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The ground and 18 low lying excited states of the diatomic molecule cobalt carbide, CoC, have been examined
by multireference variational methods (MRCI) combined with quantitative basis sets. All calculated states
are bound and correlate adiabatically to the ground-state atom$FLe(&(P). We report complete potential
energy curves, equilibrium bond distances, dissociation enelgigsspectroscopic constants, electric dipole
moments and spinorbit splittings. The bonding character of certain states is also discussed with the help of
Mulliken distributions and valence-bond-Lewis diagrams. We are practically certain that the ground state is
of 22t symmetry with a state A symmetry lying less than 3 kcal/mol higher, in agreement with the relevant
experimental findings. Our best estimate of thé3X dissociation energy iD«(Do) = 83(82) kcal/mol at,

= 1.541 A, 0.02 A shorter than the experimental bond length.

1. Introduction In 1997 Adam et Peetshrough laser-induced fluorescence

. . . . studies, reported the rotational analysis of the CoC [FE0}-X
The diatomic 3d-transition metal carbides MC, ¥ Sc— 23+ transition. For the Y=+ and [14.0}=" states they obtained

Cu, are clearly of paramount importance for both practical and fo = 1.5612 (e = 1.5601) A andre = 1.747 A, respectively
academic reasons: practical, because@bonds are encoun- . AE([14 szy —x 75+) = 12243 ontl (=’40 793 keall
tered in a plethora of interesting materials, and academic, mol) Adarﬁ and Peers close their paper by. saying that:
because th_e che}‘racter_ of th_e—m E’O”d does not comply to “Detailed ab initio calculations on excited states would greatly
the conventional “chemical wisdom” about bonding. The reasons assist in the further interpretation of these d&ta.”
for t.his bond.ing' unorthodoxy hﬁve lieen (ﬂjscuss$d in-our Finally, in 2001, Brewster and Ziur@srecordéd the pure
previous publ_|cat|9ns on SC@’TI-C' VC, € CrC; MnC, ez_and rotationai spectrun,1 of the CoC X&' state. The equilibrium
FeC'9 work in this laboratory is also in progress on NiC and ; : .

bond length determinedrd) was found to be in complete

CuC carbides. The vagaries of the 3d-transition metal containing t with th its of th . " tical .
diatomics are described as well in the excellent review article %gerre]teaTsetrl]Jd\iAgﬁ € results ot the previous two optical experi-

by Harrison? S _

Henceforth, we present high level multireference variational ~ On the theoretical side now, Gutsev et atudied the ground
ab initio calculations on the ground (X) and eighteen (18) excited States of MC= carbides (M= Sc-Zn) by density functional
states (doublets, quartets and sextets) of cobalt carbide, Coctheory (DFT); for the entire MC series they repogtwe, dipole
To the best of our knowledge there are four experiméntal ~ Mmoments ), binding energiesl{o), diabatic electron affinities
and two theoretic&® studies on CoC. and ionization energies.

In 1986, van Zee et dlobtained the ESR spectrum of the Very recently Borin et af.published the first ab initio study
CoC radical, and concluded that its lowest state should be of ©n CoC, using the multistate multiconfigurational second-order
25 symmetry. These workers also referred to?l; state  Perturbation theory (MS-CASPT2) of Roos and co-worKers,
interacting strongly with théS and located approximately 66 ~ coupled with a newly developed atomic natural orbital basis
kcal/mol higher. About 10 years later, Barnes etaleasured ~ Sets by the same grodp.These basis sets include scalar
the laser-induced fluorescence rotational spectrum of jet-cooledrelativistic effects obtained through the Dougtagoll —Hess
CoC near 750 nm. It was established that the ground state is of(DKH) approach, plus specially tuned functions to account for
25+ symmetry with a low lyingAsy, state just 221 cmt higher; the 343p° semicore correlation of the metal atom(s). Specifi-
its 2Azp companion is reported to be 1173 chabove the cally, the basis set used in this study is (21s15p10d6f4g2h/
X-state, i.e. AE(PAg — 2As) = 952 cntt. The equilibrium ~ 14s9p4d3%) contracted to [7s6p4d3f2g/5s4p3d2i¢]. Borin
bond lengths and harmonic frequencies of th&X and2As, et al® calculated the first seven doublets fX*, A 2A, B 2,
states areo = 1.5612, 1.6424 A and, = 934, 838 cm?, C 2@, D 11, E I, [14.0]°2%), reporting partial (up to CeC
respectively: They also reported experimental results for three distances of 2.1 A) potential energy curves, equilibrium bond
other states?E*, 2[1, and Q' = 3/2). Barnes et al. concluded lengths, dissociation energies, harmonic frequencies and energy
their work by saying: “Various excited states have been separations. As we will see, their results deviate considerably
observed near 750 nm. Among these are what appears to be &0m the ones obtained here.
heavily perturbedIT; state; its exact nature is unclear and must  In the present work we have performed high level multi-
await detailed ab initio calculationg"We will try to shed some reference and coupled-cluster (for the two lowest states)
light on this2IT; state, the same one that van Zee and co-workers calculations in conjunction with large basis sets. For the eight
were referring to 10 years earlier. doublets, seven quartets, and four sextets, we report complete

10.1021/jp062357g CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/30/2006



Electronic Structure of Cobalt Carbide J. Phys. Chem. A, Vol. 110, No. 28, 2008953

potential energy curves (PEC), energetics, common spectro-TABLE 1. Total Energies (hartree) of the a'F(4¢’3d") and
scopic parameters, and dipole moments; the deciphering of theb4F(4S;3d8) Stat%s, and the ?F " a:]F Energy Separation
Co—C bond is also one of the goals of the present study. (V) of Co at Different Levels of Theory

In section 2 we define the technical approach followed, in Co
section 3 our results are discussed, and in section 4 some final method 2F b'E b'F — &F
remarks and comments are presented. MRCIP 138167029 —1381.65300 0.470
; MRCI¢ —1381.67 —1381. 471
2. Computational Approach MRgH-Qb —1221.28328 —1321.2?829 8.489
For the Co atom the averaged atomic natural orbital (ANO) MRCI+Q* —1381.6923 —1381.6740 0.498
basis set of Bauschlich&f(20s15p10d6f4g), and for the C atom ~ MRCI+DKH2° —1392.12073 —1392.09172 0.789
the correlation consistent basis set of quadruple cardinality by MRCI+DKH2® = —1392.11863 —1392.08972  0.787
Dunning?? cc-pVQZ = (12s6p3d2flg) were used. Both sets mgg:igmgi% :1392'1397 :1392'1102 0.801
Q 1392.1373 1392.1076 0.809
were generally contracted to [7s6p4d3&@dis4p3d2flgd, thus C-MRCP —1382.00557 —1382.99261  0.353
containing 139 spherical Gaussian functions. For the two lowest c-MRcCI —1382.08937 —1382.07717 0.329
CoC states®E+, ?A) the recently developed extended correlation  C-MRCIHQ® —1382.0503 —1382.0390 0.308
consistent basis sets of quadruple quality by Balabanov and g-msg:igi(mb _iggg'éﬁgg —iggg-‘l‘g;gl 8-%3‘1
Petersof¥ for the 3d-transition metal elements, cc-pVGZ C-MRGI-DKH2¢ 139253485 —1392.51081  0.654

22s18p11d3f2g1lh, combined with the cc-pVQZ of Dunﬁ?ng C-MRCIHDKH2+Q° —1392.5597 —1392.5363 0.638
for the C atom were employed, generally contracted t0 C-MRCHDKH2+Q® —1392.5844 —1392.5620 0.609

[8s7p5d3f2glhd, 5s4p3d2flgf] = 4Z. Finally, to account for expt 0.417
the 383p° core-valence co_rrelatlon effects, the cobalt-pvQZ set . Q and DKH2 refer to the Davidson correction and to second-order
was augmented by a series of 2s2p + 2d + 1f + 1g + 1h Douglas-Kroll—Hess scalar relativistic correctiorfsBauschlicher’s

weighted core functions, as suggested in ref 13. Combining with basis set for Co, [7s6p4d3f2dg]Peterson’s basis sets for Co,

the cc-pVQZ basis set of C gives rise to the contracted [8s7p5d3f2g1lh] and [10s9p7d4f3g2h] for the C-calculatidriRefer-

[10s9p7d4f3g2h, 5s4p3d2flgd] = C4Z set, spanning a 204  ence 21.

dimensional one-electron space. . .
The inherent multireference character of CoC and our desire 2@l @ngular momentum symmetry, i.eA| = 0 (), 1 (II), 2

i 2 2
to construct complete potential energy curves (PEC), makes thegA) angj 3 @a‘ For the ‘ixc'ted states %, 8 71, 10 %%, 1&2
use of a multireference approach compulsory. Hence, the A, 127A, 1571, and_ 16(1)”“_% state average (SA) approdth
complete active space self-consistent figicsingle + double was used due to their strong interaction with states of the same

replacements (CASSCHF 1 + 2 = MRCI) methodology was sym_metry_species. . .
used for all states studied. For the two lowest staiEs, CA) Finally, it should pe mentioned that because of the relatively
the restricted coupled clustersingles+ doublest perturbative ~ 1arge number of active electrons (13), the MRCI, and of course

triples (RCCSD(T)) single reference method was also tried, but MOr€ SO th_e_C-MRCI calculations, suiffer ffom _significant size
using CASSCF natural orbitals. nonextensivity errors: 11 mh at the MRCI, minimized to about

The multireference zeroth-order functions were built by 3 Mh after including the Davidson correctirfor unlinked
allocating the 13 active electrons (A& on Co+ 2€2p on clusters Q) and approximately the same for all studied states.
C) to a 10 valence orbital space (one 4s and five 3d ontCo All calculations were performed with the MOLPRO 2002.6

one 2s and three 2p on C). The size of our reference spaceéu'te of codes?
range from 4748A) to 3526 £&=*) configuration functions (CF),
with Cl spaces ranging from 49 10° (°IT) to 134 x 10° (°=)
CFs. When the internal contraction (icMRCI) scheme of Werner  Table 1 records absolute energies of the first two states of
and Knowles is applie# the CI expansions are reduced by the Co atom, #(4$3d") and B#F(483cP), along with the BF
about 2 orders of magnitude-.45x 10*to 1.22x 1(f). The — &'F energy separation at different levels of theory. Observe
estimation of core-correlation effects (ceee33p? of Co) in that at the MRCI level and in both basis sets ((B)auschli¢her
the two lowest states was obtained by including the 8 semicore or (P)etersot¥), the calculated atomic splitting® < a'F is in
electrons of Co in the CI procedure; these calculations will be fair agreement with the experimental value, 0.470 vs 0.417%eV.
referred to as C-MRCI. For the BalabaneWeterson basis set However, by increasing the sophistication of the method from
the C-MRCI (icC-MRCI) expansions contain about k710° MRCI to C-MRCI+ DKH2 + Q, the theoretical results depart
(20 x 10°) CFs. Scalar relativistic effects for the two lowest monotonically from the experimental value. Obviously, the good
23t and 2A states were estimated through the second-order MRCI agreement is rather fortuitous due to cancellation of
Douglas-Kroll —Hes3516(DKH2) approximation. For the 2A, errors.

24P, 341, 42®, 52®, 6 21, 7 *A, and 821 states the spin The ground states of Cd@ and C#P) give rise to a total
orbit (SO) splittings were calculated using the previous uncon- of 36 molecular CoCS*1A states, namely2St{(T[1], ®[2],
tracted basis sets of Bauschlicher and Dunning (but with the g A[3], T1[3], 2[3]) with 2S5+ 1 = 2, 4, and 6, out of which the
functions removed) at the MRCI/(20s15p10d6fL2s6p3d2f/ first nineteen have been investigated as indicated by preliminary
c) level of theory through the BreitPauli operator. CASSCEF calculations.

With the counterpoise technigdéthe basis set superposition Numerical results of the first two lower stat&&" and?2A in
errors (BSSE) of the X=* and 12A states at the MRCI level  a variety of methods, and of the remaining seventeen states
were determined to be 0.63 and 0.57 kcal/mol by employing limited to the MRCI or MRCH#Q/[7s6p4d3f2g4, 5s4p3d2flg/
the Bauschlicher (B) basis set on Edhe corresponding values (] level, are listed in Table 2. For all 19 states Table 3 catalogues
of the Balabanov-Peterson (P) basis (42)are 0.65 and 0.60  leading MRCI configurations and atomic Mulliken populations,
kcal/mol, respectively. valence-bond-Lewis (vbL) diagrams indicating graphically the

All calculations were done underCsymmetry constraints,  bonding character of every state, and asymptotic fragments.
whereas the CASSCF wave functions were enforced to posses$-igure 1 depicts a relative level diagram of the states studied

3. Results and Discussion
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TABLE 2: Absolute Energies E (hartree), Bond Lengthsre (A), Binding Energies D, (kcal/mol), Harmonic Frequencies and
Anharmonic Corrections we, weXe (cM™1), Rotational Vibrational Couplings a. (cm™1), Centrifugal Distortions De (cm™1), Total
Mulliken Charges on Co gc,, Dipole Momentsu (Debye), and Energy DifferencesT. (kcal/mol), at Various Levels of Theory
(Experimental and Other Theoretical Results Also Included)

state methods -E le De e wXe 108 107De  Qco @l urd Te
X ?2zt¢ CASSCF 1419.18907  1.569 41.0 887.1 10.56 7.72 1.65 0.10 100 1.00 0.0
(1419.18986) (1.569)  (41.2) (886.4) (10.5) (7.77) (1.65) (0.24) (0.94) (0.94) (0.0)
MRCI 1419.57221  1.548 80.4 965.4 5.66 571 151 0.06 086 1.82 0.0
(1419.57619) (1.547)  (80.7) (967.0) (5.56) (5.69) (1.51) (0.17) (0.80) (1.81) (0.0)
MRCI+Q 1419.6075 1.552 84.2 2.07 0.0
(1419.6112)  (1.550)  (84.3) (2.07)  (0.0)
MRCI+DKH2 1430.03368  1.542 77.9 982.1 6.04 5.90 1.49 0.21 094 1.86 0.0
(1430.03097) (1.542)  (77.7) (979.9) (5.79) (5.88) (1.50) (0.18) (0.94) (1.87) (0.0)
MRCI+DKH2+Q 1430.06974 1.545 81.7 2.09 0.0
(1430.0664) (1.545)  (81.3) (2.08)  (0.0)
C-MRCH 1419.90261 1.544 82.3 984.0 5.16 5.46 1.47 0.06 080 1.76 0.0
(1419.98210) (1.544)  (80.5) (980.2) (3.90) (5.29) (1.49) (0.32) (0.73) (1.72) (0.0)
C-MRCHQ¢ 1419.97302  1.546 88.7 2.06 0.0
(1420.0573) (1.546)  (86.9) (2.03)  (0.0)
C-MRCH-DKH2¢ 1430.41435 1.541 77.1 993.8 5.76 5.60 1.46 0.23 090 181 0.0
(1430.43747) (1.540)  (77.4) (993.4) (5.26) (5.55) (1.47) (0.33) (0.89) (1.79) (0.0)
C-MRCH-DKH2+Q¢ 1430.4888 1.542 83.5 2.08 0.0
(1430.5132) (1.541)  (83.8) (2.07)  (0.0)
RCCSD(T) 1419.61621  1.541 84.0 1004 6.9 2.05 0.0
RCCSD(T)+DKH2 1430.07947  1.534 81.6 1018 9.8 2.04 0.0
C—RCCSD(TY 1419.99942  1.537 87.7 1032 2.10 0.0
C—RCCSD(T)*tDKH2¢  1430.51990 1.532 82.5 0.0
DFT/BPW9E 1.542 107 1050 2.16 0.0
DFT/BLYP® 1.552 106 1027 2.14 0.0
DFT/B3LYP® 1.527 72.7 700 2.35 0.0
CASPT2+DKHf 1430.0473 1.579 110.7 868 0.39
expt 1.56121i 934
expt 1.5601
12A° CASSCF 1419.19588 1.674 453 735.0 13.54 8.53 1.63 0.20 202 26227
(1419.19653) (1.674)  (45.4) (735.1) (13.54) (8.52) (1.63) (0.32) (2.04) (2.04%.16)
MRCI 1419.56963  1.656 78.7 821.2 2.86 5.45 1.39 0.15 172 2.08 1.62
(1419.57360) (1.654)  (78.9) (824.4) (4.06) (5.23) (1.39) (0.24) (1.73) (2.10) (1.62)
MRCI+Q 1419.6070 1.656 83.7 1.90 0.33
(1419.6109) (1.654)  (83.9) (1.92) (0.2)
MRCI+DKH2 1430.03679  1.638 79.7 848.3 5.74 5.73 1.39 0.22 166 2.031.95
(1430.03404) (1.640)  (79.5) (847.3) (5.77) (5.69) (1.39) (0.23) (1.67) (2.031L.9Q)
MRCI+DKH2+Q 1430.0749 1.640 84.8 1.87 —3.27
(1430.0717) (1.640)  (84.5) (1.87) —8.3)
C-MRCH 1419.89795  1.653 79.4 837.5 251 4.85 1.35 0.17 176 2.16 2.92
(1419.97711) (1.654)  (77.2) (833.8) (2.18) (4.78) (1.36) (0.38) (1.79) (2.20) (3.12)
C-MRCH-Q¢ 1419.9701 1.650 86.9 2.06 1.83
(1420.0542) (1.652)  (84.8) (2.13) (1.9
C-MRCHDKH2¢ 1430.41571  1.639 77.9 852.3 4.73 5.17 1.37 0.24 172 2.120.86
(1430.43810) (1.640)  (77.6) (851.3) (4.39) (5.34) (1.37) (0.37) (1.72) (2.15D.30)
C-MRCH-DKH2+Q¢ 1430.4920 1.638 85.3 2.04 -2.01
(1430.5156)  (1.638)  (85.1) (2.08) —.6)
RCCSD(T) 1419.61577 1.646 83.7 888 1.47 0.28
UCCSD(T) 1419.61724  1.649 84.4 891 2.4 1.49-0.37
Cc—uccsDp(Ty 1419.99923  1.638 87.2 908 1.47 0.49
CASPT2+DKH' 1.637 1125 1078 —-1.72
expt’ 1.6424 838 1.993
240 CASSCF 1419.17200 1.976 31.0 458.4  12.92-2.98 1.56 045 263 2.63 10.7
MRCI 1419.54220 1.641 62.0 863.0 3.11 3.99 1.33 0.23 200 282 18.8
MRCI+Q 1419.5798 1.630 67.2 2.93 17.4
341 CASSCF 1419.16442  2.000 26.7 456.2 11.37#1.54 1.46 045 278 2.78 15.5
MRCI 1419.54014 1.634 60.5 863.4 571 3.32 1.36 0.22 203 283 20.1
MRCI+Q 1419.5786 1.627 66.0 2.94 18.2
420 CASSCF 1419.17615  1.967 33.6 502.0 3.59 1.62 1.33 0.44 266 2.66 8.11
MRCI 1419.53093 1.713 54.9 598.2 12.10 11.73 2.14 0.28 1.67 2.24 25.9
MRCI+Q 1419.5654 1.682 58.1 2.29 26.5
CASPT2+DKH' 1.632 85.3 993 25.47
520 MRCI 1419.52222  1.657 50.3 837.6 521 4.60 1.33 0.20 159 236 314
MRCI+Q 1419.5590 1.652 54.5 2.45 30.5
CASPT2+DKH' 1.622 81.2 1159 29.54
6211 CASSCF 1419.16755  2.002 28.7 501.9 3.49 2.68 1.19 045 286 2.86 135
MRCI 1419.51843 1.745 46.9 403 20.1 1.81 3.47 0.30 1.81 2.34 33.7
MRCI+Q 1419.5534 1.677 50.2 2.27 34.0
CASPT2+DKH' 1.622 80.3 1105 30.48
Tlap expt 1.6439 37.39
Ty expt 1.7204 38.15
74\ CASSCF 1419.16946  1.989 28.7 508.9 3.84 2.93 1.21 042 239 239 12.3
MRCI 1419.51747  1.829 46.0 465 17 029 135 1.68 34.3
MRCI+Q 1419.5504 1.795 48.2 1.36 35.9
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TABLE 2: (Continued)
state methods —-E le De We WeXe 103 10 7De Jco [ UFE Te
81 MRCI 1419.51524 1.665 45.8 1130.7 49.4 3.95 0.718 0.20 1.59 2.61 35.7
MRCI+Q 1419.5540 1.655 51.3 2.74 33.6
CASPT2+DKH' 1.642 75.4 949 35.41
943 CASSCF 1419.16316 2.046 24.7 501.1 4.05 2.72 1.05 0.48 3.03 3.03 16.3
MRCI 1419.50573 1.755 38.7 451 63 0.32 1.58 2.18 41.7
MRCI+Q 1419.5401 1.698 41.9 2.67 42.3
10+ MRCI 1419.50064 1.764 36.7 721 2.8 0.22 1.40 2.34 44.9
MRCI+Q 1419.5385 1.745 41.6 2.44 43.3
CASPT2-DKH' 1.676 73.1 1252 37.67
expt1 ~1.80 685 39.89
expt 1.747 617 531 40.72
112A MRCI 1419.49971 1.726 36.2 716 0.17 0.082 0.68 45.5
MRCI+Q 1419.5349 1.709 39.4 0.81 45.6
Q' =3, expt 1.75 643 38.39
124A MRCI 1419.49962 1.776 36.0 904.0 13.0 4.36 7.56 0.24 1.19 1.67 45.6
MRCI+Q 1419.5349 1.763 39.4 1.63 45.5
136 CASSCF 1419.16320 2.048 25.4 525.0 3.44 3.12 9.50 0.47 2.68 2.68 16.2
MRCI 1419.49911 1.953 35.0 496.4 3.29 2.10 1.41 0.40 2.15 2.23 45.9
MRCI+Q 1419.5284 1.933 34.9 2.59 49.7
1463+k CASSCF 1419.15865 2.064 21.9 515.6 4.10 3.34 9.40 0.48 2.95 2.95 19.1
MRCI 1419.49496 1.975 31.9 473.5 9.97 —1.05 1.46 0.41 2.55 3.06 48.5
MRCI+Q 1419.5246 1.954 32.1 3.08 52.0
1463+ k MRCI 1419.49301 1.694 30.7 979 10.4 0.34 2.58 3.85 49.7
MRCI+Q 1419.5290 1.676 34.9 3.92 49.3
15411 MRCI 1419.49391 1.780 32.4 824.0 13.2 7.32 8.80 0.26 1.86 3.00 49.1
MRCI+Q 1419.5306 1.760 36.6 3.00 48.3
164® MRCI 1419.49353 1.826 32.3 767.4 18.8 3.49 8.87 0.28 1.89 2.81 49.4
MRCI+Q 1419.5276 1.809 34.9 2.92 50.2
17°11 CASSCF 1419.15650 2.067 21.7 507.8 3.66 3.23 0.962 0.47 2.82 2.82 20.4
MRCI 1419.49249 1.987 31.1 483.5 3.09 2.18 1.35 0.40 2.36 2.72 50.0
MRCI+Q 1419.5220 1.975 31.0 2.68 53.7
18°6A CASSCF 1419.15730 2.073 21.1 497.6 3.37 3.26 0.983 0.47 2.64 2.64 19.9
MRCI 1419.49127 2.003 29.5 477.0 2.36 3.07 1.31 0.40 2.15 2.39 50.8
MRCI+Q 1419.5203 1.997 29.4 2.32 54.7

2Q and DKH2 refer to Davidson and to second-order Dougka® |l —Hess relativistic corrections.[40calculated as expectation valugr by
the finite field method® Numbers in parentheses are calculated using the Peterson’s basis set ccdiBéQicore 38p° electrons of the Co atom
included in the Cl¢Reference 7' Reference 89 The energy value is estimated from Figure 1 of ref Reference 4y, value.' Reference 5.

I Reference 61, value.XG and L refer to global and local minima.

Gl

18°A .
50 417’1 =—= 16(q>7
S yg M
) = 12A
A~
94Z+ 107z
40
1 2
| 7s sn e
61 —Tsem’
30 5o 30 em’
304
E 2
g | 46— 705 cm’”
P
= 4
=204 31
2@
104
IZA 983 cm';\"" IZA
£ 32,
04 x%* S XE"
LA,
MRCT MRCI+SO  MRCI+DKH2+SO

Figure 1. MRCI relative energy levels of CoC including SO splittings.

along with SO-splittings of the 3A, 2 4®, 3 “I1, 4 2®, 5 2@,
6 211, 7 “A, and 821 states, and Figure 2 displays the totality
of PECs studied. Each excited state has been labeled with aFinally, Figures 3-5 present separately the PECs according to
serial number in front of the symmetry symbol revealing its their spin multiplicity. Note that all states correlate to the ground-
absolute energy order with respect to the ground (X) state. state atoms, Cotg) + C(P).

Energy (E,)
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Figure 2. Potential energy curves of 19 states of CoC at the MRCI/
[7s6p4d3f2gt, 5s4p3d2flgd] level of theory.
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Figure 3. MRCI potential energy curves of the CoC doublets.
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Figure 4. MRCI potential energy curves of the CoC quartets.

In what follows we examine first the doublets, then the
quartets and finally the sextets.

A. Doublets: X2=t, 12A, 42d, 520, 6°[1, 8211, 10°=*, and
112A. Experimentally, the ground state of CoC is &&*
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Figure 5. MRCI potential energy curves of the CoC sextets.

to the UF state of the Co atom. As a result, the equilibrium
atomic character of the X" is Co(F, s'd®; M = 0) + C(P;

M = 0). The atomic Mulliken populations and the leading
configuration point clearly to a triples2+ o bond between the
Co and C atoms, as shown in the vbL diagram of Table 3. About
0.5 e are transferred from the4p3dz Co hybrid to the empty
2p;, orbital of the C atom! = 0), with 0.4 € leaking back to
the metal through ther,, 7, system.

Table 2 lists total energies, spectroscopic parameters and
dipole moments of the X=* and 12A states obtained at the
multireference and coupled-cluster methods. Notice that at the
MRCI, MRCI+Q, MRCH-DKH2, and MRCHDKH2+Q levels
of theory, all our results are almost identical in both B and P
basis sets. Moving to C-level, i.e., including thé3s electrons
of Co in the CI procedure, only slight differences are observed
between the B and P bases in all properties studied. At the
highest level of theory, namely, C-MREDKH2+Q+BSSE/
C4Z, Dg(Do) = 83(82) kcal/mol with respect to the ground-
state atoms, and. = 1.541 A, 0.02 A shorter than the
experimental oné:6 It is interesting that exactly the sanip
value is obtained at the “simple” valence MRE&D and
RCCSD(T) levels withre = 1.550 and 1.541 A, respectively.
We recall that thé, values of all triple bonded MC carbides,
that is VC(X2A),1¢ CrC(X 3=7),2d MnC(X 4=7),'e FeC(X53A),tf9
and NiC(X1=")?2 obtained at about the same level of theory as
the present one, are 95, 89, 70, 90, and 87 kcal/mol, respectively,
in conformity with theDe value of the X2=* state of CoC.
Corresponding experimental results for the ground states of
VC,23 FeC2* and NiC*® are 100.1+ 5.7, 91.2+ 7, and larger
than 78.2 kcal/mol, respectively; no experimental results are

symmetry3—®% and the same could be said theoretically but not available for the CrC and MnC carbides. Hence, we believe
without some reservations (see below). According to Table 3 that the reported dissociation energylyf = 111 kcal/mol by
the asymptotic wave function can be described by the product Borin et al.8 is rather overestimated by about-230 kcal/mol.

|a®F; M = 0, x |3P; M = 0[3. As the two atoms come closer,
an avoided crossing occurs around 3.8 bohr with the3t0

The next state is 6fA symmetry, correlates to Cdg M =
+2) + C(P; M = 0), and suffers an avoided crossing around

state. However, the latter had already suffered an avoided4 bohr with the 12A state. Thus its in situ equilibrium atoms

crossing with an incoming (not calculated)* state correlating

switch to Co(&F; M = £3) + C(CP; M = F1), and it is
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genuinely triple bonded with a slightly negative carbon atom have been observed, which probably correspond tathe0
(~0.2 €). Although we have tagged the ground state’ss SO components of thiT; state, WithAE(T Tz, — 211/0) = 264
following the experimentalists, our calculations indicate that a cm~1. Because the 6 and8I states are practically degenerate
2A symmetry is a strong contender for being the lowest state; at the MRCHQ level, we cannot tell with certainty to which
it is interesting to follow the results of Table 2. At the valence one the experimentally determined]; state corresponds.

MRCI(+Q) level, T((?A<—2=") = 1.62(0.2) kcal/mol, but the
picture changes by adding the scalar relativistic effects, namely,
T(PA<—2Z1) = —1.92(-3.3) kcal/mol, the?A state becoming
now the lowest. At the C-MRCH#Q)/C4Z level, To(2A—2Z")

= 3.12(1.9) kcal/mol. However, at the highest level of calcula-
tion, C-MRCH-DKH2(+Q)/C4Z,Te = —0.39(—1.6) kcal/mol,

i.e., the2A state is lower than th&&* by about 1.6 kcal/mol.

Experimentally, théAs, and2A3), states are 221 and 1173
cm! above the?>* state? with the mean value 697 cm
(=1.99 kcal/mol) higher. This number is in excellent agreement
with the valence MRCI and C-MR@GIQ/C4Z results of the
present work, which predict that(;A<—2=") = 1.62 and 1.9
kcal/mol, respectively; it is the addition of the scalar relativistic
effects that inverts the two states, suggesting thatAhe lower
by 1.6 kcal/mol with respect t&&*. Recall, however, that the
23T state correlatediabaticallyto the first excited H(453cF)
state of Co, whereas tH#a to the dF(43d"). The C-MRCH-
DKH2+Q/C4Z WF — &'F energy separation is 0.609 eV (Table
1), 0.192 eVhigher than the experimental one, and this large
error is the cause of predicting tRA state lower than th&& "
at this level of theory. By parallel downshifting of tRE™ PEC
by 0.192 eV= 4.43 kcal/mol, thé=" becomes the ground state,
lying approximately 4.4 1.6 = 2.8 kcal/mol lower than théA,
and in fair agreement now with experiment. Therefore, it seems
rather certain that the ground state of CoC igXf symmetry.

Finally, we report that the MRCI/(20s15p10d&f12s6p3d2f/

c) 2Azp — 2Aspp SO-splitting is calculated to be 989 cip in
rather good agreement with the experimehtalue of 952 cm.

The next two doublets?® and 5® are of intense multiref-
erence character; they are double bondedr) and correlate
to Co(dF; M = 43, £2) + C(CP; M = 0, £1), respectively
(Table 3). An avoided crossing at 5.0 bohr é@5with another
(not calculatedf® state correlating to the*b atomic state of
Co, transforms its character to CéfhpM = £3) + CCP; M =
0); the strong interaction of the?® and 4d states, which
follows around equilibrium+3 bohr), increases the complexity
of these two?® states.

Their MRCI(+Q) De andre values are 54.9(58.1), 50.3(54.5)
kcal/mol and 1.713(1.682), 1.657(1.652) A, respectively. The
MRCI/(20s15p10d6fl, 12s6p3d2f) SO splittings of £#® and
5 2@ states are\E(?d®7;,—2Psp2) = 705 and 30 cm?, respec-
tively; Figure 1. The results of Borin et &Udiffer significantly
from ours, most notably in the dissociation energies. It is curious
that theDe values of all seven doublets calculated in ref 8 are
systematically larger than the corresponding ones calculate
presently by about 30 kcal/mol; see Table 2.

Two 211 states, almost degenerate, marketiloand 821,
have been obtained at the MREIQ) level of theory with
energy distances from the 3" state of 33.7(34.0) and 35.7-
(33.6) kcal/mol, respectively. Both are of intense multireference
nature, double bonded () and correlating to Co(&; M =
+1, £2) + C(P; M = 0, 1). The 821 suffers two avoided

Perhaps, the two X2IT; transitions that the experimentalists
see are not the 3/2 and 1/2 components of #iestate, but
belong to the twaTI degenerate states, i.e.,281/2,3/2 6 2112
— X Z=H

102=*. This is a triple bonded strongly multireference state
correlating to Co(#; M = £1) + C(P; M = F1); see Table
3. There are two avoided crossings, one at 5 bohr with the higher
excited staté=" correlating to Co(fF; M = 0) + CCP; M =
0), and then at 3.8 bohr with the ground state. As a result, the
in situ equilibrium atoms are Ca{g; M = 0) + C(°P; M = 0).
Experimentally, the 18=" state is located 39.8%r 40.72 kcal/
mol5 (Te) above the X state, with ar of 1.747 A5 Our MRCI-
(+Q) results are in acceptable agreement with these experi-
mental findings, namelyT. = 44.9(43.3) kcal/mol ande
1.764(1.745) A; Table 2.

11 2A. This is the highest of the doublets studied, double
bonded f, ), with De = 36.2(39.4) kcal/molTe = 45.5(45.6)
kcal/mol, andre = 1.726 (1.709) A at the MRCHQ) level;
see Tables 2 and 3. Experimentally, a stat€at 38.39 kcal/
mol* andro = 1.75 A with a total angular momentuf@’ = 3/,
has been observed, which could be the 3/2 component of either
a I or 2A state.

B. Quartets: 24®, 3411, 7 *A, 94+, 124A, 1541, and
164®. The potential energy curves of the seven quartets studied
in the present work are displayed in Figure 4; the MRCI/
(20s15p10d6fl, 12s6p3d2f) SO-splittings of the 2d, 3 “IT,
and 74A states are shown in Figure 1.

24®, 16*®. Formally, the 2*® is the lowest of the quartets
with a “IT state just 1.3(0.8) kcal/mol higher at the “simple”
MRCI(+Q) level. Whereas both® correlate to the ground-
state atoms Cot&; 4€3d") + C(°P), the 16'® experiences an
avoided crossing around 4.6 bohr with a higher (not calculated)
4® correlating to the first excited state of CAp 453c8) +
C(P). As we move closer to equilibrium, it seems that th&f.6
state interacts with the @b at about 3.5 bohr; therefore, the in
situ equilibrium character of Co atom in the latter acquires the
48'3cP distribution. The resulting double bond, () character
in the 24® state of CoC, along with Mulliken populations and
leading configurations, are depicted in Table 3. The bonding in
the 164® state is alsod, ), but now the in situ Co atom
possesses a 4xl(a’F) distribution; see the vbL diagram in
Table 3. At the MRCI{-Q) level the 2*® and 16*® states are
located 18.8(17.4) and 49.4(50.2) kcal/mol above the X state

dwith binding energies with respect to Céta+ C(P) of, De

= 62.0(67.2) and 32.3(34.9) kcal/mol, respectively (Table 2).

3 I, 15“I1. Recall that undeC,, symmetry thell and ®
states have the same spatial symmetry, i.e., TBie 3“1 is
practically degenerate to“®, and the 1511 to 16®. In all
respects these twHl1 states are strikingly similar to the two
® states just discussed; see Tables 2 and 3.

7 “A, 12 4A. Both these quartets are double bonded,mf (

crossings around 6.5 and 5.0 bohr with a higher (not calculated) ) character the A and (z, 7) the 124A state; see Table 3.

211 state. Passing the equilibrium of théd state,ro = 1.745

A (=3.30 bohr), the 81T suffers a third avoided crossing now
with the 62[1 state, very close to its equilibrium geometry,
= 3.13 bohr. The MRCI SO splittings of the 6 andIg states,
are AE(A1z, — 21y5,) = 485 and 7 cm?, respectively; Figure
1. Experimentally®, two transitions at 13343 and 13079 th

The 12%A suffers an avoided crossing around 4.5 bohr with an
incoming (not calculated state correlating to Cofb; 483cB)

+ C(P), therefore imparting this character to the in situ
equilibrium atoms of the 12A state. An avoided crossing also
occurs between the “A and 12*A states in the repulsive part
of their potential energy curves (Figure 4).



TABLE 3: MRCI Leading Configurations, Mulliken Populations, Valence-Bond-Lewis Diagrams and M(Co), M(C) Projection Values of Asymptotic Atoms,
Co(a'F; M) + C(3P; M)

State | Leading Configurations Population Analysis vbL M, M
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9 4Z*, This is a double bondeds( ) quartet located 41.7
(42.3) kcal/mol above the X state at the MRED) level,
showing also strongly multireference character.

C. Sextets: 13Fd, 146=+, 1711, and 18°A. All four sextets
above display strong multireference character, theyasiagle
bonded and the in situ carbon atom finds itself in Me= 0
component of it$P state. In all cases thebond is formed by
the transfer of about 0.5 @rom the 43 Co distribution to the
empty 2p orbital of the C atom. These four sextets lie within
an energy range of 5 kcal/mol, reflecting their similar bonding
interaction (Figure 5).

The PEC of the 14X+ shows a global (G) and a local (L)
minimum, the result of an avoided crossing with another (not
calculatedf=" state correlating to Coff; M = 0) + C(CP; M
= 0). The barrier height between the-G minima is 2.34 kcal/
mol measured from the G-minimum; Figure 5.

4. Summary and Final Remarks

Employing mainly multireference variational methods (MRCI)

Tzeli and Mavridis

(v) TheTe's of the following pairs or groups differ by about
1 mhartree at the MRCI level and obviously their real ordering
is probably different{6 2I1, 7 A}, {102=", 112A, 124A, 13
6}, {146=F, 15411, 164d}, {17611, 186A}. The ordering is
reversed by adding the zero point energy correctar/2, only
for the pair{12 *A, 13 6®}.
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