 2.0E-14 the separated reactants. Due to the relatively high barriers, these
SiHCI + SiHs — SiH; + SiHzCl c 174 77827 20E-17 paths are not expected to be observed except at very high
g::g:ig::ﬁ:::g'g:gﬁa Z g-? é-égig é?gﬁ temperatures or at low pressures, where falloff effects have
SIHGI + SinCIﬂ\.:,iHZZJr SiHCl, ¢ 131 47E25 11E-17 reduced the rate of the insertion reactions.
SIHCI + SiH3Cl — SiCl; + SiH, c 9.5 6.1E22 3.3E-16 SiHCI Insertion and Exchange Reactions. Barriers for
SiHCI + SiH,Cl, —~ HCI,SiSiH,CIP  a 24  41E17 5.4E-15 insertion of SiHCI into Si-H bonds are predicted to range from
SIHCI+ SiHCl, —~ HCILSISiHCIe  a 1.9 52E17 4.6E-15 1 to 5 kcal/mol, with no clear trend with increasing chlorination
2::2:12::22:2:2:2?212::'55 c 1;.2 i:gggg ;:igi; of the silane into which it is inserting. Likewise, barriers for
SIHCI + SiHCl; — ClsSiSiHCl a 42 16E18 272E-15 insertion of SiHCI into Si-Cl bonds range from 2 to 5 kcal/
SiHCI + SiHCl; — HCL,SiSiHCh a 28 1.6E-17 5.0E-15 mol, again with no clear trend observed as the silane is
SiHCI + SiHClz — SiH; + SiCls c 156 1.3E27 8.6E-19 chlorinated. However, for the three cases where there is
SiHCI+ SiHCl — SiCL + SiH,Cl, ¢ 74 1.2E-20 6.4E-16 competition between the two processes, there is a relative trend.
g::g: i g:gt: gi'éslﬁHS?st z‘ 18:2 ;:gg;g Z:igig For react_ion w_ith S_iIgCI, insertion into the StH bond is fas_ter.
SiCl; + SiHs — HCI;SiSiHs a 205 3.8E29 7.0E-18 For reaction with SikiCl, the rates are nearly the same. Finally,
SiCl, + SiHs — SiHCI + SiHCl ¢ 231 6.2E31 25E-18 for reaction with SiHG, insertion into the StCl bond is faster.
SiCl, 4 SiH3Cl — HCI,SiSiH,Cl a 163 4.3E27 8.4E-18 The insertion barriers are smaller than for SiHCI insertion into
SiCl; + SiHsCl — ClsSiSiHs a 126 21E24 89E-17 diatomics. Insertions of SiHCI into +and HCI were predicted
g:gt :t g:gzg:;ﬂélc;;rsm%flz ; 13'? gg'é:gg %‘Eig to have barriers of 7 and 20 kcal/mol, respectiélyExother-
SiCl, + SiH,Cl, — Cl3SiSiH;Cl a 104 21E23 7.9E-17 mic exchange reactions that convert SiHCI to gi@lve barriers
SiCh + SiH,Cl,— SIHCI+ SiHCl; ¢ 19.3 1.2E29 1.2E-18 of 7—10 kcal/mol, lying 5-8 kcal/mol above the lowest energy
SiCl, 4 SiHCl; — HCI,SiSiCkP a 206 11E30 6.4E-19 insertion barrier. Again these might become competitive at high
SICl, + SIHCly — HCI,SISICk® a 120 21E24 63E17 temperatures and low pressures. The endothermic exchange
ekt g:gf'i_éls's"lglct Sich ¢ 233 84E %8 12619 reactions which convert SiHCI to SiHhave barriers of 1217
HgsiZSiHJerL Hggisil‘b b —05 39012 79E-13 kcal/mol and are therefore not likely to be important.
HCISiSiH + H, — H.CISiSiHs b -07 6.0E12 1.4E-12 Ho et al?! measured room-temperature rates of insertion of
2%@?'1?2 T::*SCES;EIFE g *8-2 iigg g-ggg SiHCl into SiH; and SiHCl,. Consistent with our results, they
o1l 277 L3I e - : found that the rates were roughly the same. However, our
:232'.2:3 _TZHj Efig'é'gf,_w g 1?)'_2 2'_2?38 iggig predicted rates at room temperature are nearly 2 orders of
HCLSISICl+ H, — HCLSISIHCl b 99 36E20 2.7E-15 magnitude smaller than what they observed. This is not as bad
Cl3SiSiCl+ Hy — Cl3SiSiH.Cl b 105 6.6E21 9.6E-16 a disagreement as it might first appear, since these room-

aEnergies are in kcal/mol. Reaction barriers are at 0 K, including tempe_rature rates_ are very sensitive to the actlvat_lon barrier.
zero-point energy, calculated as described in the text. TS refers to theLowering the barriers by about- kcal/mol would bring our
transition-state structures of Figure 2. Estimated rate constants at 298estimates in line with the experimental observations. Addition-
and 1000 K are in units of ctmolecule® s P Transition state ally, our treatment of the low-frequency modes of the transition
corresponding to insertion into a-SH bond.© Transition state corre-  state as harmonic vibrations likely results in somewhat of an
sponding to insertion into a SCI bond. underestimate of the preexponential factor. Loosening of the

the insertion reactions, they may play a role at high temperaturestransition structure by treating these modes anharmonically
and low pressures. Figure 3 illustrates these paths along withwould also bring our estimates closer to the observations of
the insertions for reactions involving trichlorinated species. ~ Ho et al.

SiH; Insertion and Exchange Reactions.Silylene insertions SiCl, Insertion and Exchange Reactions. Barriers for
into Si—H bonds are all found to have saddle points on the insertion of SiC} into Si—H bonds range from 16 to 21 kcal/
potential surface which lie substantially below the separated mol, while barriers for insertion into SiCl bonds are only 16
reactants, typically by about 5 kcal/mol. The energetics show 13 kcal/mol. We see that Sigpreferentially reacts with Si
very little change with substitution of chlorine on the silane Cl bonds, whereas SiHpreferentially reacted with SiH bonds,
into which the silylene is inserting, provided insertion is into and SiHCI exhibited no clear preference. Consistent with
the Si-H bond. As mentioned above, there may be paths for previous studies, Si¢lis predicted to be much less reactive
these reactions that are completely barrierless. These reactionshan SiH or SiIHCI. For comparison, the barriers for insertion
should behave much like the well-studied silylene insertion into into HCI and H were predicted to be 16 and 40 kcal/mol,
silane, which shows a small negative activation energy that respectivel\:> The exchange reactions that convert Sitl
becomes more negative with increasing temperature. InsertionsSiHCI have barriers of 1823 kcal/mol. Thus, they are
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consistently slower than than the insertion reactions, having  (3) Jasinski, J. M.; Becerra, R.; Walsh, Bnem. Re. 1995 95, 1203.

barriers that are-311 kcal/mol higher than the lowest energy (4) Becerra, R.; Frey, H. M.; Mason, B. P.; Walsh, R.; Gordon, M. S.
insertion channel J. Chem. Soc., Faraday Trank995 91, 2723.

. . . . . . (5) Becerra, R.; Frey, H. M.; Mason, B. P.; Walsh, R.; Gordon, M. S.
Chlorinated Silylsilylene Insertions into H,. Insertions of J. Am. Chem. Sod.992 114 2751.

H.Cl3—SiSiH into H all have transition states that are es- (6) Inoue, G.; Suzuki, MChem. Phys. Lett1985 122, 361.

sentially isoenergetic with the separated reactants, ranging from  (7) Jasinski, J. M.; Chu, J. Q. Chem. Phys1988 88, 1678.

0.3 to 0.7 kcal/mol below the reactants. Chlorine substitution , (8) Bagaot J. £ Frey, H. M.: Lightfoot, P. D.; Walsh, R.; Watts, .
- . . . J. Chem. Soc., Faraday Trank99Q 86, 27.

on the tetravalent silicon is predicted to have almost no effect. " gy "\artin, 3. G.; Ring, M. A.; O'Neal, H. Bint. J. Chem. Kinet1987,

Insertions of HCls-,SiSiCl into H, have barriers near 10 kcal/ 19, 715.

mol. Again, chlorine substitution on the tetravalent silicon has  (10) Gordon, M. S.; Gano, D. R. Am. Chem. S0d.984 106, 5421.

almost no effect. However, chlorine substitution on the divalent | 95(3%1)1 o?;‘i%? M. S.; Truong, T. N.; Benderson, E.JXAm. Chem. Soc.

silicon raises the insertion barrier _by 10 kcgl/mol. Th!s IS @ ™15y Sakai, S.; Nakamura, M. Phys. Chem1993 97, 4960.

smaller effect than is seen for chlorine substitution on silylene. (13 Trinquier, G.J. Chem. Soc., Faraday Trang993 89, 775.

SiH,, SIHCI, and SiC} have insertion barriers for reaction with (14) Su, M.-D.; Schlegel, H. B). Phys. Chem1993 97, 8732.

hydrogen of 2, 20, and 40 kcal/mol, respectively. Thus, chlorine  (15) Su, M.-D.; Schlegel, H. BJ. Phys. Chem1993 97, 9981.

substitution on the divalent silicon of the silylsilylenes raises ~ (18) Wittbrodt, J. M.; Schlegel, H. Bchem. Phys. Let1.997 265 527.

. ; X : (17) Hay, J. PJ. Phys. Chem1996 100, 5.
the insertion barrier only about half as much as is observed for (18) Ignacio, E. W.: Schlegel, H. B. Phys. Chemi992 96, 1758

chlorine substitution on the silylenes. (19) McKean, D. C.; Palmer, M. H.; Guest, M. .Mol. Struct.1996
376, 289.
Summary and Conclusions (20) McKean, D. C.; McPhail, A. L.; Edwards, H. G. M.; Lewis, |. R.;

) ) o Mastryukov, V. S.; Boggs, J. ESpectrochim. Actd993 49A 1079.
The thermochemistry and reaction kinetics of the thermal  (21) Ho, P.; Breiland, W. G.; Carr, R. V@€hem. Phys. Let.986 132,
decomposition of the chlorinated disilanes have been explored422. ' ' _ _ ,
using high-level ab initio calculations. These results provide a _ (22) Jenkins, R. L; Vanderwielen, A. J.; Ruis, S. P.; Gird, S. R.; Ring,

basis for th deli f ltisten h d iti M. A. Inorg. Chem.1973 12, 2968.
asls for the modeling or multistep homogeneous decomposition (23) Doncaster, A. M.; Walsh, R. Chem. Soc., Faraday Trans128Q

of chlorinated silanes and a basis for predicting the reactivity 76, 272.
of the compounds considered. Comparable energy barriers were (24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

found for the different possible elimination reactions, with Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

. . s . . . A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
different reactions dominating for different chlorinated disilanes. ;" g Ogrtiz J)_/ v Fores?nan J. B Cioslowski. 1. Stefanov. B. B.:

In addition to the insertion reactions, which are the reverse of Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

the thermal decomposition reactions, new reaction paths were‘éVOﬂgb N.IJ V\é-} ﬁlndfe?, é Lb; Flieploglg, lj SE;: Eomg’erg{‘ R, {\/lﬁmg, RH L-:d
. : ox, D. J.; binkley, J. 5.; Defrees, D. J.; baker, J.; ewart, J. P.; Head-

found where a hydrogen and (_:hlonne atom are smultane_ouslyGordon’ M.. Gonzalez, C.. Pople, J. ASAUSSIAN 94 revision D.2:

exchanged between a chlorinated silane and a chlorinatedgaussian, Inc.: Pittsburgh, PA, 1995.

silylene in a concerted four-centered process. These paths may (25) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993

become important at high temperatures and low pressures, wherd&8 1293.

. . . o (26) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
the insertion reactions exhibit falloff effects. Chem. Phys1991 94, 7221.
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