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The long-standing problem of the topography, energetics, and vibrational dynamics of the
ground-state surface of Sj@& systematically investigated by means of the gamut of state-of-the-art
electronic structure methods, including single-reference correlation techniques as extensive as the
coupled-cluster singles and doubles method augmented by a perturbative tripl¢ CESI(T)],

the Brueckner doubles meth@gBD) with analogous contributions from both triple and quadruple
excitations|BD(TQ)], and second- through fifth-order Mgller—Plesset perturbation th@\dB2—

MP5), as well as the multiconfigurational complete-active-space self-consistent-field
[CASSCK12,12] approach. The one-particle basis sets for these studies ranged from
Si6s4pld], C[4s2pld] to Si7s6p4d3f2glh], C[6s5p4d3f2glh]. The methodological
analysis resolves the polytopism problem regarding the mercurial potential energy surface for the
circumnavigation of Si about G in silicon dicarbide, whose topography is shown to exhibit almost

all conceivable variations with level of theory. It is concluded thatXh®A; global minimum of

SiC, is a T-shaped ¢,,) structure connected monotonically to a linear transition state
5.8 kcal mol'* higher in energy, thus ruling out any metastable linear isomer. Previously
undocumented bent transition states and L-shaped minima are encountered at relatively high levels
of theory, but ultimately these stationary points are shown to be spurious. High-level focal-point
thermochemical analyses yielly(Si—C,)=151 kcal mol'l, and hence a substantial revision is
made in the heat of formation, viZAH; ((SiC,) = +155 kcal mol 1. A complete quartic force field
about the T-shaped minimum is determined at the C@%Devel with the aug-cc-pVTZ
(Si[6s5p3d2f], C[5s4p3d2f]) basis set and then employed in a preliminary probe of contours for
large-amplitude motion, anharmonicity of the vibrations, and zero-point effects on the molecular
structure. ©1997 American Institute of PhysidsS0021-960607)01428-1

A HISTORY OF CONUNDRUMS to trap the species in cryogenic matrices and probe it via
infrared, visible, and near-ultraviolet spectroscopy. Flash dis-

In 1926 uncataloged bands near 5000 A were discoveregharge of phenylsilane also produces Si@s exploited by
in the spectra of several carbon-rich stars by Mérdihd  Verma and Nagar&jn 1974 to obtain the gaseous absorption
Sanford at Mt. Wilson Observatory. Notwithstanding subse- spectrum in the 4300-5000 A region. These studidar-
quent detailed investigations by McKeftaand Sanford,the  thered the assignment of the Merrill-Sanford bands as
carrier of the electronic transitions was not identified until’x 13 +/11] transitions of a linear SiCmolecule and estab-
Klemarr reproduced the stellar bands in the laboratory somgished ground-state fundamental frequencies for C—C and
30 years later by heating silicon in the graphite tube of asi—C stretching near 1742 and 852 cinrespectively. How-
King furnace to optimal temperatures of 2300—-2400 °C. Orever, the vibronic analyses required progressions antithetical
the basis of the complexity of the band system, the experito the Franck—Condon principle as well as stretching anhar-
mental conditions, and a partial vibrational analysis, themonicities in the excited state anomalous in sign and magni-
blue—green emission spectrum was tentatively ascribed to ande. Disparate low-frequency bending fundamentals were
Si—C~-Cspecies, assumed to be linear in analogy with thealso surmised: «;,v5)=(300,230) versus (147, 145
C; prototype. The strongest band at 4977 A was assigned tem 1.8 Verma and Nagar&jmused the possible nonlinearity
the (000—(000) transition. of one or both electronic states but preferred to implicate

Early mass spectrometric wdrkshowed that gaseous Fermi resonance interactions for the peculiar vibronic pat-
SiC, evolves directly from solid silicon carbide at 2300 °C, terns, pending the unraveling of the rotational subbands to
and this process was used by Weltner and Mcl'éod 964  determine definitive molecular structures.

In a 1982 search for the elusive diatomic SiC radical,

dCurrent address: Center for Computational Quantum Chemistry, Universit)chdybe)9 vapori;ed solid silicqn carbide with a pl'Jl.SEd
of Georgia, Athens, GA 30602. YAG laser, finding a predominance of atomic silicon
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and SiG instead,inter alia. Time-resolved laser-induced Structure of theab initio cyclic stationary point? Therefore,
fluorescence spectroscopy was used to interrogatg iBiC it was at Ia§$ revealed that the 4977 A band system arises
both a neon matrix and a cold gas stream. Bondybey notetfom X *A; /A !B, transitions of an Sigring, in which the
that the shape of SiCis not a priori obvious, given the low-lying upper state is formed by an in-plame-7* exci-
exceedingly flat bending potential of the isovalentaDalog  tation within the weak, highly strained, carbon—carbon triple
(v,=64cm 1)1% and the reluctance of silicon to forrr  bond. Ample evidence from the details of the R2PI spectrum
bonds; but in reassigning the Merrill-Sanford system, theconfirmed this interpretation: the electronic transition is po-
earlier assumptions of linearity were retained, in conformitylarized along the inertiah axis, and the odd/evei levels in
with Walsh’s rules. A hot band displaced 354 chirom the  the lower/upper000 vibronic manifolds are absent, as ex-
origin (T,=20 070 cm!) was ascribed to 2, , and satellite ~ pected forX 1A, andA B, electronic states with equivalent
bands appearing 455 crhabove the most activej progres- ~ carbon nuclei of zero spin.
sion were attributed to thei2 interval. The troublesome
bending fundamentals were thus assigned a$,u3)
= (175 228) cm?. THE PROLIFERATION OF DEFINITIVE

Ab initio electronic structure theory was first applied to SPECTROSCOPY
the silicon dicarbide puzzle in 1983by means of the re-
stricted Hartree—Fock self-consistent-fi¢lBICH formalism
with basis sets of up to doubleplus polarization(DZP)
quality. In accord with previous experimental interpretations
the ground electronic statX(*S ™) was predicted to have a
highly ionic, linear St—C=C" structure with a dipole mo-
ment of 4.8 D, while a much more covalelii linear state
was located approximately 2.5 eV higher in energy. The pos

sibility of a competmve_ csic ISomer Was~eé<clgded. Al- a revised structure was extracted. Within two years, continu-
though the SCF stretching frequencies of e ™ state  j4 searches of the IREL0216 envelope uncovered more
were in unusually poor agreement with experiment, theySiC2 signals, including the g— Oqp line at 1.27 cm which

were not deemed inconsistent with the assignments of Vermg < ine first probe of the ground rotational stdtend six

and Nagaraj. . = o millimeter wave emissions due to thé°Si and 3°Si
The breakthrough in the silicon dicarbide saga was realjsotopomerd®

ized less than a year later by means of a notable synergy The compilation of definitive spectroscopy on Si@n-
between laser spectroscopists at Rice abdnitio theorists  tinyed with renewed matrix-isolation Fourier transform in-
at Berkeley. In the Rice experiments, Michalopoulos, Geutyared experiments’~In 1985 Shepherd and Grah&hob-

sic, Langridge-Smith, and SmallefMGSS* prepared a served that only four new symmetric stretching fundamental
beam of cold Sig by laser vaporization of a silicon carbide pands result from=3C substitutions, viz.y,(C—C str.) at
rod followed by entrainment in a helium carrier gas and SU11708, 1674 cm ! and v,(Si—C str.) at(815, 805 cm 2,
personic expansion into a vacuum. Resonant two-photon io’lndicating equivalent carbon nuclei in SiCA normal coor-
ization (R2P) in a time-of-flight mass spectrometer was ginate analysis was found to yield reasonable force constants
used to pinpoint 32 rotational transitions between the groung, C,, structures with vertex angles near 40°, but not for
vibrational states of the 4977~’A band system. AnalySiS of thqinear frameworks. In a brief 1988 néﬁqhese authors com-
R2PI spectrum in terms oK 'S *—'I transitions was mented on several implications of the matrix isolation stud-
found to require untenable bond lengths and an unusuallies: (a) under the modified €,,) selection rules, the
large lambda doubling parameter for the upper state. Alerte@54 cm* interval of Bondybe$ gives v3~180 cm'%; (b)

to this conflict, Grev and Schaetérat Berkeley discovered because the quadratic force constaiptsand f,,, for Si—C
that at the DZP SCF level of theory the lineér'S ™ mini-  stretching are comparable, the molecule is best considered a
mum of SiG connects to a cyclic@,,) saddle point only T-shaped SiC, species|c) the C—C distance and stretching
5.1 kcal mol'? higher in energy. Subsequent single-pointfundamentals for ¢ (1.268 A, 1758 cm%)® and SiG
DZP configuration interaction singles and doub(€3SD) (1.268 A, 1742 cm') are almost identical, bolstering the
computations  actually  placed the cyclic form ionic bonding model; andd) to avert assignment of an un-
0.4 kcal mol'* below the linear structure, and additional precedented argon matrix shift, the'B,—X 'A; gaseous
d-type polarization functions were shown to stabilize theemission spectrum of Klemamnust be reinterpreted to give
highly strained ring further. A final prediction of wv,(a; Si—C str.)=837 rather than 852 cnt for the ground
AE (ring—linean=—5 kcal mol'* was advanced accord- state. Finally, in a 1990 investigatiththe highly anhar-
ingly. Meanwhile, the Rice grodpfitted asymmetric-top ro- monic v3(b,) vibration was located directly for the first time
tational constants to their data and deducedG@hg param- in the far-infrared region by FTIR spectroscopy, appearing in
eters[ro(Si-C), ro(C-C)] (A)=(1.812, 1.25pand(1.881, argon matrices at 160.4, 157.7, and 155.3 tnior
1.304 for the lower and upper states, respectively, the?®Si*?C,, 28sSit2C3C, and?8si'®C,, respectively. A Jacobi-
former distances being in remarkable agreement with théype force field was found to provide the most favorable fit to

The conclusions resulting from the R2PI experimé&nts
of 1984 ignited a proliferation of detailed spectroscopic work
on SiG. Thaddeuset al'* immediately assigned nine new
lines in the millimeter wave spectrum of the evolved carbon
star IRC+10216 t028SiC, and estimated temperatures and
mean column densities of this species in the circumstellar
environment. Improved rotational constants were deter-
mined, incorporating the effects of centrifugal distortion, and

J. Chem. Phys., Vol. 107, No. 4, 22 July 1997

Downloaded-19-May-2006-t0-157.181.190.84.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



Nielsen et al.: The silicon dicarbide (SiC,) saga 1197

the isotopomeric frequency data, consistent with a T-shapetively, in these manifolds. Sextic, octic, and decatic centrifu-
molecule exhibiting a nondirectional Si»®ond. gal distortion parameters were required to fit the observed
High-resolution rotational spectroscopy of $i@as not frequencies within experimental errors. The vibrational de-
achieved in the laboratory until 1988, but within a few yearspendence of both the inertial defect and the quartic centrifu-
a flurry of activity catalogued myriad transitions in the gasgal distortion constants proved to be pronounced and nonlin-
phase. First, Bredotgt al? generated the Merrill-Sanford ear for the large-amplitude’; mode, although a simple
system by flash-discharge techniques and unraveled numetnharmonic model satisfactorily explained this behavior.
ous K'/K" subbands, analyzing 646 and 482 lines in the  Extensive gas-phase spectroscopic probes of the full vi-
(000—(000 and (010—(000) vibronic manifolds, respec- brational eigenspectrum of thé *A; and A B, electronic
tively, on the basis of the Watsoi-reduced Hamiltonian. states have also been executed since 1990. As a first step,
The fit provided r (C—C), ro(Si—C)]=(1.2649, 1.8362) A Fantoni and collaboratotsassimilated copious information

and (1.3295, 1.9021LA for the X 1A, andA 1B, states, re- from early work on the Merrill-Sanford band system and
spectively, as well asT,=20085.505cm® and », augmented it with coherent anti-Stokes Raman scattering

—435.038 cm®.  Subsequently, Gottlieb, Viek, and (CARS) data from flow-reactor experiments to derive values

Thaddeu®” identified 41a-type transitiongK,<10, 13<J  for most of the anharmonicity constantg of the X 'A; and
<17) in the pure rotational spectrum of A, SiC, froma A 17B2 states. Shortly thereafter Butenhoff and Rohlfting
SiH,/C,H,/CO discharge, the same technique which pro-reported authoritative work at Sandia on the laser-induced
duced the long-sought SiC radiddIBoth quartic and sextic fluorescence(LIF) ezgcitationA‘and dispersed fluorescence
centrifugal distortion constants were extracted from an(DF) spectra of theX A;—A B2 system of jet-cooled
A-reduced Hamiltonian fit, while a gas-phase frequengy SiC,, including rotational analyses of several previously un-
=186+11 cmi * was deduced from the inertial defect in the observed bands. Discovery of thg &ansition 487 cm*
rotational constants. The burgeoning database was alstbove the band origin ended longstanding confusion and
supplemented by Suenram, Lovas, and Matsurfiisaho sparked further reassignment of the! "B2 vibronic struc-
used a laser-ablation source to locate thg-Dy, line of  ture, while a joint analysis of thei&qot band revealed that
283iC, at 23 600.242 MHz and found a dipole moment of v3=196.37 cm?l, or 36cm?! above its argon matrix
2.3936) D by measuring the Stark effect on this transition. counterpart? The DF spectra proved to be rich sources of
In 1991 several collaboratérs*” undertook an astronomical vibrational term energies for thi 1A, state, yielding 43
and laboratory study of SICC to determine thé’C/**C iso-  levels in all. Most notably, a long (0,8}) progression for
topic ratio in IRC+10216 as a probe of stellar mixing and »5=1 to 16 exhibits extreme negative anharmonicity, as
dredge-up processes. Microwave data f88iC,, 2°SiC,,  well as periodic Fermi-resonance perturbations evidencing
%SiC,, and ?8Si3C'’C were compiled, from which the strong coupling between thé and v vibrational modes. In
Kraitchman equations gave the substitution structurecontrast, the 7 ,v5,0) states are very regular and are reck-
[rs(C-C), r{(Si-C)]=[1.268 5536), 1.832 3258)] A, ex-  oned nicely by the vibrational constanis;=1756.8, w,
hibiting accord with various o structure§"?>?*and typical ~=844.0, y;;= —11.8, x»,=—4.58, andy;,=—3.8 cn'%.
agreement with theory, but revealing that the earliest R2PI Moreover, all three vibrational modes of the! B2 state are
bond distancé$ were too small because of erroneous wave-quite harmonic, the 19 LIF band origins being fit well by a
length calibration. Dunham expansion with coefficientso; =1475.8, w,
The pure rotational spectrum of they excited vibra-  =456.3, w;=488.0, xy;;=—14.0, x2=—1.8, x33~0.3,
tional state of Sigwas analyzed in related work by Bogey y,,=13.9, x;3=17.1, andy,=—12.4 cm %,
et al,?52” who identified 95 lines in thél<K,<13, 8<J The vibrational analyses of Sj@ulminated in a 1994
<21) interval. Evidence for large-amplitude motion collaboration between Ross and the Sandia grdugtimu-
abounded. In particular, the rotational levels could not be fijgted emission pumpingSEP of the X 1A1/Z 152 system
to experimental accuracy even with centrifugal distortionwas implemented to dissect the (), manifolds for v}
terms through eighth order; the vibration—rotation interaction=2, 4, 6, 12, and 14 with full rotational resolution, providing
constantsag =167 MHz anda§ =229 MHz were found to  a collection of 11-189y _ levels for each of these large-

be an order of magnitude larger than in typical semirigidamplitude bending states. These new results were combined
molecules; and the inertial defech €1.19 u X) exhibited  wijth existing vibrational term valud® and microwave

by the v; state was extreme. Coudértleveloped a model |ine?226 and globally fit to a semirigid bender Hamiltonian
Hamiltonian to account for the large-amplitudg mode and  (SRB)** with reasonable accuracy. In this dynamical model,
achieved improved rotational fits, although the potential ensjC, was treated in essence as a molecular pinwheel, in
ergy function extracted from the analysis was deficient inwhich theC, moiety spins about its center of mass while the
several respects. Einstefrcoefficients and mean lifetimes  sjlicon spectator wobbles about its equilibrium position. The
for rotational levels in the ; state were computed by Chan- range of Si—G Jacobi angle$p) sampled by the experimen-
dra and Sat in 1993. Finally, in 1994 Izuha, Yamamoto, tal vibrational levels involved in the analysis extended to
and Saitd® investigated the rotational spectrum of $i@  within 30° of linearity. The minimum energy path and po-
both thev; and 2v; excited vibrational states, recording with tential energy function derived from the SRB fit extrapolated
improved accuracy 48 and 28type R-branch lines, respec- to a linear SiG structure which was merely a transition state
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for the interconversion of equivalent T-shaped minima lyingon carbon have little effect on the relative energg); the
1883 cmi ! lower in energy; however, a shallow linear mini- addition of f functions provides a critical stabilization
mum could not be ruled out completely due to the lack of(1.5 kcal mol'?) of the ring isomer; andd) the relative low-
explicit spectroscopic data far< 30°. ering of the linear form by triple excitations remains substan-
tial (2.3 kcal mol'l) in iterative procedures. The problem
posed byAE (ring—linean for SiC, [or A(T—L) henceforth
THE PERSISTENT CHALLENGE FOR AB INITIO was clearly enunciated in the closing remarks of the authors:
THEORY “In summary, we have shown that a definitive theoretical
In the aftermath of the silicon dicarbide structure eluci-prediction ofA(T-L) for SiC, would require a highly corre-
dation in 1984212 ab initio theory was presented with a lated calculation, most likely by methods like CCSDT. Also,
challenge which proved to be almost insuperable: achieving is necessary to use rather large basis sets, probably not less
convergedpredictions of a T-shaped global minimum with than 150 CGTOs. Cancellation effects prevent the use of
correct surface curvature, determining unassailably whethedifferent size basis sets for the SCF and the correlated cal-
a low-lying linear isomer exists, and establishing the topog<Culation. The ‘final’ determination oA(T-L) for SiC, will
raphy for the large-amplitude pinwheel motion. Pauzat andhus remain a challenge for theoreticians for a while.”
Ellinger®® focused on the structure and spectroscopy of the  This challenge has essentially remained unanswered,
linear 'S * state, predicting it to be a metastable isomer viadespite scattered theoretical work since 1988. In the
triple-¢ plus polarization(TZP) configuration interactiogCl) ~ aforementioned 1994 collaboratidh,Rohlfing added new
computations based on projected localized orbitals. Their viresults to theab initio compilation. Of greatest signifi-
brational analysis, which included diagonal anharmonicity incance, ~ QCISD/6-31£G(3df) ~ theory  predicted
the normal coordinate space, gave harmonic bending frewz(linear)=76i cm™, ws(ring)=152 cm!, and A(T-L)
quencies at the SCF and ClI levels of 125 and 838%m =-5.2 kcalmol'*, in support of the semirigid bender
respectively, the latter being suspiciously high. In one-analysis of the Sigrovibrational levels, which indicated that
dimensional bending searches at theSi(6s5pld)/  the linear form is merely a transition state 5.4 kcal nol
C(5s4p1d)] MP4 level, Oddershedet al*¢ found a shallow above the T-shaped minimum. Within three months Deutsch
linear well of 0.4 kcal mot! depth lying 0.84 kcal mol*  and Curtis&' revisited theA(T—L) question with the aid of
above the T-shaped minimum. They characterized silicon diG2 theory’” This thermochemical scheme, whereby rela-
carbide as a polytopié Si*C, species with nondirectional tively high-level ab initio computations are calibrated em-
ionic bonding, similar to KCN, which is known from micro- pirically, yieldedA(T—L)=—3.51 kcal mof*, as well as an
wave studie® to be L-shaped in the gas phase. Second-ordeftomization energy (294.7 kcal md) which refined the
polarization propagator calculations of numerous excitatiorempirical heat of formation of SiEX 'A;). Additivity
energies showed that the linear and T-shaped forms ha\m:)proximationi‘u3 assumed in G2 theory were demonstrated
clearly distinguishable electronic spectra. It was concludedo give inconsequential errors in the case of Silloreover,
that both forms of Sig should be observable under high the remarkable agreement reported by Retsal*® between
temperature conditions. theory and experiment fak(T—L) was shown to be only an
Fitzgerald, Cole, and Bartléttapplied analytic first and advantageous consequence of the neglect in the
second derivative techniques for second-order many-bod@CISD/6-31H1G(3df) method of the large triples stabiliza-
perturbation theory[MBPT(2)] to the SiG problem by tion of the linear form. Finally, two relatively recent studies
means of a DZP basis, obtaining the bending frequencieBave provided some limited information on CSiC isomers of
w3(ring)=183 andw,(linean=147 cnm’%, i.e., both struc- silicon dicarbidé’**° In particular, linear CSiC, whether a
tures are minima at this level of theory. The energy differ-local minimunt or saddle point?® connects to a highly bent
ence between the two isomers oscillated as the perturbatidmoncyclio C,, minimum roughly 50 kcal mol* lower in
series was extended, and due to a large triples stabilizatiognergy, but this bent structure lies at least 80 kcalthol
(2.8 kcal mol't) the linear form was actually placed by the above the global T-shaped Si@inimum.
DZP MBPT(4) method 1.36 kcal mol* lower than the
T-shaped ring isomer. prever, bas_is set improvements anidHEORETICAL PROSPECTUS AND PROCEDURES
further triples corrections, as implemented by the
(6s4pld) CCSD+T(CCSD approach, returnedE (ring The multifaceted challenge to theory posed by the,SiC
—linean to —1.60 kcal mort. species is the stimulus of the current study. The first goal is
A timely study of the methodological dependence ofto systematically reveal the remarkable variation with level
AE (ring—linean was completed by Sadlej and co-workers of theory of even the most qualitative features of the poten-
in 1988° Basis sets ranging frofSi(8s6p)/C(5s3p)] to tial energy surface oK 'A; SiC, by cataloging geometric
[ Si(8s6p2d1f)/C(5s3p2d1f)], some partially optimized, structures, harmonic vibrational frequencies, and relative en-
were employed in conjunction with the SCF, MBRT4), ergies for various types of stationary points. The appearance
CCSD, and CCSDT-1a methods. It was documented(that and subsequent disappearance of previously uncharacterized
with carefully constructed basis sets, even SCF wave fundent and L-shaped structures on the Si-pbwheel surface
tions predict the T-shapeddng) form as the lowest structure; is of particular concern. The extensive, present work docu-
(b) notwithstanding the ionic nature of SiCdiffuse orbitals ments the requirements for a definitiab initio mapping of
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the surface for large-amplitude bending, clarifies the conflictfield approacHCASSCH.>® The CASSCF computations in-
ing results from previous theoretical studies, and further elvolved the full valence active space, 12 electrons in 12 or-
evates SiGas a testing ground for methodological develop-bitals, as indicated hereafter by the suffl2,19. Dynamical
ment. The second goal of this investigation is to determineelectron correlation was accounted for by/lMo-Plesset
the barrier to linearity and the heat of formation %f'/A,  perturbation theory from second through fifth ord&tP2,
SiC, by means of the highest possible levelsaif initio ~ MP3, MP4SDTQ), and MP%SDTQ],°"~* by the single-
theory. These predictions constitute substantial improvereference, configuration interaction singles and doubles
ments over the best experimental results for these therménethod (CISD),%*** by the coupled cluster singles and
chemical quantities. Moreover, the question of the existencgoubles methodCCSD,*~" by the CCSD method aug-
of a metastable linear isomer of Si® resolved. The final Mented by a perturbative contribution from connected triple
aspect of this study entails the determination of a completgXcitations[CCSOT)],”*"? and by the Brueckner doubles
quartic force field for anharmonic vibrations, from which method(BD)"® with analogous corrections for both triple and
standard spectroscopic constants from second-order rovibrgiadruple excitationgBD(T) and BD(TQ)].*“"*"* Some
tional perturbation theory are computed andrarstructure ~ CISD predictions were corrected for the effect of unlinked
of SiC, is derived from high-resolution microwave measure-quadruple excitations by applying the Davidson correction.
ments of isotopomeric Ay,Bo,C,) sets. Identification is Energies thus obtained are denoted as Ct8D). The car-
made of the aspects of this approach which are problemati®on 1s and the silicon &, 2s, and 2 core orbitals were

The atomic Gaussian-orbital basis sets employed in thi€xcluded from the active space in all correlation treatments,
study are denoted as D&, TZ(2d), TZ(2dif), cc- in accord with the findings of Sadlej and co-work&do
pVXZ, and aug-cc-pVTZ. In the first three designations ofVirtual orbitals were frozen. The electronic structure compu-
the formA(x), A is descriptive of the underlyingp basis  tations reported here were performed with the program pack-
[DZ, TZ=double- and triplez], andx specifies the number agespsl’® GAUsSIAN 9277 and GAMESS "®
and types of polarization functions appended to all atoms. Geometry optimizations were performed with analytic
The DZ basis consists of the C8p) and Si(1%7p) primi-  gradient techniquéd **for the RHF, CASSCF, MP2, CISD,
tives of Huzinag® and the C(42p), Si(6s4p) contractions CCSD, and CCSDI) methods, whereas energy points alone
of Dunning?”*8 The TZ basis involves the same G&p), Wwere used for the MP3, MR8DTQ), MP5SDTQ), BD,
Si(11s7p) primitives contracted to C@p) and Si(a5p)  BD(T), and BOTQ) optimizations. For methods where ana-
according to Dunning”*8 The polarization-function expo- lytic gradients were available, the maximum component of
nents employed in the DAJ basis arexy(C)=0.750 and the gradient was smaller than 1D a.u. at all stationary
ay(Si)=0.500, which are representative optimal exponent@OintS, whereas this threshold was relaxed to“8.u. for
for uncorrelated wave functiof€. The polarization func- Mmethods where gradients were computed numerically. To
tions used in the TZ(@) set were obtained by spliting Ccharacterize the stationary points, harmonic vibrational fre-
the aboved exponents with a bifurcation factor of 2, yield- quencies were computed at all optimized geometries. Ana-
ing agy(C)=(0.375, 1.500) and ay(Si)=(0.250, 1.000). lytic second-derivative techniques were employed in the
The TZ(21f) set was constructed by adding to RHF*®*® and MPZ2°®" cases, while CASSCF, CISD,
the TZ(2d) basis f manifolds with exponentsa;(C) CCSD, and CCSD) second derivatives were obtained by
=0.700 anda4(Si)=0.550. In the aforementioned basis finite differences of analytic gradients. In the MP3,
sets, Cartesiad and f manifolds were used, i.e., supernu- MPASDTQ, MPYSDTQ), BD, BD(T), and BOTQ) cases,
merarys and p contaminants were not excluded. The cc-second derivatives were obtained by double-finite difference
pVXZ basis setfX=D (double, T (triple), Q (quadruplé, or procedure§f3 In all cases, the displacement sizes were 0.01
5 (quintuple] are the correlation-consistent constructions ofA or 0.02 rad for symmetrized internal coordinates.
Dunning®®®! The contractions are Cg@pld/3s2pid), The complete quartic force field of *A; SiC, was com-
Si(128pld/4s3pld) for cc-pvDZ; C(1&5p2dif/  puted at the aug-cc-pVTZ CCSID) level of theory by taking
4s3p2d1f), Si(159p2dif/5s4p2dif) for cc-pvTZ; finite differences of 18 gradient poififobtained from single
C(126p3d2f1g/5s4p3d2flg), Si(16s11p3d2flg/  and double displacements around the T-shaped minimum lo-
6s5p3d2flg) for cc-pvQZ; and C(148p4d3f2glh/  cated at this level of theory. Symmetrized internal coordi-
6s5p4d3f2glh), Si(20s12p4d3f2g1h/7s6pad3f2glh)  nates S;=r(C-C), S,=2 Yqr (Si-C)+r,(Si-C)], and
for cc-pV5Z. The aug-cc-pVTZ basis is formed by append-S;=2"r(Si—C)—r,(Si—C)] were displaced in positive
ing to the cc-pVTZ basis diffuse Elpld1f) shells with —and negative steps of 0.005 (&, and S,) or 0.01 A (Sy).
exponents optimized for the atomic aniohs? Thed and  The high accuracy of the numerical differentiation procedure
f manifolds in the cc-pXZ basis sets are comprised only of was confirmed for many force field elements by comparison
pure angular momentum functions. The various basis sewith force constants computed from energy points alone.
employed in this study range in number of contracted Gauss-
L?\?ngr;:tl.ons from 56 in the D&{) case to 277 for the cc- ANALYSIS OF THE POLYTOPISM PROBLEM

Reference electronic wave functions were determined by  The consensus emerging from the multitude of theoreti-
the single-configuration restricted Hartree—Fock methodtal and spectroscopic investigations reviewed above is that
(RHF)**~*%and by the complete-active-space self-consistentSiC, is an ionic species exhibiting nondirectional bonding
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1200 Nielsen et al.: The silicon dicarbide (SiC,) saga

TABLE I. Optimum geometric structures of SiGpecies.

Linear (:=1) Bent (A") L-shaped tA") T-shaped tA,)
Method F(Si—C) 1,(C=C) ry(Si—=C) ro(C=C) 6,(Si=C—C) r(Si=C) ry(C=C) 6,(Si=C=C) ry(Si=C) r(C~C)

DZ(d) RHF 1.6756 1.2727 1.6768 1.2711 114.50 1.6831 1.2689 102.11 1.8347 1.2556
DZz(d) CASSCK12,12 1.7179 1.3137 b b 1.8501 1.2947
DZz(d) MP2 1.7056 1.3027 1.7029 1.3053 132.13 c 1.8365 1.2955
Dz(d) MP3 1.6908 1.2903 1.6896 1.2925 135.85 1.7346 1.2854 82.81 1.8349 1.2802
DZ(d) MP4 1.7129 1.3162 1.7103 1.3157 110.36 c 1.8445 1.3007
Dz(d) MP5 1.6971 1.2953 1.6969 1.2991 134.03 c 1.8410 1.2877
Dz(d) CISD 1.6869 1.2881 1.6857 1.2899 129.38 1.7259 1.2823 84.22 1.8336 1.2759
Dz(d) CCSD 1.6939 1.2953 1.6935 1.2982 130.95 c 1.8381 1.2855
Dz(d) CCsOT) 1.7056 1.3056 1.7055 1.3086 118.40 c 1.8447 1.2934
DZz(d) BD 1.6928 1.2941 1.6921 1.2969 133.15 1.7705 1.2866 76.60 1.8371 1.2850
Dz(d) BD(T) 1.7057 1.3052 1.7053 1.3084 119.77 c 1.8449 1.2936
DZ(d) BD(TQ) 1.7016 1.3028 1.7018 1.3065 126.48 c 1.8430 1.2930
TZ(2d) RHF 1.6740 1.2604 c 1.6892 1.2588 100.12 1.8420 1.2467
TZ(2d) CISD 1.6874 1.2710 c 1.7182 1.2682 89.55 1.8434 1.2597
TZ(2d) CCSD 1.6954 1.2781 c 1.7479 1.2734 83.14 1.8497 1.2684
TZ(2d) CCSOT) 1.7081 1.2889 b 1.7508 1.2830 84.54 1.8573 1.2767
TZ(2d1f) RHF 1.6689 1.2614 1.6691 1.2614 158.87 1.6873 1.2586 98.36 1.8335 1.2461
aug-cc-pVTZ CCS) 1.7057 1.2920 b c 1.8534 1.2798

3Bond distances in A, bond angles in degrees.
bOptimization was not attempted.
°Not a stationary point at the given level of theory.

between Si and G fragments. It is certain that the potential No other types of stationary points were located, however.
energy surface for pinwheel motion of thg @oiety in the The extent to which the basic topography of the SiC
presence of the Sispectator is exceedingly flat. Such a surface varies witlab initio method is shown vividly in Fig.
property was originally termed “polytopic” by Clementi, 2, which illustrates four principal surface typasb, c, and
Kistenmacher, and PopKiein describing the circumnaviga- d as exemplified by the DZ) CCSD, DZ@d) RHF,
tion of Li* about CN in gaseous lithium cyanide. The poly- TZ(2d) CCSIT), and TZ(a) RHF cases, in order. It is
topic bonding in SiG requiresipso factothat all electronic  astounding that each of the linear, L-shaped, and T-shaped
structure subtleties resulting from continuing reorientation ofstructures is the global minimum of Si@t some level of
the C, polarization by S be recovered completely for any theory. Because the surface for pinwheel motion in this
theoretical treatment to be reliable. The failure of a host ofclosed-shell molecule lies well below any dissociation
ab initio methods to escape this web constitutes the “poly-threshold, symmetry considerations require the existence of
topism problem.” Indeed, the Sipinwheel surfaces given both linear and T-shaped stationary points. The bent form
by the gamut of traditional theoretical techniques exhibit al-exists whenever the adjacent linear structure is a minimum.
most all conceivable topographies. In all cases it is a transition state connecting the linear form
The methodological analysis of the polytopism problemwith L- or T-shaped triangular configurations. It is the exis-
is begun here by surveying the full set of correlation treatience of previously undocumented L-shaped minima in some
ments [RHF, CASSCF12,12, MP2, MP3, MP4, MP5, theoretical computations which is problematic. Although
CISD, CCSD, CCSDT), BD, BD(T), and BOTQ)] with the  there is overwhelming spectroscopic evidence that the car-
modest DZ(l) basis set. Next, the series TAHR and bon nuclei are equivalent in thé 1A, state(vide supra, the
TZ(2d1f) RHF, TZzZ(2d) CISD, TzZ(2d) CCSD, and question of whether the observed structure is in fact a vibra-
TZ(2d) CCSIOT) is implemented. The detailed searches ontional average of identical L-shaped forms separated by a
the polytopic surface culminate with the aug-cc-pVTZ minuscule barrier has never been addressed or contemplated
CCSIOT) method. Optimized geometric structures, total andin the literature.
relative energies, and harmonic vibrational frequencies for The perusal of the DA{) series starts with the observa-
all of these levels of theory are given in Tables I-Ill. As tion that all correlation treatments with this basis set predict
depicted in Fig. 1, four distinct types of stationary points arethe linear form of SiG to be a local minimum connected to
encountered(a) linear (C..,); (b) bent (Cs), with obtuse triangular structures by a bent transition state lying
anglesé(Si—-C—-Q>105°;(c) L-shaped Cg), with 6 (Si—-C—  0.5-2.5 kcal mol* higher in energy. The referen¢®HF,
C)=90°*+15°; and(d) ring or T-shaped C,,), with # (Si— CASSCK12,19] bond lengthsr(C—-C)=(1.2727, 1.3137)
C—0O) near 70°. At lower levels of theory, explicit searchesA and r.(Si—-C)=(1.6756, 1.7179) A, comprise intervals
for other structures were carried out either by scanning theontaining almost all of the dynamically correlated equilib-
A(Si—-C-Q potential for fixed bond lengths or by starting rium distances, of which the CISD and MP4 values are the
geometry optimizations between known stationary pointssmallest and largest, respectively. The persistent oscillations
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TABLE Il. Total energies(hartreg of optimized SiG structures.
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Method Linear Bent L-shaped T-shaped
DZ(d) RHF —364.498 551 —364.494 575 —364.494 670 —364.490 442
DZ(d) CASSCK12,12 —364.665 365 a a —364.661 080
Dz(d) MP2 —364.797 044 —364.795 461 b —364.801 236
Dz(d) MP3 —364.808 704 —364.807 697 —364.811 779 —364.811 465
Dz(d) MP4 —364.840 959 —364.837 421 b —364.838 367
DZ(d) MP5 —364.831 545 —364.830 596 b —364.834 526
Dz(d) CISD —364.782 953 —364.781 269 —364.784 168 —364.783 754
DZ(d) CISD+(Q) —364.818 504 —364.817 146 —364.820 291 —364.820 551
Dz(d) CCSD —364.816 124 —364.815 023 b —364.818 732
Dz(d) cCcsOT) —364.837 704 —364.836 112 b —364.837 944
Dz(d) BD —364.814 746 —364.813 708 —364.817 528 —364.817 515
Dz(d) BD(T) —364.837 510 —364.835 972 b —364.837 711
DZ(d) BD(TQ) —364.836 209 —364.835 104 b —364.838 225
TZ(2d) RHF —364.507 707 b —364.512 322 —364.507 866
TZ(2d) CISD —364.820 516 b —364.827 029 —364.826 206
TZ(2d) CISD+(Q) —364.863 987 b —364.867 678 —364.867 519
TZ(2d) CCSD —364.859 142 b —364.865 895 —364.865 775
TZ(2d) CCSOT) —364.884 972 a —364.889 266 —364.889 287
TZ(2d1f) RHF —364.514 135 —364.514 075 —364.517 295 —364.513 766
aug-cc-pVTZ CCSDT) —364.947 881 a —364.953 595 —364.953 976

#Optimization of this structure was not attempiaée the text
PNot a stationary point at the given level of theory.
‘Single-point energy at the TZ( CCSD(T) geometry.

in the MPh distances are highlighted by the large 6,(Si—-C-C)=(110.4°, 114.5°, 118.4°, 135.8°, 134)@fhile
MP4—MP5 contractions of about 0.02 A. In ascending toE,=(2.22, 2.50, 1.00, 0.63, 0.pRcal molL. The bending
the bent transition states, no bond length varies more thafiequencies of 105—173 cm for the linear form transform
0.004 A. The angle of bending necessary to surmount théo 86 —119 cm ! for the bent transition states. This geomet-
barrier isbroadly correlated to the energy increase. Specifi-ric shift increases the Si—C stretching frequency predictions
cally, in the[MP4, RHF, CCSDT), MP3, MP5 sequence, from the range 752—877 ¢ to 923—-1074 cm*. Finally,

TABLE lll. Relative energies and harmonic vibrational frequencies of, Sigecies:

13+ Linear (C..,) IA’: Bent (Cy) IA’: L-shaped Cy) 1A, T-shaped C,,)

Method B 01(0) w3(0) wx(m) Eg ®w; @ w3 Erel ®w; @ w3 B wi(a;) x(a1) wsz(by)
DZ(d) RHF 0.000 2055 877 173 2.495 1961 1074 i95 2.435 1938 1085 111 5.088 1976 851 B28
DZ(d) CASSCRK12,12 0.000 1838 768 135 c c 2689 1730 801 221
DZ(d) MP2 0.000 1900 787 135 0.994 1821 923 {19 d -2.630 1715 839 171
DZ(d) MP3 0.000 1987 834 117 0.632 1924 953 {1111.930 1818 956 160-1.733 1846 850 135
Dz(d) MP4 0.000 1779 752 145 2219 1666 979 02 d 1.626 1673 820 119
DZ(d) MP5 0.000 2003 826 108 0.596 1916 946 {101 d -1.871 1805 836 73
Dz(d) CISD 0.000 1978 840 135 1.057 1903 987 i1150.762 1823 972 159-0.503 1856 850 158

0.852 -1.12P —1.284
DZ(d) CCSD 0.000 1939 820 112 0.691 1862 957 i 98 d -1.636 1796 839 60
DZ(d) CCSOT) 0.000 1875 786 111 0.999 1763 971 i86 d -0.151 1745 823 123
DZ(d) BD 0.000 1950 824 114 0.651 1879 952 [102-1.746 1793 883 95-1.738 1802 843 a1
Dz(d) BD(T) 0.000 1879 787 112 0.965 1769 966 i86 d -0.126 1744 823 113
DZ(d) BD(TQ) 0.000 1905 801 105 0.693 1808 952 i86 d -1.265 1750 828 148
TZ(2d) RHF 0.000 2065 867 83 d —2.896 1929 1059 185-0.100 1968 835 326
TZ(2d) CISD 0.000 1980 829 100 d —4.086 1825 983 159-3.570 1864 828 117
-2.318 -2.217
TZ(2d) CCSD 0.000 1938 809 108 d —4.238 1778 910 107-4.163 1805 814 a1
TZ(2d) CCSOT) 0.000 1869 774 g5 c —2.695 1714 902 51-2.708 1747 796 57
TZ(2d1f) RHF 0.000 2059 873 56 0.038 2048 907 i71-1.983 1928 1061 180 0.232 1972 839 P99
aug-cc-pVTZ CCSDT) 0.000 1879 780 79 I d -3.825 1751 798 137

®Relative energiesH,) in kcal mol ™, harmonic vibrational frequencies() in cm™%.

PDavidson-corrected CISD relative energy.
‘Optimization of these structures was not attempted.
Not a stationary point at the given level of theory.
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FIG. 1. Possible stationary points on the ggfound-state potential energy

surface.

FIG. 2. Basic types oéb initio potential energy curves for pinwheel motion
in SiC,, as represented by th@ DZ(d) CCSD, (b) DZ(d) RHF, (c)
TZ(2d) CCSOT), and(d) TZ(2d) RHF levels of theory. The abscissa is
the Jacobi anglg(Si—GC,) between the C—C bond axis and the line connect-

Relative Energy (kcal mol'')

Relative Energy (kcal mol ')

Si——C—=C

(A) linear

(C) L-shaped
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ing the midpoint of the C—C bond to the silicon spectator.

w1(C—C str.) exhibits large oscillations with level of theory
in both the linear and bent stationary points, e.g., the MP4
and MP5 values for linear SiCare 1779 and 2003 cmj,
respectively. These oscillations are downshifted in position
by 63—113 cmt in the bentvis-avis the linear form.

In the DZ(d) survey, it is remarkable that L-shaped
structures exist in the RHF, MP3, CISD, and BD cases but
not for the MP2, MP4, MP5, CCSD, CC$D, BD(T), and
BD(TQ) methods. As illustrated in Fig. 2, the D&( RHF
minimum is merely a shallow, hanging well only
0.06 kcalmol'! in depth on the downslope from the
T-shaped transition state to the linear structure. In contrast,
the L-shaped form in the MP3, CISD, and BD cases is the
global SiG minimum, lying below the linear and T-shaped
stationary points by 0.76—1.93 and 0.008—0.26 kcal ol
respectively. The minuscule energy differences between the
L- and T-shaped forms are not to be associated with small
variations in the geometric structures and vibrational fre-
guencies, however. Among the L-shaped minima in the
DZ(d) series, ther (Si—C) and 6,(Si—C-C) predictions
display ranges of 1.683-1.771 A and 76.6°-102.1°, respec-
tively, varying extensively with level of theory. In closing
the ring, the Si—C separation increases to 1.834—1.837 A and
the Si—-C-Cangle diminishes to 69.35°-69.99°, suddenly
both very narrow intervals. Mirroring the underlying geo-
metric structures, thev,(Si—C str.) frequencies in the L
form are substantially (40—234 ¢ higher than their ring
counterparts. Finally, the bending frequencies of the
L-shaped minima are comparable to the smgl(7) values
of the linear configuration, but the order of analogous pre-
dictions for the two structures is sensitive to the correlation
treatment.

The T-shaped structure of Si€xhibits notable quirks in
the DZ(d) series. In the RHF, MP3, CISD, and BD cases, it
is a low-lying transition state for the interconversion of the
aforementioned, equivalent L-shaped minima. At the
CASSCK12,12 and MP4 levels, it is a minimum lying 2.69
and 1.63 kcal mol*, respectively, above the preferred linear
SICC configuration. Nonetheless, the T-shaped structure is
the global SiG minimum in most instances, as demonstrated
by a collection of E,,3) values in (kcal molt, cm™?)
from Table Ill: MP2[—2.630, 171, MP5 [—1.871, 73,
CCsD [—1.636, 6Q, CCsSOT) [—0.151, 123 BD(T)
[-0.126, 113, and BOTQ) [—1.265, 148. Relative to the
linear configuration, the C—C bond length is contracted by
0.013+0.007 A in the DZ) series, whereas the Si—C dis-
tance is increased by 0.139.008 A (excluding the RHF
casg. Concomitantly, the C—C and Si—C stretching frequen-
cies are shifted in the correlated computations b{52
+46 cm ! and +39=29 cmi’ L, respectively, counterintui-
tive variations resulting from both kinetic and potential de-
coupling of these normal vibrations as the T-shaped configu-
ration is adopted. As observed for the linear structure, the
MPn predictions forr .(C—C) andw,(C-C str.) vary widely
in the T form, but the large oscillations are damped some-
what by the side-on electrostatic bonding of" Sb C, .
Meanwhile, the Si—C stretching frequency predictions are
remarkably uniform, lying in th¢820, 850 cm ! interval
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for all dynamically correlated DA{) computations. ing potentials and associated vibrational frequencies pro-
The energetic data in Table Ill for the D&Y series Vided by analogous D&l) and TZ(2l) levels of theory,
highlight an overall stabilization due to electron correlationcorresponding bond distances and stretching frequencies
of triangular structures of SiCover the linear form. The given by the two basis sets are in notable accord in the
effect of double excitations is to drof, from the RHF linear—L—T sequence of configurations. The trends in the
value of +5.1 kcal mol'! to the (MP2, MP3 results of I.andw; data are the same in this sequence, and comparable
(—2.6, —1.7) kcal mol' . Quadruple excitations provide ad- DZ(d) and TZ(2) stretching frequencies vary only about
ditional stabilization of this type: the MPBQ) value of 10 cm ! on average. In particular, the TZg? »(C-C) val-
E, is —2.9 kcal mol'l, and the BOT)—BD(TQ) shift of  ues first decrease by 152ch and then increase by
this quantity is— 1.1 kcal mol'L. Nonetheless, the sizeable 35 cm ! in the mean, whiler ,(C—C) contracts smoothly.
triples destabilizationof triangular SiG structures docu- Concomitantly, the TZ(8) «(Si—O values for the linear
mented by previous workets*! continues to be observed, and T endpoints are comparable, lying 96—224 thower
as the Dz{) MP4(SDQ—MP4(SDTQ) and than their L counterparts, whereas,(Si—-C) expands
CCSD—CCSOT) changes inE, are —1.5-+1.6 and smoothly over the interval. The changerig(Si—C) for the
—1.64——0.15 kcal mol'?, respectively. L—T transformation remains substantial in the TaA}2re-
The next step in the present methodological analysis oflictions, the+0.122 A average distortion serving to empha-
the SiG polytopism problem focuses on the collection of size again that although the L and T forms are essentially
TZ(2d) and TZ(21f) RHF, TZ(2d) CISD, TZ(2d) isoenergetic, they occupy distinct geometric regions.
CCSD, and TZ(#&) CCSDOT) results. When compared to A resolution of the Sig polytopism dilemma among the
analogous DZq) data, these results vividly demonstrate thatplethora of theoretical methods is afforded by aug-cc-pVTZ
basis set augmentation, particularly the addition of polarizaCCSDO(T) searches of the pinwheel surface. Geometry opti-
tion functions, favors triangular configurations of SiGn mizations at this level of theory starting from the T&(2
accord with ring-strain considerations, Grev and Sch&gfer CCSO(T) optimum L-shaped structure did not locate a mini-
discovered such an effect in 1984, and the methodologicahum but simply led back to a triangula€§,) form. Ener-
study of Sadlej and co-workéfsfirmly established the phe- gies computed along selected paths through the L-shaped
nomenon in 1988. The preferential lowering of triangularregion also indicate that there is no such aug-cc-pVTZ
forms of SiG is such that with the TZ(&) basis set, the CCSDOT) minimum: these potential energy curves were
linear structure becomes a transition state, the bent stationafgund to decrease monotonically from starting points with
point disappears, and the L form becomes a mininf@dr4  obtuse $-C-C angles through the anticipated L structure
kcal mol! below lineay at all levels of theory employed and onward to the T-shaped conformation. Moreover, the
here! aug-cc-pVTZ CCSDT) anharmonic force field for triangular
The larger triple basis sets expose a competition be-(C,,) SiC, (vide infra) was observed to not only closely
tween the L- and T-shaped structures which is exceedinglyeproduce the surface in the L region but also to exhibit no
intricate. The TZ(2l)) RHF relative energies of the ,T) depressions in its contour maps of this area. As shown in
forms are(—2.90, —0.10 kcal mol !, whereas further aug- Tables | and llI, the final picture provided by the aug-
mentation of the basis set with functions yields(—1.98, cc-pVTZ CCSQOT) level of theory is that a linear transition
+0.23 kcal mol? predictions. Therefore, at the reference state with[r.(C—C), r4(Si—0), wy(m)]=(1.292 A, 1.706 A,
RHF level, larger basis sets appear to place the T form only9i cm 1) connects monotonically to a T-shaped global
slightly above or even below linear SiCas previously minimum with [rg(C—C),ro(Si—0), ws(b,)]=(1.280 A,
observed? but in these cases a very clear preferefic®  1.853 A, 137 cm?), which lies 3.82 kcal mol* lower in
kcal mol'Y) is exhibited for the L-shaped structure over theenergy.
T alternative. This initial preference is almost exactly can-  The key to the L-shaped vs T-shaped competition in
celed by successive correlation countereffects, as demoisiC, appears to be unusually large contributions of higher-
strated by the following TZ(8) L-T energy differences: order polarization functions in extended correlation treat-
[RHF, CISD, CISD-(Q), CCSD, CCSOmN)]=(—2.796, ments of this system. This conclusion was tested here by
—0.516,—0.099,—0.075,+0.013 kcal mol'L. The remark- computing additional energy points at ttimear, L, T) op-
able degree of cancellation within the higher-order correlatimum structures given by thaug-cc-pVTZ, TZ(2l), aug-
tion treatments leads to the strikingly flat TA{RCCSDOT)  cc-pVTZ] CCSIOT) levels of theory, as documented in
energy profile in Fig. 2. The harmonic vibrational analysis of Tables Il and IV. The CCSO) T-shaped/L-shaped energy
the L and T stationary points given by the TH{)2CCSD(T)  difference of—0.24 kcal mol* with the aug-cc-pVTZ basis
method yieldsw;=51 and 57 cm?, respectively, revealing represents a significant stabilization of the T form over the
both structures to be local minima. Presumably a tiny barriefTZ(2d) value of —0.013 kcal mol', owing to (3d2f)
on the order of 0.01 kcal mot separates these minima, but rather than (#) polarization manifolds for each atom. Con-
our efforts to pinpoint this feature encountered persistent diftinued basis set augmentation to cc-pVQZ, whose atomic
ficulties. In brief, at the TZ(d) CCSIOT) level of theory, polarization scheme is @2f1g), more than doubles the
the web of polytopism appears to have reached a fascinatingCSID(T) prediction of this quantity to— 0.54 kcal morl !
extreme. In summary, there are both methodological and phenomeno-
Notwithstanding the conspicuous variations in the bend{ogical reasons for concluding that the global minimum on
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TABLE IV. Higher-level single-point energetic predictions for Si€nformations.

Lineaf L-shaped T-shapell
Method Etotal Erel Etotal EreI Etotal Erel
cc-pVTZ RHF —364.531 653 0.000 —364.535370 —2.332 —364.532932 -0.803
MP2 —364.898 236 0.000 —364.905927 —4.826 —364.906970 —5.481
cc-pvVQZ RHF —364.539 450 0.000 —364.543478 —2.528 —364.541206 —1.102
MP2 —364.929 383 0.000 —364.937933 —5.365 —364.939276 —6.208
CCSD —364.938 746 0.000 —364.947781 —5.669 —364.948445 -6.086
CCcsOT) —364.969 318 0.000 —364.975734 —4.026 —364.976590 —4.563
cc-pvV5Z RHF —364.541 635 0.000 —364.545723 —2565 —364.543483 —1.160
MP2 —364.941 175 0.000 —364.950235 —5.685 —364.951682 —6.593
o RHF —364.542 486 0.000 —364.546583 —2571 —364.544347 -1.17
Mp2 —364.948 742 0.000 —364.958403 —6.062 —364.959928 -—7.02

Total energies in hartrees, relative energies in kcalthol

Paug-cc-pVTZ CCSHT) geometry.

°TZ(2d) CCSOT) geometry.

YEstimated total energies at the basis set lifsite the text Thes MP2 entries are the sum of independently
extrapolated RHF energies and second-order correlation corrections.

the SiG surface is indeed a T-shaped equilibrium structurenonical orbitals rather than correlation-optimized Brueckner
In the end the L forms which exist at certain intermediateorbitals in higher-order treatments of SiC
levels of theory gradually disappear as unusually high orders
of polarization functions are included in extended correlation
treatments. w _ _ BARRIER TO LINEARITY AND HEAT OF FORMATION
Finally, the sensitivity of the SiCelectronic structure
problem inescapably raises concern over multireference Key thermochemical quantities of silicon dicarbide, such
character in the ground-state electronic wave function. Thas the disputed barrier to linearipa(T-L)] and the heat of
Euclidian norm of thet; amplitudes given by the CCSD formation, can be determined with increased reliability as a
procedure is a common diagnostic for nondynamical electrogonsequence of our completed methodological analysis of
correlation®® In the Tz(2d) and aug-cc-pVTZ coupled- the polytopism problem. Th&(T-L) difference predicted by
cluster wave functions, this quantity is ca. 0.021 for the lin-the CCSDT) method is —0.15, —2.71, —3.82, and
ear and T-shaped structures, or slightly higher than the sug-4.56 kcal mol'* with the DZ(d), TZ(2d), aug-cc-pVTZ,
gested standafd of 0.020 for the onset of substantial and cc-pVQZ basis sets, in order. The continued stabilization
multireference character. Nondynamical correlation of thisof the T-shaped form in this series, even with the addition of
magnitude should be recoverable with single-reference praatomic g functions, is remarkable. In contrast, tiE) cor-
cedures as long as a contribution from connected triple excirection to the CCSD energy not only favors the linear struc-
tations is present in the correlation treatment, as in theure but is nearly invariant to basis set augmentation, the
CCSOT) method. The full valence D&) CASSCK12,12  [DZ(d),TZ(2d), cc-pVQZ contributions toA(T—L) being
method provides another important indicator. Representatiofi..48, 1.46, 1.5Pkcal mol L. Finally, the DZ@) BD(T) and
of these multiconfigurational wave functions in terms of ca-BD(TQ) results reveal a sizeab{®) increment inA(T—L) of
nonicalized, CASSCF natural orbitals reveals leading Cl co— 1.14 kcal molt, which is likely to be insensitive to basis
efficients of (0.925, —0.127,-0.110 for linear and(0.930, set given the behavior of the anteced@ntcorrection. These
—0.151, 0.10¥ for T-shaped conformations. Thus the refer- pieces of data suggest that an explicit cc-pVQZ (BQ)
ence configuration in thdinear, T-shapedstructures com- value for A(T-L) would be close to +4.6)+(—1.1)
prises(85.6%, 86.5% of the total wave function, whereas =—5.7 kcal mol'L. In gauging the uncertainty of this result,
the next two configurations additionally contribute only it should be noted that continued basis set expansion should
(2.8%, 3.4%. In brief, no competing configurations can be stabilize the T-shaped system further, whereas remaining
singled out, including the (@&,)°>— (4b,)? double excitation high-order correlation terms might be expected to favor the
in the T-shaped system which describes diradical character iimear structure, i.e., the oscillatory behavior of the correla-
the strained, in-planer bond of the G moiety. Finally, the tion series suggests that BDQ) theory overshoots the true
near equivalence of analogous coupled-cluster and Brueckk(T—-L) value.
ner predictions is indicative of limited nondynamical corre- A quantification of these effects and a final prediction
lation in SiG. For example, the average difference in thefor A(T—L) can be accomplished via extrapolations based on
(bond distances, stretching frequentiesTables | and Ill is  the additional cc-pVTZ through cc-pV5Z RHF and MP2
(0.0011 A, 7.5 cm?) for DZ(d) CCSD-BD and a mere single-point energies presented in Table IV together with the
(0.0002 A, 2.8 cm?) for DZ(d) CCSD(T)-BD(T). These application of Padapproximants to the DZ{) MP2 through
comparisons clearly demonstrate the sufficiency of RHF caMP5 correlation energies. The correlation-consistent struc-
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ture of the cc-pWZ sets facilitates extrapolations of total TABLE V. Gas-phase thermochemical data (kcal iplemployed in the
energies to the one-particle basis set limit, because incremeficermination o, of SiC,
tal energy lowerings fit approximate geometric series infthe  gpecies AH: 2 ZPVE

parameter 1) .>° Specifically, by assuming a geometric ratio
of x=(es— €,)(e4— €3) "1, the extrapolation Co"%g) 198.2:0.9 2.64
5S4/ 53] Cy(3I1,) 200.2¢0.9 2.34

Si(P) 106.66-1.9
H 1
€,= €4+ (e5— €4)(L+X+X3+-+) SIG(AY 385
2 ®Data from Ref. 93.
— et €57 €4 _ €47 €365 The zero-point vibrational energi¢€PVES were evaluated using anhar-
4 1—x 2€,— €3— 55’ monic molecular force fields. The data fop @re from Ref. 93, while the

result for SiG is from this work.

has been employed here fef equal to either the cc-pvz
correlation energies or the corresponding RHF total energies,

yielding thee RHF and= MP2 entries in Table IV. The Method A. Si®P)+Cy(X 37)—SiCxX *A,), 1)
continued stabilization of the T-shaped form of $t€Grough
the (3d2f1g)—(4d3f2glh) augmentation and onward to Method B. Si®P)+C,(a 3II,)— SiCy(X *A,). 2)

the basis set limit is indisputable. In the Hartree—Fock limit,
A(T-L) appears to lie near 1.2 kcal mol'?, and the esti- The established thermochemical data listed in Table V pro-
mated MP2 counterpart is 7.0 kcal mol'%. It is noteworthy  vide AH; ((SiCy) from accurate binding energied E,) de-
that in thee RHF case, L-shaped Sj@ actually the lowest- rived by the focal-point (fp) method of Allen and
energy form, by 1.4 kcal mof; however, thee MP2 results  co-workers?*~% Here the fp scheme entails the primary
place the T-shaped structure unambiguously below all otheomputation of RHF, RCCSD, and RCCED total energies
ers, consistent with the conclusions reached above. As inwith the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets accom-
ferred from the MP2 data in Table IV, the basis set incom-panied by corrective cc-pvDZ UCCSD), UBD(T) and
pleteness error for highly correlated cc-pVQZ predictions ofBD(TQ) results’® The total energies for all species in reac-
A(T-L) is a sizeable 0.8 kcal mot. To support the conten- tions (1) and(2) are collected in Table VI. Also provided in
tion that in cc-pVQZ BITQ) computations this error would the table(n.b. footnote b thereinare« RHF, CCSD, and
be mostly canceled by the inexactness of the electron correcECSI(T) estimates derived from a cc-p¥ extrapolation
lation treatment, we have applietshifted [2,1] Pade scheme similar to that described above.
approximant®~*2to extrapolate the DZ{) MPn correlation The focal-point analysis ak E, for reactions(1) and(2)
series to the full-Cl limit at the linear and T-shaped MP5 (Methods A and Bis laid out in Table VII. The validity of
optimum structuregTable |). Although not rigorous, the the fp method hinges on the rapid convergence of higher-
results give A(T-L)=-0.58 kcal mol'!, suggesting that order correlatioincrementgor the reaction energyis-avis
the corresponding BOQ) prediction is indeed basis set augmentation. This property is indeed actualized
0.7 kcal mol'* too large in magnitude. In other words, our here. Note first that the cc-pVFZcc-pVQZ augmentation
error estimations provide a net shift of the previously sur-changes the leading correlation incremeh€CSD), by 3.04
mised cc-pvVQZ BIOTQ) energy difference of only-0.8  and 3.17 kcal mol, for AE, of Methods A and B, respec-
+0.7=-0.1 kcal mol'!. Accordingly, a final proposal of tively. However, these sizeable cc-pVFZc-pVQZ shifts
A(T-L)=-5.8 kcal mol'* is advanced. are followed by modifications of only 0.03 and 0.18
In comparison, the 1994 study of Raatsal* performed  kcal mol™? in the corresponding{CCSD(T)] contributions.
stimulated emission pumpin¢SEP of the X 'A;/A 1B,  Moreover, the extrapolation to an infinite basis predicts
system to locate (0,0g) overtone levels and obtained a fit- changes past cc-pvQZ for Methods A and B of
ted SRB potential with an extrapolated barrier to linearity of1.2—1.6 kcal mol* for §CCSD| but only 0.10-0.13
5.4 kcal mol't. As discussed in the introductory material, kcal mol ! for §CCSID(T)]. The next correlation increment
the spectroscopic data extended to Jacobi angles as smalliastaken from the cc-pVDZ UBIDX'Q) computations, which
30° but were insufficient to give definitive features of the reveal(Q) contributions of less than 1 kcal mdi for Meth-
potential function any closer to linearity. Despite such limi-ods A and B. Given the convergence behavior of the
tations, the main conclusion is that agreement betweed CCSIO(T)] term, it is justified to approximaté[BD(TQ)]
theory and experiment on the salient aspects of the grounds the cc-pVDZ result throughout. In this way one arrives at
state SiG pinwheel surface has been now established, viz.the focal-point binding energiedAE¢(1)=-152.14 and
the existence of a metastable linear isomer is ruled out; ther& E,(2)= — 152.93 kcal mol. With the thermochemical
is no depression on the surface which supports L-shapedata of Table V, these results then yield predictions of
minima; and the global minimum of SjGs a T-shaped mol-  AHj (SiC;) = +153.9 and+ 155.4 kcal mol? for Methods
ecule lying 5—6 kcal mal* below the linear SiCC transition A and B, in order.

state. The residual errors in the reaction energies computed
The heat of formation of SiCcan be efficaciously in- from the focal-point method include the neglect of valence
vestigated by means of the following reactions: correlation higher than fifth order in perturbation theory, as
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TABLE VI. Total energieshartre¢ of various species used in the determinatiom\éf; (SiC,).*

Method C('3) c,(I,) SiCP) SIC,(*A;)
cc-pvDZ RHF ~75.386 902 ~75.474 482 ~288.846 421 ~364.501 446
cc-pVDZ RCCSD ~75.699 129 ~75.711077 ~288.913 953 ~364.832 305
cc-pVDZ RCCSOT) ~75.726 695 ~75.724 242 ~288.915 027 ~364.851 694
cc-pvDZ UCCSOT) ~75.726 695 ~75.724 396 ~288.915 089
cc-pvDZ UBD(T) ~75.725 229 ~75.723 782 —288.920 192 —364.858 141
cc-pvDZ UBD(TQ) ~75.726 643 ~75.726 130 ~288.920 579 —364.858 641
cc-pVTZ RHF ~75.401 447 ~75.488 602 —288.852 151 ~364.532 932
cc-pVTZ RCCSD ~75.749 551 ~75.762 109 —288.930 444 ~364.921 332
cc-pvTZ RCCSOT) ~75.783 070 ~75.780 054 ~288.933 032 ~364.947 536
cc-pVQZ RHF ~75.405 765 ~75.492 773 —~288.854 107 ~364.541 206
cc-pvQZ RCCSD ~75.765 696 ~75.777 898 ~288.934 550 —364.948 445
cc-pvQZ RCCSIT) ~75.800 807 ~75.797 113 —288.937 533 —364.976 590
% RHP ~75.407 589 ~75.494 522 —288.855 120 —364.544 156
% RCCSD ~75.769 919 ~75.782 589 —288.936 024 —364.956 707
 RCCSOT) ~75.805 468 ~75.802 280 ~288.939 139 —364.985 631

% or G, bond distances of 1.2425 AY ;) and 1.3119 A{I1,) were usedRef. 93 while the aug-cc-pVTZ CCSO) geometry was employed for SiCThe
C 1s and Si 5, 2s, and 2 core orbitals were frozen in all computations except(BDand BOXTQ), in which only 1s cores were frozen due to orbital
convergence problems encountered when thesSirl 20 sets were removed from the active space.

PThese results are based on an extrapolation to the basis set limit by means of a geometric series, as described Wr&LBAINEhe CCSD and CCSO)
total energies were estimated by fitting to a geometric series the incremental correlation energy lowerings in the seqo¥ncén=1, 2, 3, 4 and adding
the predicted higher-orden{4) contributions to the correlation energy obtained with the cc-pVQZ set«TIREIF energies were obtained in a similar way
by fitting RHF energy lowerings to a geometric series.

well as core and core—valence correlation. Of course(3<rg)2—>(2(ru)2 excitation. This nondynamical correlation
the basis-set extrapolation scheme, which increases the bindffect appears to be manifested in the lard&@CSO(T)] and

ing energies by 1.4-1.8 kcal md| is also inexact. The & [BD(TQ)] increments for reactioiil). In fact, the afore-
recovery of valence electron correlation in Method A is mentionedit,|l diagnosti€® is about 0.021 for Sig Si, and
expected to be more problematic than in Method B, becaus€,(®I1,), but ca. 0.038 for g(lz ), substantiating the con-
the G(X 12 ) fragment has a substantial contribution in siderable multireference character of the singletsfecies.
the ground -state wave function arising from the Therefore, one might be inclined to ascribe more weight to

TABLE VII. Evaluation of AH{ ((SiC,) by Methods A and B.

cc-pVDZ cc-pVTZ  cc-pvVQZ ooP

A. SI(P)+Cy(X 13 ) —SIC(X 1Ay)

AEJRHF] —168.25 —175.28 -176.54 —176.61
JRCCSD +30.68 +23.84 +20.80 +19.26
JRCCSOT)] +5.80 +6.21 +6.24 +6.11
JUBD(TQ)] -0.90 [-0.90] [-0.90] [-0.90]

AE(corr) —132.67 [—146.13 [-150.40 [-152.14

AE,= AEJfp] + A[ZPVE]=-152.14+1. 21 kcalmol! = —150.93kcal mol*
AH; o SIC,) = AEg+ AH; o Si) + AH; { Co(X 137)]
:—150.93+106.66r198.}153.9kca| mol!

B. Si(®P)+ C,(3 3IT,)— SiC,(X *A,)

AEJRHF] -113.29 -120.59 -121.94 —122.06
JRrRCCSD -16.78 -22.97 —26.14 —27.34
JRCCSOT)] -323 -356 -374 —3.84
JUBD(TQ)] +0.31 [+0.31 [+031 [+0.3]

AE(corr) —~132.99 [-146.8] [-151.5] [—152.93

AEy=AE[fp]+A[ZPVE]=-152.93+1.51=—151.42 kcal mot*
AH; ((SiCy) = AEq+ AHj (Si) + AH; J Co(3 °T1,)]
= —151.42+ 106.66+ 200.2= 155.4kcal mol*

3All entries in kcal mofL. In the focal-point(fp) extrapolations of correlatioficorr) series, the symbob
denotes théncrementin the reaction energyXE,) relative to the preceding level of theory. The increments in
brackets are assumed values based on the cc-pVD@ @Dprediction.

PDerived from total energies extrapolated to an infinite basis set, as described in footnote b of Table VI.
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TABLE VIII. Complete aug-cc-pVTZ CCSIN) quartic force field of SiG.?

ij Fij ijk Fijk ijkl Fijk

Valence internal coordinates:
{S1=r(C-C), $,=27qr(Si-C)+r,(Si-C)], ;=2 r(Si-C)-r,(Si-C)]}

11 10.995 111 —67.44 1111 336.7
21 —0.6526 211 0.715 2111 1.62
22 2.7527 221 0.991 2211 —2.22
33 0.1208 222 —9.293 2221 —2.53
331 —1.491 2222 27.28
332 —8.963 3311 1.01
3321 0.47
3322 28.15
3333 76.13

Jacobi internal coordinates:

{$1=r(C-C), $,=R(Si-C), $;=p(SI-G)}

11 10.840 111 —66.86 1111 338.3
21 0.0258 211 1.465 2111 —1.52
22 4.8492 221 —3.152 2211 —5.39
33 0.08711 222 —20.73 2221 16.44
331 —2.539 2222 73.76
332 —9.575 3311 —6.56
3321 —5.04
3322 37.99
3333 50.67

@The units of the force constants are consistent with energy in aJ, distances in A, and angles in rad.

the (highep Method B result forAH; «(SiC,), and thus we best value among available theoretical and experimental re-
advance a value akH; (SiC,)=155+3 kcal mor ™. sults.

The accepted vald@ for AH; ((SiC,), which is 145.6
iG.Q kcal mol'?, is based on _pre_-1965 mass SpeCtrome_triCANHARMONIC FORCE FIELD
studies of vapor-phase equilibria over the systems SiC—
graphite, SiC-silicon, and boron—carbon—silicon. Our pro-  Definitive studies of the unusual rovibrational dynamics
posal represents a substantial revision of this empirical heatf SiC, will require analytic representations of the polytopic
of formation and a large reduction of the associated uncerpotential energy surface. However, a preliminary representa-
tainty. The error intervals of the experimental and theoretication of the anharmonic surface in the region of the T-shaped
values barely overlap, calling for renewed laboratory work toequilibrium geometry is provided by the complete quartic
investigate the disparity. The most notable competing theoforce fields specified in Table VIII. Force constants deter-
retical value forAH; o(SiC,) is 150.9 kcal mol!, obtained mined at the aug-cc-pVTZ CCSD) level of theory are
via the G2 method in the aforementioned study of Deutschisted therein in two internal coordinate syster(y: a stan-
and Curtis$! The G2 methotf employs additivity approxi- dard valence set dsymmetrizetibond distances, an@) the
mations to obtain effective QCISD)/6-311+G(3df,2p) to-  Si—C, Jacobi variables involving the distandg)(and angle
tal energies, to which an empirical higher level correction(p) of the silicon spectator with respect to the midpoint of the
(HLC) is appended. Notwithstanding the systematic calibraC, fragment. The Jacobi coordinates provide a more natural
tion studies bolstering the G2 method and the HLC in par-description of T-shaped molecules executing large-amplitude
ticular, the current focal-point analysis entails direct compu-pinwheel motion. In particular, th&,; quadratic coupling
tations and extrapolations which are more complete both itonstant is much smaller in the Jacobi representation than in
terms of the one-particle basis set and the correlation treathe standard valence coordinate set, consistent with the an-
ment. The 4 kcal mol* difference in the competing theoret- ticipated structur® of the normal modes of a T-shaped spe-
ical predictions may arise from unusually severe basis seaties exhibiting nondirectional bonding. Nonetheless, the two
requirements of the SiCsystem, as suggested by the largeforce fields provide contour plots for large-amplitude motion
effect that atomiag functions have on the pinwheel surface. which are hardly distinguishable. In Fig. 3 comparative con-
In this regard it is noteworthy that the G2 prediction for tours for silicon excursions about a fixed, @oiety are
A(T-L) of SiC, is —3.51kcalmol?, which is shown, as given by the quadratiop) and then quarti¢bot-
2.2 kcal mol't smaller in magnitude than the barrier to lin- tom) force fields in the valence internal coordinate represen-
earity surmised here. In brief, the current prediction,tation. Three features of the plots are saliéb}:there are no
AH{ ((SiCy)=155+3 kcal mol !, should be considered the depressions in the contours arising from an L-shaped mini-
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TABLE IX. Anharmonic constantsyj;) and harmonic vibrational frequen-
cies (w;) of SiC, predicted by the aug-cc-pVTZ CCSD level of theory?

y(4)

wy(a;)=1751 wy(a;) =798 w3(by) =137
Y11= —11.34 Ya1=—1.70 Ya1= —23.49
Xar=—2.73 X3=85.60 Yas= —32.10

aAll quantities in cnmt.,

turbation theor}?® which differed from the original values

by less than 7 cm'. Therefore, it appears that quartic force

fields provide a representation of the anharmonic surface

which is adequate at least for a preliminary exploration of

the low-lying vibrational eigenstates of SiC

— The 1991 dispersed fluorescend@F) study of Buten-

5ol hoff and Rohlfing?® yielded 43 vibrational term energies of

, , , the SiG ground state involving long progressions in the

- 05 0 0.5 1 vs mode. These progressions exhibit extreme negative
z(4) anharmonicity and periodic resonances arising from strong

, coupling betweenv, and v; vibrations. The variation of
FIG. 3. Contour plots of the aug-ccpV1Z CCBD quadratictop) and energy levels with respect to the quantum numbers for
quartic (bottom) force fields of SiG from the valence internal coordinate . . .
representation. The Cartesian plots correspond to the motion of silicon in th&—C and Si—@ stretching is reasonably reckoned by the
yz plane about a fixed moiety lying along the axis. Contours are drawn  standard spectroscopic constanris=1756.8, w,=844.0,
every 200 cm?, beginning at 100 cit above the T-shaped Si@inimum. X11=—11.8, x,,= —4.58, andy,;= — 3.8 Cmfl, but the ex-
tensivev; progressions cannot be accounted for by second-
order perturbation theory.
mum or any related artifact of the electronic structure prob-  Similar conclusions are reached on the basis of the an-
lem; (2) the effect of the anharmonic terms in the force fieldharmonic constants reported in Table IX, which are derived
is to straighten outthe trough for pinwheel excursions; and from the aug-cc-pVTZ CCSQ) quartic force field. The
(3) the vibrational amplitudes occurring in the low-energy agreement between theory and experimentfpr@nd y11 is
pinwheel eigenstates are extreme. In brief, the anharmoniadeed quantitative6 and 0.5 cr® errors, respectively
force field yields a surface which favorsctilinear viora- The Si—G stretching frequency is underestimated by
tions of silicon parallel to the axis of GQully spanniga 1 A 46 cmi'l, indicative of a predicted bond which is not tight
range within the first 1 kcal mof of energy! This remark- enough(vide infra), and the theoreticay,, and x,; anhar-
able behavior is indeed polytopic in character. Limitations ofmonic terms appear to be too small in magnitude as well.
force field representations of the surface are thus expectetllonetheless, the level of accord is within reason. Consider-
Of course, further extension of the contours of the anharable difficulties are encountered in all parameters involving
monic force field does eventually redirect the trough throughthe pinwheel modev;, however. First, the aug-cc-pVTZ
linear SiCC configurations, restoring curvilinearity to the CCSD(T) result for wg is 137 cm', with a total predicted
path for higher-energy pinwheel motion. anharmonicity of—33 cm' L. In view of the establishéd>3
Some efforts were made to test the validity of the quarticempirical fundamental,y;=196.37 cm?, the theoretical
force field representation from which the bottom contour plotharmonic frequency must be too small by a factor greater
in Fig. 3 was generated. Single-point aug-cc-pVTZ CCHD than 1.5. Secondsffectiveanharmonic constants for the
energies were computed at 16 locations obtained by displachode can be extracted from the lowest-lying fundamental,
ing normal coordinates, individually as well as collectively, overtone, and combination levels tabulated by Butenhoff and
around the minimum, and these energies were compared ®ohlfing3?33 These empirical quantities are
those predicted by the force field. The test geometries in-
cluded displacements of one or two normal coordinates just X32= (vt v3) —vo—v3
bgyoqd the classical points qf the fundamgntai,@z,vs) —1072.2-840.6-196.4=35.2 cnil,
vibrational levels, and all displacements involved bond-
length distortions greater than or equal to 0.06 A. The dif-
ferences between the actual aug-cc-pVTZ CCB@nergies
and those predicted by the quartic force field were less than =1925-1746-196=—17 cm*},
15cm ! in all cases except one, where the difference was
36 cmi . By adjusting theF 55, Fii11, Faar, Fasir Fases and
F3320, andF 33,4 force constants to fit the test energy points _ _
o less than & ot in all cases, anharmonic fundamental X3=(1/2)(2vg) v
vibrational frequencies were obtained by second-order per- =(1/2)(352.9—196.4=—19.9 cmL.

175

y(4)

X31=(vit+vz)—vi—v3
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TABLE X. Vibration—rotation interaction constantsy(, 10~°cm ) for  inertial defect, it is thus preferable to ascertain the molecular
SiC, isotopomers predicted by the aug-cc-pVTZ CGEDforce field. structure from the AO:BO) sets alone. Assuming equal

%5ic, 28Gi12013 25ic, 05iC, Weigthts for atlr|1 isotopt())tm_eric((éatzé )in lazlg;agz-zs)quages rec;‘ine-
ment, we then obtainry(C—C)=1. an
A —36.61 —34.49 —36.61 —36.61 ro(Si—C)=1.8369(1) A, essentially the same parameters re-
A ~1.23 -0.70 ~1.22 ~1.22 0

" o4 29 9560 5140 a5y  Pported by Thaddeust al1*If the zero-point vibrational con-
a% _0.26 _0.26 _0.26 026 tributions are deflated from theAf,B,,Co) isotopomeric
o 2.06 1.88 2.01 1.97 data sets by means of the theoretiaalconstants, then the
ol 14.80 14.19 14.55 14.32 inertial defect is reduced in all cases, but only to about
ag —i-gg —11-‘?35 _1i6214 —1-15;2 0.21 u 2.1 Our least-squares refinement procedure yields
a; . . . . )= Y—
o8 1593 1160 1508 1193 Fe(C—C)=1.2694(3) A andr(Si-C)=1.8222(1) A from

the resulting A.,B.) estimates. The direct algebraic solu-
tions for these distances given by tHiSiC, rotational con-
stants alone are identical within 0.0001 A, revealing the con-
The corresponding theoretical anharmonic constants froriistency of the isotopomericA¢,B) pairs. These carbon-
Table IX are all much larger in magnitude than these effeccarbon and silicon-carbon bond lengths are 0.0009 A larger
tive values, particularly in the extremgs,=85.60 cmt®  and 0.010 A smaller, in order, than those present in the sub-
case. Finally, the overestimation of tiyg, constant engen- stitution (r) structure extracted from the same empirical ro-
ders a highly dubious total anharmonicity predictioh36  tational constants by Bogey and co-workérs.
cm™ Y for the Si—G stretching mode. The r,—r differences resulting from the least-squares
In summary, an instructive view of the SiGurface is analysis are+0.0025 A and—0.0147 A for the C-C and
provided by the aug-cc-pVTZ CCSD) quartic force field. Si—C bonds, respectively. The zero-point vibrational shift of
The trough containing the T-shaped minimum favors low-the carbon-carbon distance toward smaller effective values
energyrectilinear motion of extreme amplitude for silicon is, of course, peculiar, if not dubious. It is noteworthy that
excursions parallel to the Qaxis. An expansion of the po- the publishedrg(C-C) parametéf is also longer than its
tential energy function through fourth order appears to profo counterpart. Such unusual behavior may actually be a
vide an acceptable representation for the description of thghysical manifestation of large-amplitude motion in the
lowest eigenstates for this motion, but the application of vz mode, but this point is clouded by the considerable
spectroscopic perturbation theory to this problem is fraughinertial defect remaining in the empirically based
with  difficulties. Moreover, while the aug-cc-pVTZ (Ae,B.,Cc) estimates. Specifically, if the complete
CCSOT) level of theory correctly predicts the basic features(Ag,Bo,Co) and (A.,B.,C,) data sets are employed in our
of the SiG polytopism problem, it is still insufficient to ob- least-squares procedure, i.e., thaxis inertial moments are
tain quantitative information for the; vibrational levels. also included, then the results afey(C—C), rqo(Si—C)]
Future work on these vibrations should employ an electronic=[1.2753), 1.8406(9) A and [r,(C-C), r(Si—C)]

structure method which gives a larger separatiors =[1.2742), 1.8245(6) A. In brief, alternate C—C distances
kcal mol'?) for A(T—L) and an attendant; potential func-  are obtained which are over 0.005 A larger than before and
tion with greater curvature. which do not exhibit the peculiar,—r shift.

The validity of the empirically based, results can be

EQUILIBRIUM (R,) STRUCTURE OF SiC gauged by more detailedb initio considerations of the
e 2 SiC, equilibrium structure. The aug-cc-pVTZ CCS8D pre-

The anharmonic force field determined at the aug-ccdictions of[ro(C—C), r(Si—C)]=(1.2798, 1.8534) A pro-
pVTZ CCSOT) level of theory can also be employed in a vide a convenient reference geometry. Because the
preliminary investigation of zero-point vibrational effects on CCSD—CCSD(T) changes in the bond lengths depend only
the molecular structure of SjC The empirical rotational weakly on the one-particle bagiable ), it is reasonable to
constants from the voluminous high-resolution rotationaladopt the DZ{) BD(T)—BD(TQ) [r(C-C), &r(Si—C)]
spectroscopic work 1621-%reviewed above can be inter- shifts of(—0.0006,—0.0019 A as corrections due to higher-
faced with theoretical vibration—rotation interaction con-order electron correlation effects. The consequences of basis
stants ;) to determine equilibriumr() structural param- set incompleteness can be estimated as the aug-cc-
eters. Bogey and co-workéfs have compiled high- pVTZ—aug-cc-pVQZ CCSIDI) contractions in the ground-
resolution rotational constantsA¢,B,,Co) for ?’SiC,  state equilibrium bond distances of ,@3;) and
25ic,, 3sic,, and 28si3c’?C, and the aug-cc-pVTZ SiC(S™), viz., 0.0049 A(1.2509-1.2460 A and 0.0107 A
CCSOT) a; constants for these isotopomers are listed in(1.8374-1.8267 A. Finally, our calibration®? suggest
Table X. Each Ag,Bg,C;) set exhibits a pronounced inertial shifts in the bond distances due to core correlation of
defect near 0.35 u? For T-shaped SiCisotopomers with —0.0031 and-0.0044 A, in accord with other studié® 1%
equivalent carbon atoms, the carbon—carbon bond length dfhe compositeab initio predictions for the T-shaped struc-
rectly determines tha-axis moment of inertial(). Like- ture of SiG are thusr (C—-C)=1.2798-0.0006-0.0049
wise, theb-axis moment [})) is governed by the distance of —0.003%=1.2712 A and r.(Si—C)=1.8534-0.0019
silicon to the midpoint of the C—C bond. In view of the large —0.0107-0.0044=1.8364 A. The same scheme applied to
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