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The ground states of the transition-metal diatomic carbide cations, MC* (M = Sc, Ti, V, and
Cr), are studied using multireference configuration interaction (MRCI) methods in conjunc-
tion with quantitative basis sets. Full potential energy curves are calculated for all four sys-
tems. When 3523p6 core/valence correlation contributions and scalar relativistic effects are
taken into account, our best estimates for the zero-point-corrected dissociation energies of
the MC" series are in good agreement with relevant experimental results. For TiC*, the
recent correlation-consistent-type basis sets for Ti of Bauschlicher are also exploited to
extract complete basis set limits of selected properties. The ground states of VC*(X 3A) and
Crc*(X 2A) are reported for the first time in the literature. For CrC* an interesting competi-
tion is revealed between the ?A and I states; although 45 s formally the ground state at
the MRCI level of theory, when core/valence and/or relativistic effects are included, the ground
state of CrC* becomes of %A symmetry, with a calculated energy separation (a 4o X 2A) of
2.3 kcal/mol.

Keywords: Ab initio calculations; Multireference configuration interaction; Transition metals;
Carbides; Scandium; Titanium; Vanadium; Chromium.

Continuing our work on the elucidation of the electronic structure of di-
atomic metal carbides, neutral or otherwise!, we present high level ab initio
calculations of the series MC*, M = Sc, Ti, V, and Cr. In particular, we focus
on the ground states of the MC™* species, with the purpose of obtaining ac-
curate dissociation energies and certain spectroscopic constants, as well as
to get some insight on their bonding character and trends.

Recently, we have examined by multireference variational methods, the
ground and 12 excited states of ScC* and TiC* molecules'?; their ground
states were found to be of 3M(ScC*) and 23*(TiC") symmetries. Table | col-
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lects all experimental data available for the MC* series and some pertinent
theoretical values.

Using extensive basis sets, variational multireference and coupled-cluster
techniques, we construct potential energy curves (PEC) and we report bind-
ing energies (D,), bond distances (r,), harmonic frequencies (w,), and
Mulliken charges for both VC* and CrC* species. Using the same basis sets
and methods, the ScC* and TiC* cations are re-examined for reasons of
comparison and uniformity.

BASIS SETS AND METHODS

For the carbon atom, the correlation-consistent basis set of quadruple-
quality (cc-pVQZ) 12s6p3d2flg was used, generally contracted to
[5s4p3d2fig] 6. For the Sc, Ti and V, Cr metal atoms, the atomic natural-
orbital (ANO) Gaussian basis sets 21s16p9d6f4g and 20s15p10d6f4g, respec-
tively, were employed and similarly contracted to [7s6p4d3f2g] ’. The one-
electron basis set space is composed of 139 spherical Gaussian functions. In
addition, the effect of one h (I = 5) function to the D, and r, values was also
examined for the CrC* species. For the TiC* system only, the newly devel-
oped Ti correlation-consistent-type basis set(s) of Bauschlicher®, 21s16p9d
contracted to [7s8p6d] and augmented by a series of “polarization” sets
2flg, 3f2g1lh, and 4f3g2hli named TZ, QZ, and 5Z, respectively, were also

TABLE |
Existing data on the ground states of the MC* systems, M = Sc, Ti, V, and Cr

Molecule Method Dy, kcal/mol re, A
Scc* experiment® 770+ 1.4

MRCI(+Q)® 68.8 (71.5)/X °M 1.908 (1.92)
Tic* experiment® 934 %55

MRCI(+Q)® 85.2 (86.7)/X ?5* 1.696 (1.70)
vc* experiment® 91.1 0.9

experiment? 89.2 +3.2
crc* experiment? 66.2+5.8

MRCI® 31.5/X 45~ 1.735

@ Guided-ion-beam tandem mass spectrometry, ref.?2 ® Multireference configuration interac-
tion (+ Davidson correction), ref.'® ¢ Guided-ion-beam tandem mass spectrometry, ref.3
4 Photoionization/fragmentation by synchrotron radiation, ref.* ¢ Ref.5. D, = D, - w,/2.
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tested. The corresponding basis sets for C were Dunning’s aug-cc-pVnZ, n =
T, Q, and 5, respectively®. For correlated calculations including the 3s23p®
(core) electrons of the metal atom(s), the same ANO basis sets were used
throughout the Sc-Cr series. However, in the core-correlated calculations of
the TiC* molecule, in conjuction with the correlation-consistent-type TZ,
QZ, and 5Z bases, the latter were augmented by 1f (CTZ), 1flg (CQZ), and
1f1glh (C5Z) Gaussians, respectively®. Thus, the largest contracted basis set
used in the TiC* molecule, [7s8p6d5f4g3hli/;; 7s6p5d4f3g2h/-] numbers
305 spherical Gaussians.

To construct potential energy curves (PEC) for all four molecules, the
complete active space self-consistent field + single + double replacements
(CASSCF + 1 + 2 = MRCI) method was used, in conjunction with the ANO/
cc-pVQZ basis sets. The functional valence space chosen for all systems
studied, ScC* to CrC*, is composed of 10 orbital functions, correlating as-
ymptotically to the valence-occupied spaces of M*(4s + 3d) and C (2s + 2p)
atoms. Considering the 1s22s22p63s23pf and 1s? electrons of M* and C as co-
re (inactive), our zeroth-order spaces are formed by distributing 6, 7, 8, and 9
e~ among 10 orbitals, giving rise to 1740, 3526, 5196, and 6996 configura-
tion functions (CF) for the ScC*(X 3M), TiC*(X 2=*), VC*(X 2A), and CrC*(X
2M), respectively. It should be mentioned at this point that all our CASSCF
wavefunctions obey symmetry and equivalence restrictions.

Dynamic valence correlation was obtained by single and double excita-
tions out of the reference space(s) within the internally contracted philoso-
phy® as implemented in the MOLPRO 10 suite of programs. Our largest
uncontracted Cl expansion (CrC*) contains 66 x 108 CFs, reduced to about
1.2 x 10% internally contracted CFs.

To monitor the effect of the inner-shell of the metal, MRCI calculations
including the 3s23p°® electrons were also performed around the equilibrium
distance. Our largest uncontracted Cl expansion in the case of TiC*/[C5Z/
aug-cc-pV5Z] consists of about 3 x 10° CFs vs 58 x 10° of the internally con-
tracted one. These calculations will be referred to as C-MRCI. For reasons of
comparison, valence restricted coupled-cluster singles and doubles includ-
ing non-iterative triples [RCCSD(T)] calculations were also done around
equilibrium for the MC™ series. Corresponding RCCSD(T) calculations tak-
ing into account the 3s?3p® core electrons are referred to as C-RCCSD(T).

For TiC* only, we report complete basis set (CBS) limits of r, and D, values
obtained by applying the mixed Gaussian/exponential formula

P =P, + Ae-™D + B "V’
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where P is a generic property, P, its CBS limit, n the cardinal basis set num-
ber, and A, B freely adjustable parameters!?®.

Relativistic effects for all four molecules are estimated at the (valence)
MRCI level of theory via the one-electron Douglas-Kroll (DK) approxima-
tion'? employing the DK-recontracted (aug-)cc-pVnZ basis set for C (ref.13)
and keeping the respective ANO basis set for the M atom uncontracted.
Finally, basis set superposition error (BSSE) corrections were obtained at the
same level of theory by the usual counterpoise approach®®.

All our calculations were performed with the MOLPRO 2002.3 program?1°,

RESULTS AND DISCUSSION

The Atoms

Table Il lists total energies and first-excited state atomic energy separations
(Sc* to Cr") in a series of methods and employing the ANO-[7s6p4d3f2g]
basis set’. At the MRCI level, the absolute energy splittings are in fair agree-
ment with the corresponding experimental values'®, the largest difference
being 0.205 eV in the a ®D ~ a 8S Cr* case, or 13.5%. To obtain very accu-
rate energy separations in the transition metal atoms does not seem an easy
task as the rest of Table Il reveals, where core-correlation effects and relativ-
istic effects (DK) have been included.

In Tables 11l and IV we report total energies, binding energies, and bond
distances of the MC* (M = Sc, Ti, V, and Cr) ground states at different levels
of theory. Table V lists similar properties of the TiC* molecule, but using
the series of the correlation-consistent-type basis sets TZ, QZ, and 5Z of the
Ti atom in conjunction with the corresponding basis sets of the C atom
(vide supra). Potential energy curves of the four ground states are shown in
Figs 1 and 2.

ScC*. As it was found recently!? the ground state of ScC* is of [ symme-
try with D, = 69.8 (D, = 68.8) kcal/mol and r, = 1.908 A. The leading
CASSCF equilibrium configuration is

IX 3NC= 0.90|(core)?°7c? 80" 3T, 31¢ [ (B, component)
with corresponding Mulliken populations (Sc/C)

45 0.10 4pg.05 4p0.10 &jgfﬁ Sdgfl 3d8.z79 / 251.73 2p3.76 2p2.66 2p1.10 .

n y
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In accord with the above description the following valence-bond-Lewis
(vbL) icon captures the bond formation (Scheme 1; see ref.'? for details)
suggesting the formation of 3/2 mand 1/2 ¢ bonds. A total of 0.20 e~ are
transferred from Sc* to the C atom.

3dy, 2Py
4s z 25
0. _I_

3dzz/\ —_ SC ° C:

/\
3d

yz 2py

sc*(®D; M = £1) cCr;M=0) x3n

SCHEME 1

Now by increasing the Sc basis set in the present work by two g functions
as compared to our previous work!?, and performing state-specific calcula-
tions, we obtain D, = 71.76 kcal/mol at the MRCI level. Including core-
valence correlation effects, dD(core), due to the 3s23p® electrons of Sc, the
MRCI D, increases by 4.87 kcal/mol. In addition, scalar relativistic effects
obtained through the DK method, dD,(DK), and BSSE change the D, value
by +0.04 and -0.18 kcal/mol, respectively (Table Ill). The final MRCI bond

T T T T
Mt +cip)
0 L Jop
5 —20 L |
£
=
[}
L
ui —40 L -
60 L _
-80 _
! I I I
2 4 6 8 10 12
"V—C bohr

Fic. 1
Ground-state potential energy curves for ScC*(X 3M), TiC*(X 2=*), and VC*(X 3A) at the MRCI
level of theory. Dissociation products for MC* (M = Sc, Ti, V) are: {Sc*(a °D), Ti*(a *F), V*(a °D)} +
C GP)

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



396 Kerkines, Mavridis:

dissociation energy obtained is D, = D,(MRCI) + dD(core) + 8D,(DK) +
0D.(BSSE) = 71.76 + 4.87 + 0.04 — 0.18 = 76.49 kcal/mol, or Dy = D, — w,/2 =
75.4 kcal/mol, as compared with the experimental value? of D, = 77.0 + 1.4
kcal/mol. The MRCI bond length (1.908 A) is reduced by 0.002 A when rela-
tivistic effects are included, and is reduced even further by 0.039 A at the
C-MRCI level of theory; thus, our best estimated r, is 1.867 A (Table IIl).
Corresponding RCCSD(T) D, and r, values are smaller by 2.5-3 kcal/mol
and 0.01 A, respectively.

TiC*. It is known that the ground state of TiC* is 2Z* with D, = 86.4 (D, =
85.2) kcal/mol at r, = 1.696 A2 (Table I). The dominant CASSCF equilib-
rium configuration and Mulliken distributions are

|X 25*[= 0.87|(core)* 702 8o 31T; 37T, [

480408 4pg.06 4p10-[.06 3dg.261 3d2.298 &jgfs 3dg.04 / 281.74 2p2.54 2p>0(.94 2p0.94 .

y

The bonding is succinctly demonstrated by the following vbL picture
(Scheme 2; but for details, see ref.1?) suggesting that the two atoms are held
together by two mand 1/2 o bonds; overall 0.19 e~ are transferred from Ti*

0.08 - o G agla gt gy 4 ¢ ()
o :
S 004 - ; .
g ? 5
ui ; 5 cr'ad®, %) + ¢ (%p
000 | ; or'ad®, B9 +c Ch

-0.04 L

-0.08 |-

2 4 6 8 10 12
Ier—cr bohr

FiG. 2
Potential energy curves for the two competing states of CrC* (ZA, 42‘) at the MRCI level of the-
ory. Total energies have been shifted by +1081 hartree
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to the C atom. From Table Ill we see that our final D, value is, D, =
D.(MRCI) + dD,(core) + 0D (DK) + dD(BSSE) = 89.31 + 5.03 - 0.60 — 0.26 =
93.48 kcal/mol, or Dy = D, — w,/2 = 92.2 kcal/mol as compared with the
experimental value of 93.4 + 5.5 kcal/mol 2. Notice that the difference of
89.31 - 86.4 = 2.9 kcal/mol between our present and previous!? D, values
at the MRCI level, is due to the increase of the metal basis set by two g an-
gular momentum functions and that the present calculations are state-
specific rather than state-averaged. The corresponding bond length is r, =
ro(MRCI) + &r (core) + dr,(DK) = 1.695 — 0.029 - 0.002 = 1.664 A.

3d,, 2p,
4s z -2
o = 1{ecs’
e
3d,, 2p,
Ti'(*r; M= 0) cr;,M=0) x 2s*

SCHEME 2

Table IV lists D, and r, values of the TiC* X 25* state using the series of
the Ti correlation-consistent-type basis sets of ref.8 The CBS limits of D, and
r., assuming that the BSSE is practically zero, are as follows:

D.(CBS) = D,(MRCI/CBS) + 8D,(core/CBS) + dD,(DK/CBS) =91.7 + 4.7 - 1.6 =
94.8 kcal/mol, or Dy(CBS) = D,(CBS) - w,/2 = 94.8 — 1.3 = 93.5 kcal/mol,

r.(CBS) = r,(MRCI/CBS) + or,(core/CBS) + or,(DK/CBS) = 1.691 - 0.028 -
0.001 = 1.662 A.

Notice that the extrapolation to the CBS limit alone increases the MRCI
binding energy by about 2.5 kcal/mol.

VC*. The ground state of VC* is “formally” of 3A symmetry with the first
excited state (*=*) lying about 3 kcal/mol higher!’. At infinity, the molecule
is described by the product wavefunction [°D;M = +10] . 0 [°P;M = *1[4.
Moving towards the equilibrium and around 4.2 bohr, the X 3A state suffers
an avoided crossing with a 3A state correlating to V*(°D; M = #2) + C (°P; M
= 0), thus transferring its character to the X 3A state (Fig. 1).

The dominant equilibrium CASSCF configuration is

|X A= 0.89|(core)* 70?80 3m; 31 1§ O (A, component)

with the following Mulliken atomic distributions (V/C)
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0.09 0.06 0.04 0.61 1.05 1.05 1.0 1.73 0.53 0.90 0.90
4577 4p, T Apy T 3d T 3d,C 3y, 3dx2_y2 /2877 2p, > 2p, 2p, T .
Notice that apart from the & symmetry carrying electron of the VC* X 3A
state, the above populations are practically identical to those of the TiC*
X?23* state (vide supra). Clearly the bonding comprises two 1 and 1/2 o
bonds as exemplified by the vbL picture (Scheme 3).

v*(3d?, 5D; M = 12) c ép; M=0) X

SCHEME 3

Overall, 0.1 e~ are transferred from V* to C. At the MRCI level of theory,
D, = 79.02 kcal/mol and r, = 1.667 A (Table IlI). Including core-valence cor-
relation effects (i.e., the V* 3s23p® e7), Douglas—Kroll relativistic corrections,
and BSSE estimates we obtain D, = D,(MRCI) + dD.(core) + dD,(DK) +
0D (BSSE) = 79.02 + 4.00 + 3.81 — 0.16 = 86.7 kcal/mol, or D, = D, — w,/2 =
85.4 kcal/mol, in acceptable agreement with the experimental value(s)
91.0 + 0.93 and 89.2 + 3.22 kcal/mol. Taking into account our experience
with the systematic increase of the basis set in the X 2%* state of TiC*,
we can claim that it is reasonable to increase the D, value of VC* by about
2-3 kcal/mol, i.e., our estimated D, value becomes, D, = 88 kcal/mol, now
in agreement with the experimental value(s).

The corresponding ground-state bond length after similar corrections is
re = r,(MRCI) + &r(core) + dr,(DK) = 1.667 — 0.019 — 0.003 = 1.645 A.

CrC*. It is natural to envisage the formation of the CrC* cation from the
ground states of Cr*(a 6S) and C (°P) according to the vbL diagram (Scheme 4)
indicating two mmand 1/2 ¢ bonds, leading to a %~ state. The above mecha-
nism of bond formation is identical to the formation mechanisms of the
TiC*(X 2Z%) and VC*(X 3A). Indeed, the ab initio MCSCF + 1 + 2 calculations
of Harrison® using a DZP basis set suggest a ground state of 4Z~ symmetry
and a binding energy D, = 31.5 kcal/mol at r, = 1.735 A (Table 1). However,
although Scheme 4 captures correctly the physics of the bonding, the situa-
tion is more involved than it seems and our results indicate that the ground
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state could be of 2A symmetry rather that 43-, albeit they are very close to
each other (vide infra).

7 N+
[
—*Cr.-=-C8
5 N—r”’
crt(ad®, 8s) cCr;M=0) 45"

SCHEME 4

Table V lists our numerical findings and Fig. 2 presents the PECs of the
43~ and 2A states. The leading equilibrium CASSCF configurations of the 43~
and 2A states are

|“Z7C= 0.85|(core)* 70?80 3m; 31613 1 § -
- 0.18|(core)* 70* 80 (4 3TC +3 1 4 §)1 d1 &L,
|2A0= 0.88|(core)* 702802 32 3¢ 1§ -
- 0.15|(core)* 70%802 (41, 3¢ +3 1§ 4 )1 DO (A, component)
with corresponding atomic Mulliken distributions (Cr/C)

4s— . 0.09 0.07 Q04 0.68 1.05 1.05 1.0 1.0 1.72 0.45 0.90 0.90
304800 4p 0T 4p PR L GO B 3dLD /250 2p2 I )

a

2 . 0.15 0.10 Q 06 1.29 1.18 1.18 0.5 0.5 1.76 0.69 0.77 0.77
A:4s > 4p T Ap 3122 Ky I lez_yz3dxy/25 p,” 2,7 D,

The populations of 43~ conform clearly to Scheme 4 with practically no
charge transfer from the metal to the carbon atom. Now the vbL icon of the
2\ state according to the leading CFs and the atomic populations is
(Scheme 5)
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o " N\
+ = Cr—C3
5 N

cri(3d® 4G; M = +2) c Gpr; M=0)
SCHEME 5

Therefore, we are dealing with a genuine triple bond with the in situ Cr*
atom in the excited 4G state, 2.544 eV above the ground ©S state!®.

According to Fig. 2, the 2A state correlates to Cr*(4s'3d*; a “D) + C (°P). As
we move towards equilibrium and at about 4.5 bohr, the 2A state suffers an
avoided crossing with another state of the same symmetry which, we be-
lieve, correlates to Cr*(3d%; a “G) + C (3P), thus imparting its character to the
first 2A state.

Now it is interesting and instructive to follow the numbers of Table V.
At the MRCI level, the ground state appears to be the 4~ with the 2A just
0.22 kcal/mol higher, or 0.53 kcal/mol at the MRCI+Q level. Notice, how-
ever, that the RCCSD(T) method predicts the opposite, i.e., the X~ higher by
1.47 kcal/mol. We believe though that the RCCSD(T) results, at least at this
level, are rather fortuitous because of the inability of the single-reference
coupled-cluster method to describe correctly the spatial symmetry of the 2A
state, thus lowering its energy in an artificial way. This symmetry problem
does not intervene in the =~ RCCSD(T) description. The addition of a sin-
gle (11-component) h function (exponent = 1.0) in the basis set of Cr
makes the two states practically degenerate, with the 43~ still being lower by
a mere 0.01 (0.31) kcal/mol at the MRCI (MRCI+Q) level. Including relativ-
istic effects through the DK method at the MRCI level, the 2A state is then
predicted to be the lowest by 1.04 kcal/mol. At the C-MRCI level (including
the 3s23p°® core electrons of Cr*), again the ground state is predicted to be of
2A symmetry by 1.07 kcal/mol with respect to the 3~ state. Assuming
additivity of relativistic and core-correlation effects, including the zero-
point energy correction (Aw,/2), and BSSE corrections, our best energy sepa-
ration (T,) between the two states is 2.3 kcal/mol with the 2A being the
ground state. Unfortunately, the whole situation is rather subtle: (i) Adia-
batically, the X 2A state correlates to Cr*(a D) + C (°P) with AE(a *D — a6S) =
56.7 kcal/mol experimentally*®, but theoretically we predict 54.9 kcal/mol
at the C-MRCI(DK) level. (ii) Diabatically, the X 2A state correlates to
Cr*(a *G) + C (3P) with AE(a “G — a 8S) = 58.7 kcal/mol experimentally®,
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but 63.1 kcal/mol theoretically at the C-MRCI(DK) level of theory. Hypoth-
esizing parallel shifting of the two PECs to match the experimental AE sepa-
rations, we obtain T, = 2.3 + (-1.8 ) = 0.5 kcal/mol referring to adiabatic
products, or Ty = 2.3 + 4.4 = 6.7 kcal/mol referring to diabatic products, in
either case maintaining the ordering of the two states, X 2A and a *3-.

Our best estimate for the D, and r, values for the X ?A and a 43~ states are
111.1 and 53.5 kcal/mol, and 1.566 and 1.636 A, respectively. It should be
mentioned that the 111.1 kcal/mol D, value of the X 2A state is with respect
to the adiabatic products Cr*(a “D) + C (3P); with respect to the ground state
fragments D, (X2A) = 111.1 - AE(*D « 8S) = 111.1 - 54.9 = 56.2 kcal/mol
employing the theoretical AE value. According to our previous D, values of
the TiC* and VC* cations, it is reasonable to assume a 2 kcal/mol increase of
the binding energy in the complete basis set (CBS) limit. Assuming also a
parallel shifting, as before, with respect to the diabatic products Cr*(a 4G) +
C (®P), an estimated D, value of about 63 kcal/mol is obtained, in accept-
able agreement with the recently proposed experimental value* D, = 66.2 +
5.8 kcal/mol (Table I). This agreement, perhaps, indicates the reliability of
the experimental value and at the same time, the difficulty in obtaining ac-
curate ab initio results even with diatomic molecules containing first-row
transition metals.

SYNOPSIS AND REMARKS

In the present work, we have tried to obtain quantitative results, and to get
some insight into the bonding mechanism of the ground-state metal mono-
carbide cations MC* (M = Sc, Ti, V, and Cr). To better understand the evolu-
tion of bonding, potential energy curves were constructed at the MRCI
(CASSCF + 1 + 2) level of theory. Table VI condenses our best numerical values
for the above MC* series.

In all four ground states, the C atom participates with the M = 0 compo-
nent of its 3P ground state, thus preferring the formation of two complete 1t
bonds (with the exception of ScC* where it forms 3/2 1 bonds) and 1/2 ¢
dative bond (with the exception of CrC* where it forms a single o bond, but
see below). In particular, the bonding in ScC*(X %), TiC*(X?2Z*) and
VC*(X 34) is of similar nature, maintaining 1/2 ¢ bond and forming 3/2 m,
2 mand 2 tbonds as we move from ScC* to TiC* to VC*. In the case of CrC*,
although the similarly bonded 43~ state is found to be formally the ground
state at the MRCI level of theory, upon allowing for core/valence correla-
tion and/or scalar relativistic effects, the situation changes resulting in a 2A
ground state with the 4%~ just 2.3 kcal/mol higher. Contrary to the first
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three cations, the X 2A state of CrC* correlates adiabatically to an excited
state of the transition metal cation (a D), while the in situ Cr* finds itself in
the a G state, thus forming a genuine triple bond with carbon. Parallel
shifting with respect to the a G state of Cr* to match the experimental en-
ergy separation gives an upper limit To(a 4~ « X ?2A) = 6.7 kcal/mol.

The similarity of bonding (2 1, 1/2 o) is reflected nicely in Table VI, where
the states X 2Z*(TiC*), X 3A (VC*), and a #Z~(CrC*) have, practically, equal
bond lengths; ScC*, as was already mentioned, is “lacking” 1/2 1t bond, re-
sulting in a larger bond length. Notice the much shorter (by about 0.08 A)
bond length of the triply bonded CrC* X 2A state. The same trend is also
followed in the D, values, the exception being the CrC* 45~ state. The latter
value could be possibly rationalized considering the significantly larger ion-
ization energy of Cr* (16.49 eV) as compared with the previous cations
Sc* (12.89 eV), Ti* (13.43 eV), and V* (14.2 eV)'S.

In all four molecules, 3s23p® core/valence correlation effects of the M*
cation were found to play a substantial role in obtaining accurate energetics
and geometries. In particular, dissociation energies increase by 4-5 kcal/mol,
while bond lengths shorten by 0.02-0.04 A, although it should be stressed
that the inclusion of the 3s23p® e~ in the MRCI calculation increases signifi-
cantly size-nonextensivity errors. In addition, relativistic effects estimated
through the Douglas-Kroll approach were found to shorten bond lengths

TABLE VI

Summary of best calculated dissociation energies (Dg), bond distances (r,) and harmonic fre-
quencies (w,) from the present work. Experimental numbers in parenthesis

Ground state and

Species bonding Dy, kcal/mol roo A w,, cm™t

scc* X3M(1/20,3/2M)  75.4 (77.0 + 1.4} 1.867 731.8

Tic* X 25%(1/2 0,2 ) 93.5 (93.4 + 5.5)2 1.662 903.7

vc* X 3A(1/2 0, 2 ) 85.4°(89.2 + 3.2)3 1.645 917.2
(91.1 £ 0.9)°

crct X 2A(1 0, 2 T) 111.1¢ 1.566 976.3
56.2° (66.2 + 5.8)f

a*s(1/20,2m) 53.5 1.636 878.4

2 Ref.2 P “Approximate” CBS limit 88 kcal/mol; see the text. © Ref.® ¢ With respect to adia-
batic products. ¢ With respect to ground state products; “approximate” CBS limit, including
curve shifting, D, = 63 kcal/mol, see the text.  Ref.*
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by less than 0.005 A, while a more involved effect is observed on binding
energies, 0.04, -0.60, 4.81, and -1.20 kcal/mol in ScC*(X M), TiC*(X 2z"),
VC*(X3A), and CrC*(X 2A), respectively; the corresponding effect in CrC*(a
457) is 4.20 kcal/mol. In an effort to explain this “irregular” behavior of rel-
ativity on the dissociation energies, we note that in all MC™* cases where the
asymptote is of 4s13d" configuration (ScC*, TiC*, CrC* X-states), relativistic
effects are rather small. On the other hand, for the 3d" asymptotic configu-
ration [VC*(X34), CrC*(a*Z)] relativistic effects are more important.
Finally, we tested the newly developed correlation-consistent-type basis
sets of Bauschlicher for the Ti atom on the TiC* cation obtaining complete
basis set values for the Dy and r, parameters. Upon extrapolation to the CBS
limit, the Dy value increases by about 2.5 kcal/mol with respect to the ANO-
[7s6p4d3f2g];/cc-pVQZ- MRCI results, while the effect on r, is negligible.
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