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Accurate Heats of Formation for SiF, and SiF,*, for n = 1—4

Alessandra Ricca* and Charles W. Bauschlicher, Jr.*
NASA Ames Research Center, Moffett Field, California 94035

Receied: October 1, 1997

Accurate heats of formation are computed for,3iRd SiF*, for n = 1—4. The vibrational frequencies are
determined at the B3LYP level of theory. The energetics are determined at the CCSD(T) level of theory.
Basis set limit values are obtained by extrapolation. In those cases where the CCSD(T) calculations become
prohibitively large, the basis set extrapolation is performed at the MP2 level. The temperature dependence
of the heat of formation, heat capacity, and entropy are computed for the temperature range@BD& and

fit to a polynomial. The CCSD(T) bond energies are compared with those obtained at the B3LYP, MP2, G2,
and G2MP2 levels of theory.

1. Introduction quadruple-zeta (QZ), and quintuple-zeta (5Z) sets. Previous
work?® has shown that the effect of corgalence correlation

is about 0.6 and 0.7 kcal/mol for SiF and SjFespectively.
Since this is relatively small and it is very difficult to compute
épe CV effect for the larger systems, it is ignored, but its neglect
probably leads to a slight underestimation of the bond energies
in this work. To improve the accuracy of the results, several

Accurate heats of formation of Sjand Sik*, n= 1—-4, are
critical in modeling processes that are important to the semi-
conductor industry, such as deposition and etching. It is
therefore not surprising that these species have been the subje
of several previously studies, both theorefichland experi-
mental>~? While the heat of formation of SiFat 298 K has

been determined accurately386.2+ 0.1 kcal/mot), the values ex’Frapo_I?tion _tgchniques are usec_i(:l the two-painf)( t_hree-
for the other species are less well-known. Because of this point (= + r?), and variablex (r”*) schemes described by

uncertainty in the experimental values, calculations have beenMartin?” and the logarithmic convergence approach described
performed to obtain accurate heats of formation. Unfortunately, Py Feller?® Unfortunately it is not possible to perform the
the SiF, species are difficult to treat accuratélgnd many of RCCSD(T) calculations in the aug-cc-pVQZ and aug-cc-pV5Z
the more approximate methods have much larger errors fqr SiF basis sets for the largest systems; therefore MP2 calculations
than they do for most other systems. To circumvent these are performed using the correlation-consistent sets to help in
limitations, the computational studie$ have used isodesmic  the extrapolation of the RCCSD(T) results to the basis set limit.
reactions and/or experimental data to correct the computed The RCCSD(T) are performed using Molpro¥6yhile all other
results. While these approaches can be very reliable, if one ofcalculations are performed using Gaussiaffo4.
the experimental quantities is in error or the errors in the  The zero-point energy is computed by scaling half the sum
computed results are not uniform, the corrected results may beof harmonic frequencies; the scale factor for the Hartfeeck
less reliable than desired. (HF) level is 0.893 for B3LYP the scale valué% are 0.98

In this paper we report on calculations for the sSid Sif;* for the 6-31G* basis set and 0.989 for the 6-313(3df,2p)
species using higher levels of theory than used previously. Theset, and for the MP2 the scale factor is 0.967 for the 6-31G*
SiF, and Sik* heats of formation are determined using the pasis se! The MP2 result in the 6-311G(3df,2p) set is not
computed bond energies, without any experimental input other scaled. As we show below, the values do not vary significantly

than the heats of formation of’Fand Sik and ionization  \jith level of theory. Therefore, we use the scaled B3LYP/
potential of S® The results of the high-level calculations are .31+ values in the calculation of the bond energies. The

compared with a variety of lower levels of theory. one exception is th€s structure of Sig", where the scaled
HF/6-31G* value is used since this structure is not a minimum
2. Methods on the B3LYP potential. The heat capacity, entropy, and

The more approximate methods used in this work are the temperature dependence of the heat of formation are computed

G211 G2MP212 G2MP2(B3LYP)* G2MP2(B3LYP/CC)2 for 3_00—_4000 K using a rigid rotor/harmonic oscil_lator ap-
B3LYP 415and MP26 approaches. These calculations use the Proximation. The scaled B3LYP/6-31G* frequencies are in
basis sets developed by Pople and co-workgtise largest set these calculations. These results are 1_‘|t in two temperature
used in this work being 6-3#1G(3df,2p). The most accurate ~ fanged, 3061000 and 10084000 K using the Chemk#
calculations are the restricted coupled cluster singles and doubleditting program and following their constrained three-step
approack%including the effect of connected triples determined Procedure. The effect of spirorbit coupling on the dissociation
using perturbation theof;? RCCSD(T). In these RCCSD- ~ energy is computed using experiment. For the atoms, we use
(T) calculations only the valence electrons (the Si 3s and 3p the difference between the lowest component and then

and F 2s and 2p) are correlated using the augmented-correlationweighted average energy.For SiF, we assume that the spin
consistent polarized valence (aug-cc-pV) sets developed byorbit effect is half the separation between #i&/, and?ITs;,
Dunning and co-worker&-25 We use the triple-zeta (TZ), levels3
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TABLE 1: Geometries and Zero-Point Energies of Silk
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TABLE 2: Geometries and Zero-Point Energies of Sil™

r(Si—F) O(FSiF) ZPT scalet r(Si—F) O(FSiF) ZPT scaled
SiF SiF*
HF/6-31G* 1.605 1.31 1.17 HF/6-31G* 1.533 1.58 1.41
B3LYP/6-31G* 1.626 1.24 1.22 B3LYP/6-31G* 1.559 1.47 1.44
B3LYP/G(3df,2p} 1.626 1.16 1.15 B3LYP/G(3df,2p) 1.547 1.43 1.41
MP2/6-31G* 1.628 1.27 1.23 MP2/6-31G* 1.559 1.50 1.45
MP2/G(3df,2p) 1.625 1.18 1.18 MP2/G(3df,2p) 1.546
RCCSD(T)/ATZ 1.625 RCCSD(T)/ATZ 1.548
RCCSD(T)/AQZ 1.613 RCCSD(T)/AQZ 1.538
RCCSD(T)/A5Z 1.608 RCCSD(T)/A5zZ 1.533
expt 1.601 SiE*
Sik HF/6-31G* 1.528 118.14 3.66 3.27
HF/6-31G* 1.592 99.59 3.23 2.88 B3LYP/6-31G* 1.558 119.77 3.31 3.24
B3LYP/6-31G* 1.616 101.11 2.99 2.93 B3LYP/G(3df,2p) 1.543 120.03 3.26 3.22
B3LYP/G(3df,2p) 1.614 101.07 2.83 2.79 MP2/6-31G* 1.556 119.97 3.45 3.34
MP2/6-31G* 1.617 100.91 3.06 2.96 MP2/G(3df,2p) 1.539 120.09
MP2/G(3df,2p) 1.612 101.06 2.88 2.88 RCCSD(T)/ATZ 1.544 119.94
RCCSD(T)/ATZ 1.612 100.18 RCCSD(T)/AQz 1.534 119.60
RCCSD(T)/AQZ 1.602 100.53 SiFs* (D)
expt 1591 100.98 HF/6-31G* 1512 648 579
SiF; (Csy) B3LYP/6-31G* 1.539 6.00 5.88
HF/6-31G* 1.575 107.72 5.77 5.15 B3LYP/G(3df,2p) 1.524 5.94 5.87
B3LYP/6-31G* 1.600 108.04 5.32 5.22 MP2/6-31G* 1.542 6.11 5.90
B3LYP/G(3df,2p) 1.591 108.10 5.17 5.11 MP2/G(3df,2p) 1.523
MP2/6-31G* 1.601 108.18 5.46 5.28 RCCSD(T)/ATZ 1.528
MP2/G(3df,2p) 1.588 108.27 RCCSD(T)/AQZ 1.520
RCCSD(T)/ATZ 1.590 107.96 R o
Scale factors are given in the text.
SiF4 (To)
*
ggﬁgllgsm* ig% 3233 ;:gg relative to SiCA_, one pair of Sri—C_I b_o_nds lengthened slightly
B3LYP/G(3df,2p) 1.569 7.78 7.70 and their CISiCl angle was significantly smaller than the
MP2/6-31G* 1.583 8.06 7.80 tetrahedral angle of the neutral. The other pair 6fGlibonds
MP2/G(3df,2p) 1.569 contracted and their angle opened relative to the neutral. We
E)f;?SD(T)/ATZ ig;; find a similarC,, structure of Sig" at the B3LYP level, and as

a Scale factors are given in the teXiSignifies the 6-31+G(3df,2p)
basis set® ATZ signifies the aug-cc-pVTZ basis sétExperimental
values taken from JANAF.

3. Results and Discussion

3.1. Geometries and Zero-Point Energies.The geometries
of all systems were optimized at the HF, MP2, and B3LYP

for SiCly*, the Cs structure is not a minimum on the B3LYP
potential surface. This is true for both basis sets used in the
B3LYP calculations. We are able to optimize Bg structure
at the HF level, where it is 28 kcal/mol above tBestructure
and 14 kcal/mol above SiF + F using the aug-cc-pVQZ basis
set. It is also possible to optimize both structures at the MP2
level, and now the two structures differ by only 1 kcal/mol.

An inspection of Table 3 shows that the geometries of the

levels using the 6-31G* basis set and the MP2 and B3LYP levels two structures are not strongly dependent on the level theory,

using the 6-311G(3df,2p) set. In addition, because of the high

excluding the B3LYP approach, where tBestructure is not a

symmetry it was possible to optimize all systems, except for minimum. The MP2 vibrational frequencies of t@g, structure
SiF4, at the RCCSD(T) level using the correlation-consistent are unreasonable; one-St stretch has a frequency of 4260
basis sets. The zero-point energies were also computed at sevem 1. While the frequency of this stretch is more reasonable
eral levels. These results are summarized in Tables 1, 2, andat the HF level, the IR intensity is very large, which is also
3. Aninspection of the tables shows good agreement betweentrue of the MP2 approach. This strongly suggests that the HF

all methods for all cases, except $iF For SiF, Sik, and Sik

and MP2 are near a symmetry-breaking pémihich would

the computed results are in good agreement with the availablepresumably lead to the lowe&ss structure.

experimental results. Thus it is highly unlikely that any

3.2. Complete Basis Set Limit Bond Energies. The

problems associated with computing the heats of formation for extrapolation of the CCSD(T) results for SiF and SiR the

all of these systems, with the possible exception ofSikrises

aug-cc-pV basis sets is summarized in Table 4. For SiF, the

from any problems associated with the determination of the agreement of the various extrapolation procedures is very good.

optimal geometry or the calculation of the zero-point energies.
SiF4™ is the one problem case encountered in this work.

Ignacio and Schlegéteported a HF geometry for Sjf: starting
from the Ty structure for Sik;, one bond is greatly lengthened.
There is also a small distortion of the remaining s8kibunit,
so that the final geometry has onf§s symmetry. Their HF

It is especially encouraging that the relatively inexpensive 2-pt-
(TZ,QZ) method is in good agreement with the 2-pt(QZ,52),
3-pt(TZ,Q2,5Z), and 3-pt variable approaches. We therefore
adopt the 2-pt(TZ,QZ) approach for the neutral systems. The
agreement between the extrapolation approaches is less satisfac-
tory for SiF". Therefore we adopt the 3-pt(TZ,QZ,5Z) for the

6-31G* geometry is, of course, the same as that reported inions, even though it is significantly more work.

Table 3. For SiGt, Bauschlicher and Partridéfefound a
similar Cs structure at the HF level, but when correlation was
included at the B3LYP level, th€; structure was not longer a
minimum on the potential surface. The SjClequilibrium
geometry at the B3LYP level of theory h&d, symmetry, where

The CCSD(T) and MP2 bond energies are summarized in
Table 5 along with the complete basis set (CBS) extrapolated
values. The values for SiF and Sire those given in Table
4 and therefore do not require any additional comments. For
SiF, it is possible to perform CCSD(T) calculations using both
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TABLE 3: SiF s~ Geometries and Zero-Point Energies

Ricca and Bauschlicher

Ca r(Si—F(1,2)) r(Si—F(3,4)) O(F1SiF2) O(F3SiF4) ZPT
HF/6-31G* 1.640 1.517 72.60 119.72 9.77
B3LYP/6-31G* 1.665 1.542 75.51 119.48 7.06
B3LYP/G(3df,2p) 1.652 1.528 76.52 119.48 6.93
MP2/6-31G* 1.669 1.545 71.31 119.81 12.77
MP2/G(3df,2p) 1.650 1.527 72.20 120.00

r(Si—F1) r(Si—F2) r(Si—F(3,4)) O(F1SiF2)
Cs O(F1SiF3) O(F2SiF4) O(F3SiF4) ZPT
HF/6-31G* 2.005 1.520 1.519 92.90
97.07 119.33 118.45 7.27
MP2/6-31G* 2.014 1.548 1.547 92.22
97.48 119.31 118.43 6.92
MP2/G(3df,2p) 2.001 1.531 1.530 92.19
97.59 119.34 118.32
TABLE 4: Test of D Extrapolation,? in kcal/mol TABLE 6: Computed Bond Energies (in kcal/mol),
Si_F Si—F Corrected for Zero-Point Energy, Spin—Orbit Effects, and
! Temperature
aug-cc-pVTZ 136.50 154.13
aug-co-pVQZ 140.35 15836 molecule De +ZPT +S0O D2os
aug-cc-pV5Z 141.64 159.97 Si—F 142.56 141.34 140.76 141.60
: SiF—F 157.50 155.79 155.17 156.07
Extrapolation SiF,—F 108.33  106.05 10566  106.59
2-pt(TZ,Q2) 142.57 160.80 .
Sik—F 168.45 165.84 165.46 166.45
2-pt(QZ,52) 142.69 161.28 el
Sit—F 161.45 160.01 159.08 159.95
3-pt(TZ,QZ,52) 142.73 161.45 L
: b SiIFr—F 79.30 77.49 77.11 77.99
3-pt variableo! 142.78 161.73 SIE—F 14
3-pt Feller 142.29 160.96 IR 9.16 146.52 146.13 147.12
SiIRT—F(Cy) 20.03 19.43 19.04 19.36
aTaken from ref 26P a for neutral is 3.740 and for the ion is 3.184. SiFT—F(Cz) 18.92 17.88 17.50 18.16

TABLE 5: Computed Bond Energies? in kcal/mol, without

Zero-Point Energies

molecule method ATZ AQZ A5Z CBSr CBS2
Si—F CCSD(T) 136.50 140.35 141.64 14257 142.73
MP2 143.22 146.81 148.88
SiF—F CCSD(T) 151.56 155.33 157.50
MP2 159.58 163.19 165.27
SiR—F CCSD(T) 103.39 (108.33)
MP2 113.70 117.14 119.13
SiR—F CCSD(T) 162.80 (168.45)
MP2 168.83 172.55 174.69
Sit—F CCSD(T) 154.13 158.36 159.97 160.80 161.45
MP2 161.97 166.02 167.69 168.37 169.27
SiIFf—F CCSD(T) 72.66 76.85 79.27 (79.30)
MP2 83.54 87.27 88.72 89.43 90.06
SiRt—F CCSD(T) 141.92 145.82 148.08 (149.16)
MP2 148.49 152.37 154.12 154.61 155.86
SiRtT—F(C) CCSD(T) 18.95 (20.03)
MP2 15.15 15.70 16.01
SiRtT—F(Cy) CCSD(T) 17.22 (18.92)
MP2 13.38 14.22 14.71

aThe CCSD(T) optimized geometries are used in all cases, exceptenergy’

SiF,", where the MP2 6-3HG(3df,2p) values are useblATZ

signifies the aug-cc-pVTZ set.The CBS1 values are obtained using

estimated using the ratio of the CCSD(T) and MP2 results in
the largest basis set where both calculations were possible and
the MP2 CBS limit value. These values are also given in
Table 5.

For Sik*, the MP2 calculations in the aug-cc-pV5Z basis
set are very large. Since this species is weakly bound, it easily
dissociated into Sif + F, and therefore, it is not of great
interest in etching processes. Thus we do not perform the aug-
cc-pV5Z calulations and extrapolate using only the 2-pt(TZ,-
QZ) results. The energy difference between @eand Cy,
forms of SiR™ is small and similar for the MP2 and CCSD(T)
approaches and is not significantly affected by the size of the
basis sets. We note that from the norm of the singles amplitudes
the CCSD(T) approach should be accurate for both structures.
Therefore we conclude that the true structure of,Sifs
probably Cs, but the energy difference is too small for a
definitive determination of the equilibrium structure.

The CCSD(T) CB, values were corrected for zero-point
spir-orbit effects, and temperature, using a combina-
tion of experiment and B3LYP frequencies as described in
the Methods section. The results are summarized in Table 6.

the 2-pt (TZ,QZ) approach, while CBS2 values are obtained using the For the neutrals, the second and fourth bond energies are the
3-pt(TZ,QZ,5Z). The values in parentheses are estimated using the|argest because the molecule becomes a closed shell, with the
CBS MP2 values, as described in the text.
the aug-cc-pVTZ and aug-cc-pVQZ sets; therefore it is straight- promote from 3%p?, which can form two bonds, to %p?,
forward to perform the extrapolation. For both $&nd Sik
the disk space required for the CCSD(T) calculations using the than the second because the atomic exchange is lost in both
aug-cc-pVQZ basis set is prohibitively large. The problem is cases, but for Sifthe loss is shared by two bonds. With one
more severe for the ions, where we need the aug-cc-pV5Z fewer Si valence electron, the ion trends are shifted by one
results. Therefore it is not possible to extrapolate all of the relative to the neutral. The first SF bond in the ion is about
CCSD(T) values to the CBS limit. However, it is noticed that as strong as the second in the neutral. The second ion bond is
the ratio of the CCSD(TIPe to the MP2D is nearly independent
of basis set for a given bond. Therefore we performed MP2 energy® for Sit than Si makes the second bond in the ion even
calculations for the aug-cc-pVTZ and aug-cc-pVQZ sets for the weaker than the third in the neutral. With only three valence
neutrals and for all three sets for the ions and extrapolated theelectrons, it is not surprising that the fourth bond in the ion is
MP?2 results to the CBS limit. The CCSD(T) CBS value is then weak.

Si valence satisfied. The third bond is weak since Si must

which can form four bonds. The first bond is somewhat weaker

weak, like the third in the neutral, but the larger promotion
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TABLE 7: Computed Heats of Formation in kcal/mol at 298 K2
PWP HM? 1S34 MH?2 FKAS NBS? JANAF’
Si 108.6 (107.36: 2) (107.5+ 2) 108.4+ 0.7 108.9 107.6: 2
SiF —14.0 —12.44+3.0 —14.24+2 —15.1 —-11.24+2.1 1.7 —-4.8+3
Sik —151.1 —149.9+ 4.0 —153.0+ 2 —152.5 —152.4+ 1.5 —148. —140.5+ 3
SiF; —238.7 —237.4+1.9 —240.7+ 2 —238.1 —238.4+1.1 —259.4+ 4
SiF, (—386.2+ 0.1) (—386.0+ 1.0) (—386.2+ 0.1) (—386.0+ 0.2) —386.0 —386.0+ 0.2
Sit 298.0 (297.1= 1.0) 297.8+ 0.7 298.3 297.6: 2¢
SiF" 157.1 154.14+ 4 153.3+ 1.1
Sik" 98.0 98.3+ 4 98.0+ 1.2
SiR* —-30.1 —-30.5+4 —28.7+ 0.6
SiFs* -30.5 —31.3+4 —31.0+1.4 —34.2

2 The thermal electron convention is used. The values in parentheses are used as referenéedpmntservative estimate of the uncertainty
in the present work ist2 kcal/mol.¢ Uncertainty has been increased#@ because this is the uncertainty in the neutral.

TABLE 8: Computed Bond Energies as a Function of Level of Theory

G2 G2MP2 B3LYP MP2 CCSD(T)
B3LYP B3LYP/CC 6-31G* (3df,2pP) (3df,2p) CBS CBS

Si—F 138.7 139.2 139.0 138.8 135.0 139.1 141.8 147.7 141.3
SiF—F 153.6 154.4 154.2 154.1 148.1 148.9 158.1 163.6 155.8
SiF—F 101.7 102.0 102.0 101.9 99.8 100.9 112.4 116.9 106.1
Sik—F 164.2 164.4 164.1 164.1 158.2 156.5 167.5 1721 165.8
Sit—F 156.0 157.1 156.9 156.6 152.6 153.1 160.4 167.8 160.0
SiFf—F 71.8 71.6 71.6 71.3 72.6 72.8 82.5 88.3 775
SiR*—F 143.4 143.6 1435 1435 134.9 135.7 147.7 153.2 146.5

aThe G2 and G2MP2 approaches use the scaled HF for the zero-point energy, while the scaled B3LYP/6-31G* values are used for the remaining
approaches? Signifies that the 6-311G(3df,2p) basis set is used.

3.3. Heats of Formation. Combining our computed bond  Fisher et aP The biggest disagreement occurs for SiF
energies with some known data, it is possible to compute heatsPrevious benchma#k calculations suggest that our heat of
of formation for the species of interest. We follow previous formation could be 1 kcal/mol too high; hence we suspect that
workers and adopt the heat of formations (at 298 K) of,8iF  the true value for SiFfalls between our result and that of Fisher
(—386.2+ 0.1 kcal/mol) and F(18.97 & 0.07 kcal/mol) as et al. Regardless of the small differences, the obvious conclu-
our standards. Our computed values, along with previous work, sion is that the present results, the previous results of Ignacio
are given in Table 7. We first note that our heat of formation and Schlegel;* and the experimental results of Fisher e al.
of Si agrees with the experimental values. Thus our atomization are in very good agreement.
energy of Sif agrees with the somewhat uncertain experimental ~ Using our heats of formation at 298 K and the scaled fre-
value to within about 1 kcal/mol. This level of agreement is quencies, we evaluate the heat capacity, entropy, and heat of
better than expected. We have neglected €wedence cor- formation from 300 to 4000 K. The parameters obtained from
relation, which is expected to add about 0.5 kcal/mol per bond, the resulting fits can be found on the w&b.
and the use of the 2-pt(TZ,QZ) extrapolation is expected to yield  3.4. Comparison with Lower Levels of Theory. The work
bond energies that could be about 0.5 kcal/mol too small. Thusof Ignacio and Schlegét shows that by using isodesmic
we would have expected our atomization energy to be about 2reactions and some experimental data it is possible to obtain
kcal/mol too small. We therefore appear to be benefiting from heats of formation as reliable as those computed using the
some cancellation of errors. While it is impossible to assign highest levels of theory. However, it is not always possible to
rigorous error bars, given the agreement for the atomization find accurate experimental data to calibrate the computed results.
energy, we suspect that our values are accurateltical/mol It is therefore of interest to compare our best results, the CCSD-
and certainly tat2 kcal/mol. Our values are in good agreement (T) CBS values, with those obtained using lower levels of
with previous calculations. In this regard we note that all of theory; this is done in Table 8. We first note that the G2 and
our values agree with those of Ho and Meliasid Ignacio and G2MP2 approaches are in excellent agreement. Thus the
Schlegetl to within their error bars. This is also true for the simplified estimate of basis set effects in the G2MP2 approach
recent experimental values of Fisher et®alThe biggest works well. The G2MP2 and G2MP2(B3LYP) approaches
difference between our values and those of Fisher et al. is for agree, showing that using the B3LYP approach for a geometry
SiF. Since it is almost impossible for our-S+ bond energy and zero-point energies has very little effect, as expected.
to be too large and our Si heat of formation is essentially the Substituting the CCSD(T) approach for the QCI(T) appro¥ch,
same as that found by Fisher et al., we believe that our valuethe G2MP2(B3LYP) versus G2MP2(B3LYP/CC), makes no
for the SiF heat of formation is more accurate. The present significant difference, implying that level of correlation treatment
values, along with the other computed results and the recentis not the origin of the difficulty in computing SiF bond
experiments of Fisher et al., rule out the older values given in energies accurately.
the NBS and JANAF compilations. The B3LYP results, in either basis set, are inferior to the G2

We compute the heat of formation of*Susing our value approaches; for example the B3LYP values for-Si; Sik—
for Si and the Si ionization potential given by Modfe.The F, Sit—F, and Sik™—F are significantly smaller than the G2
remaining ion values are computed using our bond energies andresults, which in some cases are already several kcal/mol smaller
the heat of formation of F. As for the neutrals, we believe that than the CCSD(T) CBS values. Clearly the B3LYP approach
our values are accurate #e2 kcal/mol. Our values are in very is not very accurate for Sifand Sir™. A similar observatioff
good agreement with those of Ignacio and Schieged of was made for SiGland SiC};t.
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The MP2 CBS values are larger than the CCSD(T) CBS  (11) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.

itselfi ci Chem Phys 1991, 94, 7221.
results, and therefore the MP2 method_ by itself is not suff|C|en_tIy (12) Curtiss, L. A.- Raghavachari, K.; Pople, J.AChem Phys 1993
accurate to computer the bond energies. However comparisongg ‘1593

of the MP2 CBS results with those obtained with the 6-8GE (13) Bauschlicher, C. W.; Partridge, Bl.Chem Phys 1995 103 1788.
(3df,2p) basis set suggests that the underestimation of the G2- (14) Becke, A. D.J. Chem Phys 1993 98, 5648. _
based methods arises from basis set incompleteness of th%h(15) Stephens, P. J.; Devin, F. J.; Chablowski, C. F.; Frisch, M. J.

. . ys Chem 1994 98, 11623.
6-3114+-G(3df,2p) set. That is, the error in the MP2 6-31G- (16) Pople, J. A.; Binkley, J. S.: Seeger,IR. J. Quantum ChenSymp

(3df,2p) set is larger than normal, so that the higher level 1976 10, 1.
correction does not fully account for the remaining basis set _ (17) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem Phys 1984 80,
incompleteness 3265, and references therein.
' (18) Barlett, R. JAnnu Rev. Phys Chem 1981 32, 359.
. (19) Knowles, P. J.; Hampel, C.; Werner, H.3J.Chem Phys 1993
4. Conclusions 99, 5219.

The bond energies of SiFand Sik*, for n = 1-4, are Chgrg)Pﬁsgrl]_?a\t/ta Clg%rg'l’ Ko Tucks, G. W.; Pople, J. A Head-Gordon, M.
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