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We test the recently developed state-specific multireference Brillouin—Wigner coupled cluster
(MRBWCCSD method against the single reference CCSD method by examining theoretically the
competingX 33~ and®3 "~ states of the(experimentally unknownisovalent calcium and zinc
carbide diatomic¢CaC, ZnQ. At the CCSD level, CaC is “incorrectly” predicted to have a ground

53~ state; however, the MRBWCCSD treatment restores the correct state ordering, and improves
significantly the energetics for both molecules. Further comparison with various single- and
multireference treatments shows that the latter are absolutely necessary for obtaining meaningful
results for the ground states in both molecules. 2@02 American Institute of Physics.
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I. INTRODUCTION CaC the situation had been less clear. Early theoretical cal-

Since our recent development of a state-speciagle- culations by Canuteet al’® using the fourth-order many-
root) multireference coupled cluster method based on th(—?Ody perturbation theoryMBPT(4)] postulated a ground

Brillouin—Wigner resolvent(MRBWCCSD),'~® we have state3 of *%~ symmetry, originating from the )
been performing a series of tests by applying this method to” CCP;M_=0) atomic fragments. A few years later, Da

a number of chemical problems of multireference nature, irSilva et al. pointed out the existence of a low-lyings -
order to assess its capability of providing quantitative resultState, which actually stems from the €&+ C(*P) channel
with less computational cost than other MRCC methods. Sqvide infra), but was incorrectly considered to originate from
far, applications have included the geometrical and electronithe CatS)+C(°S) fragments:? Apparently, due to a poor
structure of the ozone molecuighe singlet Q systent, the  GVB description and a moderate-sized basis set, this state
automerization of cyclobutadiedethe potential energy was claimed to be the ground state of the CaC molecule at
curves of the dihalogens,¥and IBr; and the singlet-triplet the configuration interaction generalized valence bond
splittings of CH,® SiH,,® twisted ethylené,and the tetram- (SDCI-GVB+Q) level of theory, with the®s ~ state lying
ethyleneethane biradicHl.In the present paper, we continue 2.6 kcallmol abové? A year later, Serrano and Cantftoe-
applying the MRBWCCSD meth?d to a different case Ofyisited the ground-state problem of CaC by calculating the
multireference nature caused by “near-degeneracy effECts”tori:plet—quintet splitting with different size-extensive single-

Such effects are expected to be obse_rved in the cases reference methods including second and fourth-order MBPT,
the closed-shell{s?) atoms of the 2ndalkaline-earth metal ) ) .
as well as spin-unrestricted coupled cluster without

and 12th columns of the periodic table due to the near-uCCS d with[UCCSDT] the inclusi f the triol
degeneracy of theims andnp orbitals. For the alkaline-earth ( D and with| OT)] the inclusion of the triple

metal carbide diatomics, the lack of proper account of thi€Xcitations in a perturbative way. Although at the MBPT and
effect, together with the complete nonavailability of experi- UCCSD levels of theory, th€~ was found to be the
mental data has led to some controversy in the past regardirjound state, the ordering of the two states was reversed after
the identity of their ground statés:'* BeC and Mg@t*? including the triple excitations, predicting finally -
have now been established theoretically to havéSa  ground state, with théS ~ lying 2.4 kcal/mol abové? Very
ground state with &%~ state lying closely abov¥ but for  recently, Papakondylis and Mavridshave performed quan-
titative multireference configuration interactioMRCI) cal-
3Electronic mail: petr.carsky@jh-inst.cas.cz culations for the ground and several low-lying states of CaC;
PElectronic mail: mavridis@chem.uoa.gr the33 ~ symmetry of the ground state was indeed confirmed,
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with the 3~ state located at least 4.2 kcal/mol above theAt the equilibrium M—C distande), the coefficientsCy,
X33 state® C,, C, are found to be 0.71;-0.48, 0.26 for CaC, and 0.87,
The situation is less dramatic for the isovalent ZnC mol-—0.36, 0.17 for ZnC, while at infinitf,=0, and the & and
ecule. Boldyrev and Simoffsafter investigating 4 states of 30 MOs correspond to thestand 4p, atomic orbitals of
ZnC at the quadratic configuration interaction, QC{3D M(=Ca-Zn. The qualitative features of the bonding can be
level of theory reported & 33~ state, with the’S ™ state  depicted through the vbL icon.
lying now much higher T.,=23.9 kcal/mol) than in CaC,
apparently due to the much higher atomiP(4s'4p?)
—15(4s?) energy separation in Z%.054 eV} than in Ca
(1.892 eV).}” Our very recent large calculations for the
ground and several excited states of ZnC at the MRCI t&vel
have confirmed these results. As will be shown later, the M('S) CCP; M, = 0) MC (X %)
53 7 X?33 " gap is also underestimatéout not reversed in ’
this case¢ in ZnC with various single reference methods. (4)
Similarly to CaC, we are also not aware of any published
experimental data for ZnC.

= M:—»(:::

The X33~ state owes its multireference character
. . 2 2 .
The reason for the aforementioned difficulties in predict-milgiszltgil;i (\)/\llji?r:ycoee)g‘:igieednt(ca [Tzza(:g)] dg:e;rr]mc;?&nrt
ing cqrrectly thes.z_gsg_ energy diﬁereanF , lies appar- words to thxe “nyear degeneracy” oflthsénd 14)(4pz) or-
ently in the multireference nature of theé°> ™ state con- b}tals of the M atom. Apparently, this can explain why al-

trasted to the, in essence, purely single reference nature Pnost all single reference theoretical treatments which do not
the high-spin®s~ state. As mentioned before, the latter 9

races its lineage to the NIP:M, = 0)+C(P: M, = 0) com- account for nondynamical correlatigimcluding CCSD fail

B ) ) to describe the& 33~ state quantitatively, thus underestimat-
ﬁgﬂf;t;[cs)(rl:/l =Ca, Zn and is adequately described by the con—ing (or even reversingthe °S ~— X 33~ energy gap(see

below).

55 )~ | 1020130 L ml L m]), (1) Our primary aim in this work is not to predict the ground

states of the two molecules, as we believe this to be an al-

where the numbers in front of the molecular orbitd#Os)  ready resolved issu&:'® The motivation is rather to test the
refer to the ordering within the valence space of each molcapability of the MRBWCCSD method to account for the
ecule. A qualitative view of the bonding can be captured bynondynamical correlation effects and, hopefully, improve the
the following valence-bond-Lewig/bL) icon single reference CCSD treatment which fails to predict the
33,7, 53~ ordering for CaC and an accurat® ~«— X33~
energy separation for ZnC. To ensure their overall credibility,
the MRBWCCSD results were monitored against compa-
rable MRCI results.

IIl. THEORY AND COMPUTATIONAL DETAILS

MCP; M =0) CCP; ML =0) MC (%) For both molecules, we have calculated the full potential
energy curves of th& 33~ and %3~ states employing a

) variety of methods, including MRBWCCSD. We report dis-

sociation  energies [0, spectroscopic constants

indicating that the MCa—Zn and C atoms are “formally” (Fo.00.wexy). and the importants— 33 energy split-
er*rerrenre/

kept together by three “half{one-electronbonds, although
our Mulliken population analyst3® has shown that charge
transfer along ther frame is almost negligible. The configu-
ration (1) is found to dominate the full-valendés) complete
active spacgdCASSCH wave functiorts) of CaC and ZnC
with a coefficient of 0.98 in both cas&s!8testifying to the
single-reference nature of this state.

For the groundX 33~ state however, emanating from
the M(*S)+C(EP;M_ =0) channel, the full-valence
CASSCF wave function is composed by six significantly
contributing determinants

The reference space was optimized by distributing 4
electrons(the 2 valencee™ of M and the 2p_e™ of C) in 4
orbitals (20,30, 1m,1m,) using the CASSCF methodology.
This calculation will subsequently be denoted as
CASSCFK4,4). Afull-valence CASSCEF calculation, where all
6 valence electrons are distributed in the 8 valence orbitals
corresponding asymptotically to thes4 4p and &+ 2p va-
lence orbital spaces of ¥ Ca,Zn and C, respectively, was
also performed and will be denoted either as CAS&Hr
or as fvCASSCF.

|X 327>~CO|10220217§1W;>+C1|10230217.,)1(17.,;> ~ For tech.n_ical reasons, instead of E&) we have used a
_ o slightly modified reference wave function for the subsequent
+C,l10?(20" 30 11y + 2030 Lyl BWCCSD calculations keeping the tws electrons triplet

- —Ta 1 1o 1. 1T coupled while always utilizing the CASSGF4) optimized
+20°30 1mlm +20 30 1mlmy). (3)  active space. Thus, our mod@brojected reference wave
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TABLE I. Atomic energie<E (hartreg for the ground states of Zit§), Ca (S), and C £P) and singlet—triplet
(3P«1S) separationgeV) for Zn and Ca at different levels of theory.

E Sp1s
Method ca(s) Zn (*s) Cc(®P) Ca Zn
NHF? —676.758 186 —1777.848 12 —37.688619
saSCPE —676.758 159 —1777.847 31 —37.688 330 1.076 2.644
CISD —676.787 051 —1777.881 35 —37.784 099 1.685 3.420
CISD+Q° —37.7893
ACPH —37.785 795
RCCSD —676.787 051 —1777.881 35 —37.784 586 1.685 3.420
rccsoT) —37.787 154
BWCCSD —37.784 770
CASSCR2,2)" —676.769 741 —1777.860 49 1.320 2.949
MRCI! —676.787 043 —1777.879 48 1.681 3.359
MRBWCCSD —676.785 861 —1777.87834 1.649 3.327
fVCASSCH —676.785 025 —-1777.878 77 —37.705 690 1.807 3.500
fvMRCI —676.787 053 —1777.881 35 —37.785 706 1.685 3.420
fYMRCI+Q —37.7887
fYMRACPF —37.787 234
C-RCCSD —676.988 525 —1778.349 80 1.794 3.734
Cc-rRccsOoT) —676.993 222 —1778.369 18 1.842 3.849
C-MRC! —676.981 767 —1778.322 00 1.864 3.556
C-MRCI+Q —676.993 3490 —1778.349 4 1.857 3.717
C-MRBWCCSD' —676.988 055 —1778.349 58 1.779 3.727
Expt™ 1.892 4.054

@Numerical Hartree—FockRef. 28.

bSpherically averaged SCF.

°CISD+Davidson correction.

daveraged coupled-pair functional.

“Restricted coupled cluster singles and doubles.

fRCCSD+perturbative triples.

9Brillouin—Wigner CCSD.

"Complete active space SCF; active spacet4p, .

ICASSCF+1+2.

IFour-reference BWCCSD.

KFull-valence CASSCF; active spaces-44p, v.z for Ca and Zn, and 2+ 2p, yz for C.
'The 3s?3p°® and 3'° electrons of Ca and Zn, respectively, were included in the correlation treatment.
TExperimental datd&Ref. 17.

function for theX 33~ statds) of CaC and ZnC,\PS, is a . |<1)q><¢)q|
linear combination of the first four determinants of E8). Bo= 7 _E. €)
q>3 ©o0 q
3 ~
. eff . . _
\I’SIE C,®,. (5) The matr;x elements ofH in a basis c_)f 4 referen
= ces {®>, have been given previously. The

MRBWCCSD energy# is obtained by diagonalization of
the 4x4 H®" matrix. The resulting size-extensivity error is
practically eliminated by applying the recently develoed
Vo= 0gWF, ©) posteriori size-extensivity correctiof®
For both CASSCH,4) and (6,8 reference spaces, we
and to the exact ground-state energy by means of the have also performed calculations at the MRCI, MR@

This wave function is related to the “exact” ground-state
wave functionW, by means of the wave operatfy

effective HamiltonianH©f (MRCI+multireference Davidson correctiprand MRACPF
. o (multireference averaged coupled-pair functigriavels of
HefwE= 2w () theory. Furthermore, our MRBWCCSD results are also com-

pared against single reference methods like RQtdBtricted
open-shell Hartree—Fogk CISD, CISD+Q, ROHF-
RCCSD® and ROHF-RCCSIN).*® In most of our corre-
0)n=1+B~VO lated calculations, we have kept “frozen” the
flo=1+BoViko, ® 15225%2p83s?3p8, 15%2522p®3s523pf3d'° and 1s? elec-
where V is the perturbation operator within the Mgller— trons of Ca, Zn, and C, respectively. To assess the effect of
Plessetansatz and B, the Brillouin—Wigner resolvent core/valence correlation, calculations were also performed

The wave operatoﬁo is subject to the state-specifisingle-
root) Brillouin—Wigner analogue of the Bloch equation
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TABLE I1. Total energiesE (hartreg, binding energie®, (kcal/mol), bond lengths . (A) and frequenciesm,, weXe (cm™1) of the CaCX 3%~ and®s ™~
states at different levels of theory. Unless otherwise noted, all results are from the present work.

X33%" 3"
Method! E D le We WeXe E D, e we WeXe Te
ROHF —714.448 459 1.2 2.838 —714.524 469 72.1 2.332 490.2 25 —476
CISD —714.611729 30.0 2.361 451.1 4.3 —714.640049 82.9 2.339 480.2 25 -17.8
CISD+Q —714.654 2 49.0 2.357 533.4 3.1 7146472 83.6 2.343 476.4 25 4.4
RCCSD —714.628 183 35.5 2.368 464.0 3.7 —714.642 142 83.0 2.340 479.2 25 —8.8
RCCSOT) —714.647 670 46.1 2.383 464.2 2.4 —714.647 113 84.5 2.343 475.6 2.5 0.3
CASSCF4,4) —714.526 978 43.2 2.351 480.0 2.6 3.3
MRCI —714.644 174 49.0 2.362 468.9 2.6 2.6
MRCI+Q —714.6517 48.0 2.366 464.2 2.7 2.8
MRACPF —714.649 391 48.0 2.365 465.1 2.6 —714.644982 83.3 2.342 476.9 2.5 2.8
MRBWCCSD —714.643 528 45.8 2.357 468.3 2.1 —714.642595 83.2 2.339 479.3 2.9 0.6
fvCASSCF —714.562 811 44.0 2.380 458.7 2.4 —714.559 266 81.8 2.360 469.9 2.3 2.2
fVMRCI —714.649 964 48.6 2.364 462.4 24 —714.6453 85.0 2.341 473.7 25 2.9
fYMRCI+Q —714.6541 49.3 2.364 461.3 2.5 —714.649 340 85.2 2.340 473.0 2.5 3.0
fYMRACPF —714.652 876 49.1 2.364 461.5 2.5 —714.648 130 85.1 2.340 473.2 2.4 3.0
SDCI-GVB® —714.5899 2.384 —714.5950 2.357 -3.2
SDCI-GVB+Q" —714.5949 2.389 424.87 —714.5990 2.359 474.06 —-2.6
MRCI® —714.652 46 51.1 2.363 458.5 —714.64571 86.2 2.346 472.2 4.2
RCCSD(14") —714.828 69 34.9 2.330 —714.844 64 86.2 2.291 -10.0
RCCSOT)(14e7) —714.852 75 45.4 2.330 —714.853 31 88.2 2.287 -0.4
MRBWCCSD(14") —714.846 55 46.3 2.305 —714.845 06 86.3 2.291 0.9
MBPT(4)(1497)d —714.798 152 2.306 —714.812 452 2.325 -9.0
UCCSD(:MEF)d —714.805 325 2.335 —714.807 152 2.326 -1.1
UCCSHT)(l%f)d —714.818 225 2.348 —714.814 471 2.325 2.4
MRCI(14e7)® —714.823 35 45.9 2.346 468.6 —714.818 54 2.320 477.2 3.0
MRCI+Q(14e7)¢ —714.846 4 47.3 —714.8412 3.3

aSee Table | for explanation of the acronyms. All correlated calculations correlate the 6 valence electrons, unless otherwise noted.
[8s6p2d]c,/[654p2d]c basis(Ref. 12.

‘Based on CASSQOB,13 results,[ 7s5p4d3f]c,/[6s5p4d3f2g]c basis(Ref. 15.

4'856p2d1f]c,/[6s4p2d1f]c basis(Ref. 11).

®Based on CASSQR,8) results,[ 7s5p4d3f],/[ 6s5p4d3f2g]c basis(Ref. 15.

around equilibrium for bot¥Y~ and®3 ™ states including Bond lengths for each state were determined by fitting
the 3%3p® (Ca and A° (Zn) electrons in the correlation the three lowest energy points of each potential energy curve.
process. Related spectroscopic constants,(wX.) were calculated

We have used the same basis sets as in our recent woby solving the one-dimensional nuclear Sainger equa-
on CaC®and zZnC® but now employing Cartesian Gaussian tion employing a Numerov techniqd&.
functions. Thus, for the Ca atom the primitive set consists of For the MRBWCCSD calculations we have used our
the (2315p) Gaussian set of Partridfeaugmented by an own modified implementatichof the ACES 11 progrant®
extrap function (a=0.05) to assist the proper description of which, at present, supports the use of reference configura-
the very importanfP«—1S gap. To this set we have added a tions which are no more than doubly excited among each
8d6f polarization set taken from Bauschicher's ANO other. All other calculations have been performed with the
(Atomic Natural Orbital basis set of S¢ which was subse- GAussIAN 9% andMOLPRO 2006 suite of codes.
quently optimized. For Zn, the augmented ANO-trigle-
(21s15p10d6f4g) basis set of Roos and co-workers was|||. RESULTS AND DISCUSSION
used?® Finally, for the C atom we have chosen the aug-
mented quadruplé-correlation-consistent basis set of Dun-
ning and coworkers, aug-cc-pVQZ (§®4d3f2g).% The Table | lists ground state total energies of Ca, Zn, and C
use of the diffuse functions is necessary because carbon was various levels of theory needed for proper dissociation
observed to acquire significant negative charge in bothlescription, as well as the calculaté®—'S energy gap for
molecules>*®Our final generalized contracted basis sets aréCa and Zn. In the case of Ca, and for both CQ3[®85 eV
[7s5p4d3f] for Ca, [8s7p5d3f2g] for Zn, and and MRBWCCSD(1.649 eV, there is acceptable agreement
[6s5p4d3f2g] for C, comprising 181CaQ and 224(ZnC)  with the experimental, value of 1.892 eV For Zn how-
Cartesian Gaussians 6 10f, and 1%). For our purposes, ever, when the Zn@ “semicore” correlation is not taken
we consider these basis sets adequate, thus no attempt wag account the same gap is underestimated compared to
made to consider basis set superposition errors. experiment by 0.5-0.7 eV, even at the full-valence MRCI

A. The Ca, Zn, and C atoms
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CaC the CISD and RCCSI, values of 30.0 and 36.5 kcal/mol,
respectively(Table Il). When nondynamical valence correla-
tion is included via the CASSCE,4) or the full-valence
CASSCF®6,8 reference space, the subsequent dynamical
correlation treatmentincluding MRBWCCSD predicts un-
doubtedly the®3~ as the ground state, th& ~ located
about 3 kcal/mol highe(Table 1l). The MRBWCCSD treat-
ment improves significantly the RCCSD, value of the
X33~ state(45.8 vs 35.5 kcal/mol respectively, Table II
bringing it in close agreement with the RCC8D and
MRCI D, results, even though the MRBWCCSD method
neglects the effect of triple excitations. At the same time,
the ordering of the®>~ and °3~ states predicted with
MRBWCCSD and RCCSO), T,=0.6 and 0.3 kcal/mol,
respectively, is at variance with the RCCSD orderiig,
= —8.8kcal/mol, but in agreement with all multireference
treatments(Table I, Fig. ). This situation holds even
after shifting the®S~ curve to match the experimental
Ca (P—'S) gapl’ the respective RCCSD, RCCS$D,
MRBWCCSD and full-valence MRCI shifted, values
then become-4.0, 5.1, 6.2, and 7.7 kcal/mol respectively,
in other words, the’S ~, 3~ ordering remains unchanged.
in all four methods. However, it is interesting to observe
that including the 323p® core electrons of Ca, the
53~ —X33 7T, values obtained at the CCSD, CCAD,
MRBWCCSD, and MRQI+Q)*° level are—10.0,—0.4, 0.9,
and 3.@3.3) kcal/mol, respectively.
088 L 066 et On the other hand, the single referefge state is well-
P e o ° P oo described at almost all levels of theory as revealed from
Table II, with a dissociation energy in the range of 83—86
FIG. 1. Potential energy curves of the®S~ and®3 ~ states of the CaC (88, including the coree™) kcal/mol and a bond length of
molecule at selected levels of theory. Energies have been shiftee7thg ~2.34(2.29, including the core™) A. We believe that in-
hartree. clusion of connected triple excitations in the MRBWCCSD
treatment would certainly improve the 0(6.9) kcal/mol

5y — 3y - i
level of theory. Including core correlation effects, the above, 2" X "%~ gap(Table I towards the splitting of about 3

Ca and Zn3P—1S splittings at the RCCSD and MRB- kcal/mol predicted by other multireference methods.
WCCSD level, improve significantly.

©%14  RCCSD
-0.54+

-0.56

-0.54

w
o

C. The ZnC molecule

Similar arguments hold for th¥ 33~ and®3 ~ states of
the ZnC molecule, the results of which are presented in Table

Table Il summarizes our results for te®>~ and®%~ 1l and Fig. 2. As mentioned earlier, thi#—S gap of Zn
states of CaC at different levels of theory, including the(4.054 eV} is much larger as compared to the corresponding
53~ X33~ energy gaps. Previous calculations for the twogap in Ca(1.892 eV, Table " As a result, the®S ™
states are also listed in Table I1l. Potential energy curves for-X 33~ energy splitting is much largefTable Ill) and
both states at selected levels of theory are depicted in Fig. leaves no doubt as to ti& ~ symmetry of the ground state;
Notice that due to the electron donating bond character in thendeed only the ROHH , value is so much underestimated
two states[Schemedq?2) and (4)], one configuration is ad- that a wrong ground state is predicted at that particular level
equate for proper dissociation, thus it was indeed possible tof theory(Table Ill). As in the case of CaQvide supra, the
construct full potential energy curves at all levels of theorysingle reference treatments underestimate the well depth of
included in Table II. the X 33~ state, leading subsequently to an underestimated

In accordance with previous calculatioffs;*the ground 5%« X33~ gap. For instance, the full-valence MR
state is predicted to be of>~ symmetry at the ROHF, value is more than twice as large as the respective CISD
CISD, and RCCSD levels of theory. The failure of thesevalue (20.6 vs 9.1 kcal/mol, respectivelyHere, the large
single reference treatments in describing quantitatively théavidson correctiolCISD+Q) and the RCCSIDY) results
X33~ state is indicated by both CISBEQ and RCCST) indicate, as in CaC, the inadequacy of the single reference
results which recover part of the missing nondynamical cortreatments.
relation with a concomitant reversing of tR& ~—53~ or- The multireference approaches increaseRbevalue for
dering, caused by the dramatic increase indheof the 33, ~ the X 33~ state, and also th&Y ~—X 33~ energy gap. In
state, 49.0 and 46.1 kcal/mol, respectively, as contrasted toarticular, the MRBWCCSD treatment improves the quanti-

B. The CaC molecule
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TABLE lIl. Total energiesE (hartreg, binding energie® (kcal/mol), bond lengths, (A) and frequencieso,, wex, (cm ) of the ZnCX 33~ and®s ~
states at different levels of theory. Unless otherwise noted, all results are from the present work.

X33~ 53 -
Method' E De le we WeXe E D, le e WeXe Te
ROHF b b b —1815.556 03 72.5 1.976 590.0 33 -19.8
CISD —1815.679 05 124 2158 3595 6.6 —1815.66451 786 2061  560.2 33 9.1
CISD+Q —1815.701 1 19.0 2.118 4359 6.1 —1815.6715 79.3  2.073 5547 4.2 18.6
RCCSD —1815.687 53 136 2153 3778 6.0 —1815.666 66 79.1  2.064  559.2 35 13.1
RCCSOT) —1815.697 69 183 2131 4182 51 —1815.67150 80.5 2072 5533 3.8 16.4
CASSCR4,4) —1815.577 31 178 2024  507.2 49 13.4
MRCI —1815.694 92 21.9 2120  470.0 5.7 19.1
MRCI+Q —1815.7037 221 2135 4585 5.7 20.2
MRACPF —1815.700 98 220 2130  462.0 59 -1815.66923 79.0 2070 5548 4.0 19.9
MRBWCCSD —1815.696 23 20.8  2.096  460.5 6.7 —1815.66883 80.3 2.045 568.4 7.4 17.2
fVCASSCF —1815.619 62 20.8  2.043 4937 52 —1815.59373 84.1  2.005 559.2 3.0 16.2
fVMRCI —1815.708 57 26.2 2.039  487.6 4.1 -1815.67573 844 2006  553.1 3.2 20.6
fYMRCI+Q —1815.7127 26.8 2.041 4846 46 -—1815.67914 844 2008 550.6 3.0 211
fVMRACPF —1815.711 45 26.7 2.040 4854 4.4 —-1815.67808 844 2007 5514 3.2 20.9
QCISD(T)(16e7)¢ —1815.948395 21.3  1.992 —-1815.910256  85.3  1.942 23.9
RCCSD(1&") —1816.164 42 188  2.000 —1816.136 15 87.2 1.939 17.7
RCCSOT)(16e7) —1816.195 61 246  1.973 —1816.157 97 89.8  1.935 23.6
MRCI(16e7) —1816.122 40 241  1.986 —1816.091 24 85.2 1.936 19.6
MRCI+Q(1627) —1816.169 0 242  1.988 —1816.134 43 874  1.935 21.7
MRACPF(167) —1816.171 85 229  1.992 —1816.136 59 87.4  1.940 22.1
MRBWCCSD(1&") —-1816.172 24 239  1.988 —1816.136 78 87.3 1.935 22.3
fvMRCI(16e7)f —1816.138 12 245  1.983 5129 4.7 —1816.10264 88.7 1.948 22.3
fYMRCI+Q(1627)f —1816.176 5 249 1975 5105 4.8 —1816.1385 89.3  1.918 23.8

#See Table | for explanation of the acronyms. All correlated calculations correlate the 6 valence electrons, unless otherwise noted.
PRepulsive at the ROHF level.

“Vertical separation.

96-311+ + G(2d,2f) basis(Ref. 16.

®QCISD/6-311 +G(d,f) level of theory(Ref. 16.

18s7p5d3f2g],,/[6s5p4d3f2g]c basis(Ref. 18.

tative description of the ground state with respect to thematch the experimental A®P—'S gap (Table ), we reach
CCSD results, while it compares favorably with the MRCI, our final (shifted CCSD, MRBWCCSD, and full-valence
MRCI+Q, and MRACPF result§Table Ill). When using a  MRCI+Q T, values of 26.4, 31.2, and 33.0 kcal/mol, respec-
larger CASSCK6,9) reference space, the energetics andively.
bond lengths become now substantially improved, compared
to CaC. Inclusion of the Zn@Y® elec_tron correlation is V. CONCLUDING REMARKS
followed by an even larger decrease in bond lengths, while
its effect on the binding energy is not very clear. For most  The low-lying X 33~ and®3 ~ states of théexperimen-
single reference and the multireference treatments ouglly unknowr calcium and zinc carbide diatomi¢€acC,
of the smaller CASSCH,4) reference spacdincluding  ZnC) were studied employing a variety of methods including
MRBWCCSD), 3d*° correlation increases the dissociationthe recently developed state-specific multireference
energies by about 2 to 3 kcal/mol. On the other hand, thérillouin—Wigner coupled clustetMRBWCCSD method.
respective full-valence MRCI and MREIQ D, values from  Our purpose was to test and compare this method with more
our recent work® decreaseby approximately 2 kcal/mol. In  conventional single and multireference treatments, particu-
any case, MRBWCCSD performs much better than thdarly with the single reference coupled clust€ECSD
single reference RCCSD, being in fair agreement with allmethod which, for both systems, fails to properly describe
other multireference methodand RCCSIT)]. An interest-  the energetics of the ®3, ~ states. This becomes more pro-
ing remark that can be made though from the data on Tablaounced in the case of CaC, resulting to a reversed order of
lll is, that, in almost all cases where the™ correlation is  the two states, thus leading to an erroneous ground-state pre-
included,D, is predicted to lie in the range of 24—25 kcal/ diction. The MRBWCCSD description improves the energet-
mol, while the®3 ~«— X33~ gap is predicted to lie around ics of theX 33~ states for both molecules, restoring at the
22-24 kcal/mol. same time the correct state ordering for CaC. Comparison
Observing the practically method-independent nature ofvith other levels of theory reveals the inadequacy of routine
the °3 ~ state, and after shifting our calculated minima andsingle reference methods in describing quantitatively the
respectiveT . values(Table 11, 3d'° correlation includeito 33~ states. The problem is cured by employing multirefer-
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FIG. 2. Potential energy curves of the®3,~ and®3 ™ states of the ZnC
molecule at selected levels of theory. Energies have been shiftedlBg5
hartree.



