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The ground and low-lying states of the monopositive vanadium and chromium carbides,
VCþ and CrCþ have been studied by multireference methods and quantitative basis
sets. Potential energy curves for 17 (VCþ ) and 19 (CrCþ ) states have been fully calcul-
ated. A variety of binding modes is revealed in the low-lying spectrum of the two molecular
cations, often accompanied with an electronic charge transfer from the metal cation towards
carbon. Two states compete for the ground state identity in both systems. One state comprises
two p and ½� bonds (similarly to ScCþ and TiCþ ), while the other state forms a genuine
triple bond. After a rather intricate analysis including core electron effects, scalar relativity
and curve shifts, the formal ground states of VCþ and CrCþ are found to be of 3� and 2�
symmetry, with estimated energy differences from the competing 1�þ and 4�� states of 1–3
and 3–7 kcal/mol, respectively. At the highest level of theory including core/valence corre-
lation and one-electron relativistic effects, the calculated ground-state binding energies are
in satisfactory agreement with available experimental values.

1. Introduction

The transition metal–carbon bond plays a funda-
mental rôle in many chemical processes and reactions.
The determination of its nature, even in small molecules,
remains a challenge [1]. Most experimental work on the,
simplest, diatomic transition metal carbides has been
focused on species of the 2nd and 3rd transition metal
rows [2]. The literature on the corresponding species
of the 1st transition metal row is surprisingly scarce [3],
and for their monocationic counterparts, even scarcer.
For the cations MCþ , where M¼Sc, Ti, . . . ,Cu, the only
experimental information available are the dissociation
energies of the (unknown symmetry) ground states of
ScCþ [4], TiCþ [4], VCþ [5], CrCþ [6], FeCþ [7], and
CoCþ [7, 8]. Theoretically, and with the help of highly
correlated multireference calculations, the symmetries of
the ground states of MCþ (M¼Sc, Ti, V, Cr, Fe) have
been established [9–11] and several low-lying states have
been studied for the ScCþ , TiCþ , and FeCþ moieties
[10, 11]. Older theoretical work by Harrison [12] was
focused on the 4�� and 4� states of CrCþ employing
multireference configuration interaction methods
coupled with double zetaþP quality basis sets.
Recently, Gutsev et al. [13] attempted to predict the
ground states of the entire first-row transition metal

MCþ series using the density functional approach
(BLYP, B3LYP, BPW91). These authors also predict a
4�� ground state for CrCþ at the B3LYP and BPW91
levels of theory, but at the BLYP level they find a 2�
ground state [13]. Supported by our large multireference
configuration interaction (MRCI) results including
relativistic contributions as well as the effect of the
3s23p6 ‘core’ electrons of the transition metal, we have
already pointed out that the ground state of CrCþ is of
2� symmetry [9]. For the VCþ cation, the density-
functional theory (DFT) results of Gutsev et al. suggest
that the ground state is 3� [13]. Our large
MRCI calculations have indicated however, that,
although formally the ground state of VCþ is of 3�
symmetry [9], the situation is more involved due to
a similar to CrCþ (and maybe even ‘fiercer’) competi-
tion between the 3� and 1�þ states (vide infra).

To obtain reliable spectroscopic parameters, as well
as to interpret the bonding nature in their low-lying
states, we have performed complete active space self-
consistent fieldþ singlesþ doubles configuration inter-
action (CASSCFþ 1þ 2¼MRCI) calculations on the
VCþ and CrCþ molecular cations; the present study
can be viewed as a continuation of our work on ScCþ ,
TiCþ [10] and FeCþ [11].

The lowest-lying dissociation channels of the VCþ cat-
ion in ascending energy order are Vþ (3d4, a 5D)þ C(3P),
Vþ (4s13d3, a 5F)þC(3P), and Vþ (4s13d3, a 3F) þC(3P),
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while for CrCþ they are Crþ (3d5, a 6S)þ C(3P),
Crþ (3d5, a 6S)þC(1D), Crþ (4s13d4, a 6D)þ C(3P),
Crþ (4s13d4, a 4D)þC(3P), and Crþ (3d5, a 4G)þC(3P)
[16]. Table 1 collects the relevant theoretical and experi-
mental atomic energy splittings among the lowest lying
states of Vþ , Crþ , and C. We note that, (a) the ground
state term of Vþ (a 5D) is predicted to be the same as
the experimental one [16], only after dynamical correla-
tion is taken into account (i.e. at the MRCI level); (b)
the rather inadequate description of the first excited
term of Crþ (a 6D) at the spherically averaged SCF
level (¼CASSCF in this case) places the Crþ (4s13d4,
a 6D)þC(3P) asymptotic channel lower than Crþ (3d5,
a 6S)þ C(1D), contrary to experiment [16]. In both
cases, this ‘deficiency’ of the reference CASSCF calcula-
tions caused problems of technical nature, which were
more severe in the calculation of several excited states
of CrCþ .
The aforementioned lowest-lying asymptotic chan-

nels engender 99 and 108 molecular 2Sþ 1|�| states
for VCþ (of �� , �, �, �, and � symmetry, S¼ 0, 1, 2,
and 3) and CrCþ (of �� , �, �, �, �, and H symmetry,
S¼1/2, 3/2, 5/2, and 7/2), respectively. Out of pre-
liminary CASSCF calculations for all these states,
17(VCþ ) and 19(CrCþ ) were selected to be investigated
more thoroughly at the MRCI level, employing the
arbitrary criterion of being the lowest in energy at the
CASSCF level of theory.
For almost all states studied in the present work we

report total energies, dissociation energies (De), bond
distances (re), harmonic (!e) and anharmonic (!exe)
frequencies, Mulliken charges and energy gaps (Te),
as well as full potential energy curves (PECs). PECs
are crucial for a better understanding of bonding
evolution along the interaction path and for correct
identification of the in situ atomic characters. The
fundamental necessity of the latter will be unveiled
shortly in a rather ‘dramatic’ way while attempting
to clarify the ground state identities for both VCþ and
CrCþ (vide infra).

2. Technical details

For the V and Cr atoms the Atomic Natural Orbital
(ANO) Gaussian basis sets 20s15p10d6f4g of
Bauschlicher [17] were employed. For the carbon atom
the correlation-consistent basis set of quadruple-�
quality, i.e. 12s6p3d2f1g of Dunning [18] was used.
Both sets were generally contracted to [7s6p4d3f2g/
5s4p3d2f1g], thus the one-electron basis set space
consists of 139 spherical Gaussian functions (5d, 7f
and 9g). The effect of one 11-component h (l¼ 5;
exponent¼ 1.0) function to the De and re values of
the two lowest-lying states of CrCþ was also examined.
The adequacy of these one-electron bases was further

supported by the small basis set superposition error
(BSSE) estimates [19] of 0.16 and 0.34 kcalmol�1 at the
ground state equilibrium geometries of VCþ and CrCþ .
For correlated calculations including the 3s23p6 core
electrons of the transition metal atoms (C-MRCI),
the same ANO basis sets were used. The effects of
relativity for the lowest-lying states of both VCþ and
CrCþ were examined at the MRCI level through the
one-electron Douglas-Kroll (DK) approximation [20],
using the same ANO (but uncontracted now) basis sets
for V and Cr, and the DK-recontracted cc-pVQZ basis
set for C [21].

The CASSCF reference space for both molecules
studied comprises 10 orbital functions, correlating
asymptotically to the ‘valence’ (occupied) spaces of
the Mþ (4sþ 3d) and C(2sþ 2p) atoms. Considering
the 1s22s22p63s23p6 and 1s2 electrons of Vþ or Crþ and
C atoms respectively as ‘core’ (inactive), our reference
space is defined by distributing eight or nine e� among
the ten ‘valence’ orbitals. For the ground states, the
reference space consists of 5196 (VCþ ) and 6996
(CrCþ ) CFs (configuration functions). The CASSCF
wave functions (but not the MRCI ones) display pure
axial angular momentum symmetry (i.e. |�|¼ 0, 1, 2, 3, 4
and 5 for �� , �, �, �, �, and H states, respectively),
even though the calculations were performed within
the C2v point group. The largest MRCI expansion
contains s 66 000 000 CFs (ground state of CrCþ ),
which is very efficiently reduced to s 1 200 000 through
the internal contraction technique [22].

The presence of many low-lying excited molecular
states of the same symmetry necessitates the use of the
state-average (SA) [23] approach. Combined losses in
total energy due to the SA approach and due to the size-
nonextensivity errors in such systems are of the order
of 2 to 3 mEH with a synchronous bond length increase
of 0.005–0.015 Å at the MRCI level of theory [24].

All our calculations were performed with the
MOLPRO 2002 software package [25].

3. Results and discussion

In section 3.1 we discuss the VCþ and in 3.2 the
CrCþ molecule. With the exception of the ground
states marked X, in all other states a number in front
of the molecular term symbol indicates the absolute
energy ordering of the state with respect to the X state;
a second number in parenthesis gives the ordering of
the states within the same symmetry manifold.

3.1 The VCþ cation
Table 2 presents our numerical results for all 17

computed states of the VCþ cation, while table 3
gives the asymptotic descriptions |Vþ>|C>, leading
CASSCF equilibrium configurations, and CASSCF
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Table 1. Energies E (hartree) and atomic energy splittings (eV) among the low lying states of Vþ , Crþ , and C in different methodologies (see the ‘technical details’
section for the basis sets used).

Vþ Crþ C

Method E(a 5D) a 5F a 5D a 3F a 5D a 3P a 5D E(a 6S) a 6D a 6S a 4D a 6S a 4G a 6S a 4P a 6S Method E 1D 3P 1S 3P 5S 3P

NHFa
�942.6707837 �1043.139393 NHFa

�37.688619

sa-SCFb
�942.670316 �0.151 0.757 2.164 �1043.138834 1.153 2.254 3.264 3.754 sa-SCFb

�37.688234

MRCI �942.725278 0.381 1.069 1.607 �1043.224227 1.727 2.615 2.890 3.063 SA-CASSCFg
�37.705548 1.575 2.613 2.909

MRCIþQc
�942.72636 0.398 1.067 1.455 �1043.22613 1.748 2.611 2.855 2.997 CISD �37.783239 1.299 2.734 4.109

C-MRCId �943.037603 0.383 1.203 1.688 �1043.547969 1.622 2.634 2.776 3.013 MRCI �37.784932 1.287 2.695 4.109

C-MRCIþQd
�943.05942 0.432 1.204 1.574 �1043.57114 1.655 2.615 2.679 2.846 MRCIþQc

�37.7879 1.27 2.70 4.18

C-MRCI(DK)e �948.327371 0.129 0.982 1.658 �1049.88976 1.321 2.379 2.738 2.971 Experimentf 1.260 2.680 4.179

C-MRCIþQ(DK)e�948.35195 0.176 0.979 1.532 �1049.9156 1.352 2.355 2.637 2.800

Experimentf 0.337 1.078 1.426 1.522 2.458 2.544 2.706

aNumerical Hartree-Fock, refs [14] and [15].
bSpherically averaged SCF.
cMRCIþmultireference Davidson correction.
dThe ‘core’ 3s23p6 electrons were included in the correlation treatment.
eOne-electron relativistic effects included via the Douglas-Kroll (DK) approximation.
fAveraged over MJ values, ref [16].
gState averaged CASSCF.
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Mulliken atomic populations. Full potential energy
curves for these states at the MRCI level are shown
in figure 1.
Our recent MRCI calculations [9] have indicated that

the 3�(1) and 1�þ (1) states are candidates for the
ground state of VCþ . At the MRCI level of theory, it
was found that formally the ground state is the 3�(1),
with the 1�þ (1) being higher by about 3 kcalmol�1 [9].
For the 3�(1) state, the wavefunction composition
in conjunction with the atomic Mulliken distributions

suggest a binding mode depicted graphically with the
following valence-bond-Lewis (vbL) icon [9]:

V C
+

δ+

3d xz

3d yz

3d z2

3d 
x2 y2−(=         ) 2px

2py

(2s2 )p z4s

V+(3d4, 5D; M = ±2)  C (3P; M = 0)                 X 3∆   

ð1Þ

Table 2. Total energies E (hartree), dissociation energies De (kcalmol�1), bond lengths, re (Å), harmonic and
anharmonic frequencies !e, !exe (cm

�1), and energy gaps Te(kcalmol�1) of seventeen states of the VCþ species at
the MRCIa (MRCIþQ)b level of theory.

Statec �E De
d re !e !exe Te

X 3�(1) 980.633396 79.0 1.667 874 8.8 0.0

(0.64080) (79.4) (1.67) (863) (8.3)

1 1�þ (1) 980.628530 100.1 1.576 952 6.7 3.1

(0.63612) (100.9) (1.58) (940) (6.0) (3.0)

2 1�(1) 980.619986 95.5 1.718 786 5.4 8.4

(0.62803) (96.4) (1.72) (782) (6.0) (8.0)

3 3�(1) 980.614169 66.9 1.739 783 8.0 12.1

(0.62223) (67.6) (1.74) (774) (9.2) (11.7)

4 3�(1) 980.614113 66.9 1.740 758 0.6 12.1

(0.62223) (67.6) (1.75) (751) (4.2) (11.7)

5 1�(1) 980.606165 86.7 1.740 775 3.0 17.1

(0.61442) (87.9) (1.74) (767) (3.1) (16.6)

6 5�(1) 980.598448 57.0 1.830 698 5.1 21.9

(0.60809) (58.7) (1.83) (692) (5.0) (20.5)

7 1�(1) 980.594029 79.4 1.791 635 24.7

(0.60271) (80.7) (1.80) (639) (23.9)

8 5�þ (1) 980.591909 53.1 1.891 683 4.0 26.0

(0.60212) (55.1) (1.89) (683) (7.8) (24.3)

9 3�þ (1) 980.581777 46.8 1.915 661 3.8 32.4

(0.59141) (48.5) (1.92) (654) (4.2) (31.0)

10 7�þ (1) 980.580465 45.8 2.001 637 3.2 33.2

(0.58903) (46.9) (2.01) (629) (2.4) (32.5)

11 5�(1) 980.579409 45.1 1.901 634 2.4 33.9

(0.58875) (46.6) (1.91) (622) (1.5) (32.7)

12 5�(1) 980.578749 44.9 1.928 667 13 34.3

(0.58908) (47.1) (1.91) (680) (13) (32.5)

13 3�(2) 980.575862 43.6 1.864 674 6.7 36.1

(0.58532) (45.1) (1.87) (657) (3.4) (34.8)

14 5�(2) 980.569902 39.9 1.864 685 5.2 39.8

(0.57926) (41.4) (1.87) (671) (5.2) (38.6)

15 7�(1) 980.569432 39.0 2.046 626 3.5 40.1

(0.57959) (41.1) (2.04) (618) (3.4) (38.4)

16 7�(1) 980.558946 32.5 2.075 608 3.3 46.7

(0.56882) (34.3) (2.08) (612) (3.9) (45.2)

aInternally contracted MRCI.
b‘þQ’ refers to the multireference Davidson correction.
cNumbers in parenthesis after the term symbol indicate the energy ordering within the same symmetry manifold.
dDe with respect to the adiabatic products.
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Table 3. Asymptotic fragments, leading equilibrium CASSCF CFs, and equilibrium CASSCF Mulliken atomic populations of seventeen VCþ states.

Equilibrium CASSCF Mulliken atomic populations

V C

State

Adiabatic

fragmentsa Dominant equilibrium CASSCF CFs 4s 4p� 4pp 3d� 3dxz 3dyz 3dd 2s 2pz 2px 2py

X 3�(1) j�1ij�1i 0:89j1�22�11p2x1p
2
y1�

1i 0.09 0.06 0.04 0.61 1.05 1.05 1.0 1.73 0.53 0.90 0.90

1 1�þ (1) j�1ij�1ib 0:85j1�22�21p2x1p
2
yi 0.12 0.09 0.04 1.24 1.14 1.14 0.10 1.80 0.72 0.78 0.78

2 1�(1) j�2ij0ib 0:85j1�22�11p2x1p
2
y1�

1
i 0.10 0.06 0.04 0.46 1.11 1.11 1.0 1.66 0.73 0.84 0.84

3 3�(1) j�2ij�1i 0:61ðj1�22�21p2x1p
1
y1�

1
�i þ j1�

22�21p1x1p
2
y1�

1
þiÞ

c 0.11 0.09 0.04 1.09 0.78 0.78 1.04 1.80 0.88 0.69 0.69

4 3�(1) j�1ij0i 0:60ðj1�22�21p2x1p
1
y1�

1
�i � j1�

22�21p1x1p
2
y1�

1
þiÞ

c 0.11 0.08 0.04 1.05 0.78 0.78 1.06 1.80 0.88 0.69 0.69

5 1�(1) j�2ij�1ib 0:60ðj1�22�21p
1

x1p
2
y1�

1
þi þ j1�

22�21p2x1p
1
y1�

1

�iÞ
c 0.14 0.09 0.04 1.16 0.71 0.71 1.0 1.78 0.82 0.75 0.75

6 5�(1) j�2ij�1i 0:76j1�22�11p2x1p
1
y1�

1
þ1�

1
�i

c 0.19 0.05 0.05 0.53 0.89 0.44 1.76 1.74 0.73 0.94 0.66

7 1�(1) j�1ij0ib 0:50ðj1�22�21p
1

x1p
2
y1�

1
þi � j1�

22�21p2x1p
1
y1�

1

�iÞ
c 0.14 0.09 0.04 0.97 0.79 0.79 1.22 1.75 0.82 0.78 0.78

8 5�þ (1) j0ij0i 0:77j1�22�21p1x1p
1
y1�

1
þ1�

1
�i 0.18 0.06 0.04 0.97 0.34 0.34 1.94 1.81 0.98 0.67 0.67

9 3�þ (1) j�1ij�1i 0:53j1�22�21p
1

x1p
1
y1�

1
þ1�

1
�i � 0:43j1�22�21p1x1p

1
y1�

1
þ1�

1

�i 0.14 0.10 0.04 1.07 0.33 0.33 1.84 1.78 0.90 0.73 0.73

10 7�þ (1) j�1ij�1i 0:97j1�22�13�11p1x1p
1
y1�

1
þ1�

1
�i 0.35 0.10 0.08 0.99 0.19 0.19 2.0 1.72 0.82 0.76 0.76

11 5�(1) j�2ij�1i 0:58ðj1�22�13�11p2x1p
1
y1�

1
�i � j1�

22�13�11p1x1p
2
y1�

1
þiÞ

c 0.45 0.07 0.04 0.92 0.74 0.74 1.0 1.72 0.83 0.73 0.73

12 5�(1) j�2ij0i 0:60ðj1�22�11p2x1p
1
y2p

1
y1�

1
þi þ j1�

22�11p1x2p
1
x1p

2
y1�

1
þiÞ

d 0.18 0.06 0.06 0.36 1.06 1.06 1.0 1.68 0.73 0.89 0.89

13 3�(2) j�2ij�1i 0:54j1�22�11p2x1p
1
y1�

1

þ1�
1
�i þ 0:42j1�22�11p2x1p

1
y1�

1
þ1�

1

�i
c 0.11 0.07 0.05 0.46 0.97 0.40 1.82 1.70 0.81 0.90 0.67

14 5�(2) j0ij � 1i 0:46j1�22�11p2x1p
1
y1�

1
þ1�

1
�i�0:56ðj1�

22�13�11p2x1p
1
y1�

1
�i

þj1�22�13�11p1x1p
2
y1�

1
þiÞ

c
0.37 0.05 0.05 0.78 0.76 0.70 1.36 1.75 0.77 0.83 0.64

15 7�(1) j�1ij0i 0:77j1�22�11p1x2p
1
x1p

1
y1�

1
þ1�

1
�iþ0:43ðj1�

22�13�11p1x2p
1
x1p

1
y1�

1
�i

�j1�22�13�11p1x1p
1
y2p

1
y1�

1
þiÞ

c
0.31 0.08 0.07 0.51 0.87 0.37 1.62 1.70 0.79 0.89 0.79

16 7�(1) j�2ij�1i 0:69ðj1�22�13�11p1x2p
1
x1p

1
y1�

1
þi þ j1�

22�13�21p1x1p
1
y2p

1
y1�

1
þiÞ

c 0.48 0.09 0.06 0.95 0.65 0.65 1.0 1.71 0.77 0.82 0.82

a
jVþ;5D;MijC;3P;Mi.
b
jVþ;3F;MijC;3P;Mi.
cB1 symmetry component.
dA1 symmetry component.
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The binding mode consists of 2p and 1/2 � bonds
and is identical to the one found in the ground X 2�þ

state of TiCþ [9–10]. The ‘extra’ electron is placed in
an orbital of d symmetry, just observing the chemical
bond and defining the spatial symmetry. As a result,
the binding energy (D0) and bond length (re) of
VCþ (3�), 85.4 kcalmol�1 and 1.645 Å, at our best
computational level, closely resemble those of TiCþ

(X 2�þ 93.5 kcalmol�1, 1.662 Å) [9]. The experimental
dissociating energy of the ground VCþ state is
D0¼ 88.4 � 1.2 kcalmol�1, as obtained by guided ion-
beam spectrometric techniques [5b].
The 3�(1) state differentiates its bonding char-

acter around 4.2 bohr due to an avoided crossing
from ja5D;M ¼ �1iVþ � j

3P;M ¼ �1iC at infinity
to ja5D;M ¼ �2iVþ � j

3P;M ¼ 0iC near equilibrium,
thus dissociating to the ground state fragments,
Vþ (3d4, a 5D)þC(3P). The situation in the 1�þ (1)
state, however, is much more involved. Starting
at infinity from the excited Vþ (4s13d3, a 3F)þC(3P)
asymptotic channel, the 1�þ (1) state undergoes an

avoided crossing with a 1�þ state originating from
an even higher excited channel, Vþ (3d4, a 3P)þC(3P)
approximately 1.5 eV above the ground state frag-
ments (table 1). Due to the existence of two other
excited dissociation channels lying in between, the
calculation of the 1�þ PEC at the MRCI (but
not at the CASSCF) level to complete dissociation
was not feasible. However, we were able to calculate
the supermolecule, and therefore the binding energy
of this state is, De¼ 100.1 kcalmol�1 with respect
to the adiabatic fragments Vþ (a 3F)þC(3P); see
table 2.

According to the results in table 3, the 1�þ (1) state
exhibits a formal triple bond, scheme 2.

V C
+3d z2

3d xz 2px

3d yz 2py

(2s2 )p z

V+(3d4, a 3P; M = 0)  C (3P; M = 0)                        1 1Σ+

ð2Þ

Note that the in situ Vþ cation finds itself in
its third excited state, a 3P, with a 3d4 electron
configuration.

Results from the competing X 3� and 1 1�þ states
are shown in table 4. Including relativistic effects and
core/valence contributions, the 3�(1) still remains the
ground state, with a BSSE-free energy difference
from the 1�þ (1) state, T0 (¼Te��!e/2)¼ 2.7
(4.1) kcalmol�1 at the MRCI (MRCIþQ) level.
However, since the 1�þ (1) state originates from an
excited Vþ þC asymptote, care has to be exercised
that the transition energy to this excited channel from
the ground state fragments is taken into consideration.
The situation is even subtler since we have to keep
in mind that the in situ Vþ cation is in the 3P(3d4)
and not in the 3F(4s13d3) excited state, as a result
of the aforementioned avoided crossing. At our best
theoretical level, C-MRCI(DK)[C-MRCI(DK)þQ],
the 3P 5D energy gap is predicted higher than the
experimental one by 5.35[2.44] kcalmol�1 (table 1).
Assuming ‘perfect’ parallel shifting of the curves
to match the experimental 3P 5D splitting, final
T0(

1�þ � 3�) values of �2.65 and þ 1.61 kcalmol�1

are obtained. Thus, at the C-MRCI(DK) level the
ground state is of 1�þ symmetry, while the
C-MRCI(DK)þQ ground state has a 3� symmetry.
Therefore, a rather unfortunate situation arises, i.e.
highly correlated calculations including core/valence
effects and relativistic contributions are unable to
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Figure 1. Potential energy curves of VCþ . MRCI level
of theory.
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pinpoint the ground state of a ‘prosaic’ diatomic
system. Nevertheless, due to the rather approximate
nature of the ‘perfect’ parallel curve shifting, and the
fairly indicative Davidson-corrected T0 values in
the case when core electrons are correlated, we dare
predict that the ground state of VCþ is most probably
of 3� symmetry. However, a careful and accurate
experimental study is needed to resolve the ground
state problem of this interesting diatomic cation.
The second excited state of VCþ is of 1�(1) symmetry

and can be thought of as originating from the ‘ground’
X 3�(1) state after a spin flip of the symmetry-carrying
d� electron. Indeed, the wavefunction, as well as the
atomic populations are practically similar between these
two states (table 3). Since no singlets can be formed
from the ground state atomic fragments, the 2 1�(1)
state arises from the excited Vþ (4s13d3, a 3F)þC(3P)
channel, altering similarly its character to Vþ (3d4,
a 3P)þC(3P) due to an avoided crossing after s 5 bohr
towards the equilibrium distance. The adiabatic binding
energy at the MRCI (MRCIþQ) level of theory is
95.5(96.4) kcalmol�1 at a bond length of 1.718(1.72) Å.
About 12 kcalmol�1 higher than the X 3�(1) state

we find two practically degenerate states, 3 3�(1) and
4 3�(1), both stemming from the ground state asymp-
totic fragments Vþ (3d4, a 5D)þC(3P) via the interac-
tion of the M¼ � 2, � 1 and � 2, �1 components.
Their similarities are reflected in the wavefunction
composition and atomic populations in table 3.

Bonding comprises 2½ bonds (one � and 3/2 p) as
indicated in the following vbL scheme:

+− V C
+

δ−

δ+

3d(=        )xy

V+(3d4, 5D; M = ±2)          C (3P; M = ±1 or 1)      3 3Φ(1) or 4 3Π(1)

±

ð3Þ

The binding energy and bond length in both states
amount to s67 kcalmol�1 and s1.74 Å, respectively.
The V atom gains s0.3 e– through the � bonding frame,
while returning s 0.4 e– via the p skeleton (table 4),
in accordance with the observed Mulliken charge,
qV¼ þ 1.11.

The M¼ � 1, 0 combination of the same asymptotic
limit produces the highly excited 13 3�(2) state after
an avoided crossing with the aforementioned 4 3�(1)
state near rV-C � 4.5 bohr. Using the data of table 3,
the following bonding scenario obtains for the 13 3�(2)
state, the two atoms being connected with one less �
electron than in the 4 3�(1) state.

V C
+

δ+

δ−

V+(3d4, 5D; M = ±1)   C (3P; M = 0)                  13 3Π(2)

ð4Þ

Table 4. Comparison of total energies E (hartree), dissociation energies De (kcalmol�1), bond lengths re (Å) , and 1 1�þ  X 3�
energy separation Te (kcalmol�1) of the competing 3� and 1�þ states of VCþ at increasing levels of theory.

VCþ (X3�) VCþ (1 1�þ )

Method E De
a re E De

b re Te

CASSCF �980.48918 70.32 1.670 �980.49289 88.5 1.569 �2.33

MRCI �980.63340 79.02 1.667 �980.62853 100.1 1.576 3.06

MRCIþQ �980.6408 79.38 1.670 �980.6361 100.9 1.583 2.95

MRCI(DK) �985.89415 82.83 1.664 �985.89117 101.5 1.573 1.87

MRCIþQ(DK) �985.9017 83.32 1.667 �985.8986 101.8 1.580 1.95

C-MRCI �980.94149 83.02 1.648 �980.93554 106.9 1.562 3.73

C-MRCIþQ �980.9807 84.84 1.651 �980.9729 108.3 1.567 4.89

ZPE(C-MRCI) �1.31 �1.45

BSSE(MRCI) �0.16 �0.18

Best value 85.4c 1.645 106.5c 1.559 2.7d

‘Shifted’ valuee 1.6

aDissociation energy with respect to Vþ (a 5D)þC(3P).
bDissociation energy with respect to Vþ (a 3P)þC(3P).
cD0 (¼De�!e/2) value, see text for details; the experimental value is D0¼ 88.4� 1.2 kcalmol-1 [5b].
dZero-point-corrected energy separation, T0¼Te��!e/2.
eValue corrected due to the calculational error of the Vþ a 3P a 5D gap.
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A spin flip in the 3 3�(1) and 4 3�(1) states gives
the corresponding 5 1�(1) and 7 1�(1) singlets. The
wavefunctions as well as the charge distributions
(table 3) show the remarkable similarity between the
� states, while some differences begin to appear
between the � states due to the active participation of
more configurations in the wavefunction of the 7 1�(1)
state (table 3). The open-singlet version of scheme 3
gives a rather faithful view of the bonding.
The 6th excited state of VCþ , 6 5�(1), lies

s22 kcalmol�1 above the ground X 3� state (table 2).
This state starts at infinity from Vþ (a 5D; M¼�2)þ
C(3P; M¼�1), but not far from the equilibrium
distance (s4.5 bohr) suffers an avoided crossing with
a state of the same symmetry, 14 5�(2), coming from
the M¼ 0;�1 components of the same dissociation
channel. Due to their mutual interaction, these two
states, 6 5�(1) and 14 5�(2), show significant multi-
reference character at equilibrium (table 3). A high-spin
version of scheme 4 can be utilized to interpret
qualitatively the bonding in the 6 5�(1) state, while
for 14 5�(2) we can attempt to draw the following icon:

V C
+

δ−

δ+

+

V+(3d4, 5D; M = ±2)    C (3P; M = 1
±

)                              14 5Π(2)

ð5Þ

The V atom practically maintains the þ 1 charge at
the equilibrium bond distance.
Next in ascending energy order we find three

consecutive states of �þ symmetry. The 8 5�þ (1)
state is produced by the Vþ (a 5D; M¼ � 1)þC(3P;
M¼�1) reactants and is in conformity with vbL icon 6

V C
+

δ+

δ−

V+(3d4, 5D; M = ±1)  C (3P; M = 1)                8 5Σ+(1)     ±

ð6Þ

indicating that 8 5�þ (1) can be considered to originate
from the 6 5�(1) state by transferring a p electron
to a � orbital. The electronic charge distribution
(table 3) reveals that in equilibrium, V has donated to
carbon about 0.3 p e�, but has received approximately
0.2 � e� resulting in an overall charge of þ1.10 on V.
The binding energy and bond length in this state
are De¼ 53.1 kcalmol�1 and re¼ 1.891 Å, respectively
(MRCI level, table 2).
Now, a spin flip of a p or a d electron in the

8 5�þ state essentially creates the 9 3�þ (1) state.

The similarity between the two states is reflected in their
wavefunction compositions and atomic Mulliken dis-
tributions (table 3). As a result of the spin flip, the
bond becomes weaker by 6–7 kcalmol�1 and longer
by about 0.025 Å (table 2).

A spin decoupling of the � bond in the 8 5�þ (1)
state gives the third �þ state, 10 7�þ (1), 33.2
(32.5) kcalmol�1 above the X3� state at the
MRCI(MRCIþQ) level:

V C
+

δ+

δ−

V+(3d4, 5D; M = ±1)  C (3P; M = 1

±

)                   10 7Σ+(1)

ð7Þ

The equilibrium wavefunction is dominated by a single
configuration (C0¼ 0.97, table 3) as expected due to
its high-spin character. Two d electrons are localized on
V while we observe a 0.45 � e� C-to-V transfer, with
a synchronous V-to-C p–backtransfer of about 0.5 e�

(table 3). The bond has a similar strength to the one
in the 9 3�þ (1) state, but with a length about one-tenth
of an Å longer (2.001 versus 1.915 Å, MRCI level,
table 2).

The leading configuration of the 15 7�(1) state
is produced by the 3�1 ! 2p1 promotion of the
10 7�þ (1) state. The wavefunction though is much
more complex owing to its multireference character
(table 3). Dissociation to its adiabatic Vþ (5D)þC(3P)
products requires 32.5(34.5) kcalmol�1. The j1�22�13�1

1p22p11�1j determinant, which contributes actively
in the 15 7�(1) state, is the dominant component of
the 16 7�(1) state (table 3), the highest VCþ excited
state studied in the present work (Te¼ 46.7 kcalmol�1,
table 2). It also has the largest equilibrium bond distance
(re¼ 2.075 Å) and the smallest bond strength
(De¼ 32.5 kcalmol�1), with respect to its asymptotic
products Vþ (5D)þC(3P) at the MRCI level of theory.
The bond can be described by vbL icon 8:

V C
+

δ+

+

δ+

V+(4s13d3, 5F; M = ±3)    C (3P; M = 0)                                16 7Φ(1)

ð8Þ

The M¼ (� 3, 0) character of V and C in the equi-
librium of the 16 7�(1) state is not maintained along the
dissociation coordinate due to an avoided crossing near
4.5 bohr with an incoming 7� state correlating to the
Vþ (a 5D; M¼ � 2)þC(3P; M¼ � 1) fragments.
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Coupling of the 2p electron of the 16 7�(1) state
with the 1p electron into a singlet, creates the leading
configuration in the wavefunction of the 11 5�(1)
state (see scheme 8). As a result, the population
distributions are quite similar (table 3). V and C
are held together by ½ � and 1½ p bonds, with
an MRCI(MRCIþQ) binding energy of De¼ 45.1
(46.6) kcalmol�1 at re¼ 1.901(1.908) Å.
Finally, the 12 5�(1) state lies 34.3 kcalmol�1 above

the ground state and at equilibrium it can be well
represented by the 1�22�11p32p11�1 configuration
(table 3). We encountered some technical difficulties
while calculating its potential energy curve due to
its significant interaction with the higher (not calculated)
5�(2) state near 4.4 bohr. The 12 5�(1) state is the
state where vanadium obtains its higher charge at
the equilibrium bond distance, qV¼ þ 1.20. The bond
can be succinctly envisaged with the following scheme

V C
+

δ−

+

δ+

V+(3d4, 5D; M = ±2)    C (3P; M = 0)                           12 5∆(1)

ð9Þ

The MRCI binding energy and bond length are
De¼ 44.9 kcalmol�1 and re¼ 1.928 Å.

3.2 The CrCþ cation
Table 5 lists our numerical results for all 19 computed

states of the CrCþ cation, while table 6 gives the
asymptotic descriptions |Crþ>|C>, leading CASSCF
equilibrium configurations, and CASSCF Mulliken
atomic populations. Full potential energy curves at the
MRCI level are shown in figure 2.
Our recent MRCI calculations [9] have indicated,

similarly to VCþ , that a ground state antagonism
is also found between the 2�(1) and 4��(1) states. The
4��(1) state springs from the ground state fragments
Crþ (6S, 3d5)þC(3P) and exhibits a rather ‘smooth’
potential energy curve (figure 2). The bonding is clearly
represented by the following vbL icon featuring two p
and 1/2 � bonds.

Cr C
+

δ+

δ_

Cr+(3d5, 6S)       C (3P; M = 0)                        4Σ−

ð10Þ

On the other hand, the 2�(1) state dissociates
adiabatically to the excited Crþ (4s13d4, a 4D)þC(3P)
channel, but the wavefunction composition along the
potential energy curve, and especially at equilibrium

(table 5), indicates that diabatically the 2�(1) state
comes from an even higher dissociation channel, namely
Crþ (3d5, a 4G)þC(3P). The resulting avoided crossing
is reflected in the ‘break’ observed in the potential
energy curve of the 2�(1) state (figure 2). The bonding
at equilibrium suggests a similarity with the other
competing state in VCþ , 1�þ (1); indeed, both states
are triply bonded.

Cr C
+

+
δ_

δ+

Cr+(3d5, 4G; M = ±2)      C (3P; M = 0) 2∆

ð11Þ

The formal ground state of CrCþ at the MRCI
level of theory is the 4�� state, as also indicated by
the limited MRCI calculations of Harrison [12] and by
the B3LYP and BPW91 results of Gutsev et al. [13]. The
latter authors have also pointed out the existence of a 2�
state lying 3.69(B3LYP) or 1.34(BPW91) kcalmol�1

above the 4�� state. Moreover, at the BLYP level, 2�
becomes the ground state by just 0.76 kcalmol�1,
however, nothing is mentioned about its binding
mode [13]. As the results of table 7 indicate, inclusion
of Douglas–Kroll relativistic effects as well as core/
valence contributions renders 2� the ground state
of CrCþ , with the 4�� lying 2.3 kcalmol�1 higher [9].
It is notable that the main factor responsible for
the larger stabilization of 2� vs 4�� is the effect of
the 3s23p6 electron ‘core’ correlation of Cr. A further
widening of the energy gap between these two states
is produced by a curve shift to match the dissocia-
tion channels’ experimental energy gap, as done
before in the VCþ case (vide supra). Keeping in mind
the in situ 4G character of Crþ in the 2� state, ‘perfect’
parallel curve shifting furnishes an upper limit of
T0(

4�� 2�)¼ 6.8 kcalmol�1. Thus, we feel quite
certain that the ground state of CrCþ is 2� rather
than 4�� with the latter lying at least 3 kcalmol�1

higher.
Indirect evidence of the 2� rather than 4�� ground

state character of CrCþ is provided by Zhang and
coworkers’ available experimental dissociation energy
[6] of D0¼ 66.2 � 5.8 kcalmol�1: our best D0 value
for the 4�� state including core/valence correlation and
DK relativistic effects is no more than 53.5 kcalmol�1

(cf. with the 1986 limited MRCI/DZ value of
31.5 kcalmol�1) [12]. As our experience with ScCþ ,
TiCþ , and VCþ indicates [9, 10] this value should fall
short to an experimental value by about 2–3 kcalmol�1

due to the basis set incompleteness. The final D0(
4��)

value would then equal to about 56 kcalmol�1, still
lower from the experiment bymaybe about 10 kcalmol�1.
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On the other hand, our best adiabatic dissociation
energy of the 2� state with respect to the Crþ (a 4D)þ
C(3P) atoms is 111.1 kcalmol�1. Since the experimental
D0 result refers to the ground state Crþ (a 6S)þC(3P)

channel, the final D0 value of the 2� state becomes
at least 56þT0(

4�� 2�)� 59 kcalmol�1, a value
approaching the experimental result, indicating also
the difficulty in determining the ground state of CrCþ .

Table 5. Total energies E (hartree), dissociation energies De (kcalmol�1), bond lengths, re (Å), harmonic and anharmonic
frequencies !e, !exe (cm

�1), and energy gaps Te (kcalmol�1) of nineteen states of the CrCþ species at the MRCIa (MRCIþQ)b

level of theory.

Statec �E De
d re !e !exe Te

X 2�(1) 1081.07817 106.0 1.582 918 4.8 0.0

(0.0881) (106.9) (1.59) (908) (6.4)

1 4��(1) 1081.07852 46.2 1.660 825 6.8 �0.22

(0.0889) (47.4) (1.66) (817) (7.0) (�0.50)

2 4�(1) 1081.06583 41.8 1.759 696 4.4 7.7

(0.0792) (40.8) (1.76) (678) (9.0) (5.6)

3 2��(1) 1081.05676 91.8 1.711 1015 13.4

(0.0675) (93.2) (1.72) (1004) (12.9)

4 6�(1) 1081.04185 23.4 1.942 671 37 22.8

(0.0542) (25.6) (1.94) (685) (32) (21.3)

5 2�(1) 1081.03829 80.5 1.755 718 7.7 25.0

(0.0497) (82.4) (1.76) (715) (7.9) (24.1)

6 6��(1) 1081.03797 20.9 1.893 651 2.5 25.2

(0.0496) (22.8) (1.89) (647) (4.4) (24.2)

7 8�(1) 1081.02755 14.4 2.090 31.8

(0.0400) (16.7) (2.11) (30.2)

8 4�(1) 1081.02349 50.6 1.776 772 4.6 34.3

(0.0356) (53.7) (1.78) (761) (8.1) (32.9)

9 6�þ (1) 1081.02257 40.8 1.984 569 31 34.9

(0.0347) (42.4) (1.99) (566) (28) (33.5)

10 2�(1) 1081.01991 1.639 930 7.8 36.6

(0.0311) (1.64) (917) (6.3) (35.8)

11 8��(1) 1081.01334 5.3 2.048 627 27 40.7

(0.0252) (7.4) (2.06) (574) (32) (39.5)

12 2H(1) 1081.00907 1.692 849 4.1 43.4

(0.0206) (1.70) (839) (5.4) (42.4)

13 6�(2) 1081.00165 28.1 1.963 699 8.6 48.0

(0.0168) (31.4) (1.95) (702) (7.2) (44.7)

14 4�(2) 1081.00029 35.9 1.942 652 48.9

(0.0139) (40.0) (1.94) (672) (46.6)

15 6�(1) 1080.99498 23.7 1.867 727 52.2

(1081.0096) (26.9) (1.87) (723) (49.3)

16 4�(1) 1080.99106 30.2 1.852 500 16 54.7

(1081.0038) (33.5) (1.85) (502) (3.6) (52.9)

17 4�(3) 1080.99001 29.7 1.879 499 14 55.3

(1081.0033) (33.0) (1.87) (532) (12) (53.2)

18 4�þ (1) 1080.98083 23.8 2.212 284 5.4 61.1

(0.9917) (26.2) (2.17) (336) (2.2) (60.5)

aInternally contracted MRCI.
b‘þQ’ refers to the multireference Davidson correction.
cNumbers in parenthesis after the term symbol indicate the ordering according to energy within the same symmetry manifold.
dDe with respect to the adiabatic products.
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Table 6. Asymptotic fragments, leading equilibrium CASSCF CFs, and equilibrium CASSCF Mulliken atomic populations of nineteen CrCþ states.

Equilibrium CASSCF Mulliken atomic populations

Cr C

State Adiabatic fragmentsa Dominant equilibrium CASSCF CFs 4s 4p� 4pp 3d� 3dxz 3dyz 3dd 2s 2pz 2px 2py

X 2�(1) j�1ij�1id 0:88j1�22�21p2x1p
2
y1d

1
i 0.15 0.10 0.06 1.29 1.18 1.18 1.0 1.76 0.69 0.77 0.77

1 4��(1) j0ij0i 0:85j1�22�11p2x1p
2
y1d

1
þ1d

1
�i 0.09 0.07 0.04 0.68 1.05 1.05 2.0 1.72 0.45 0.90 0.90

2 4�(1) j0ij�1i 0:79j1�22�21p2x1p
1
y1d

1
þ1d

1
�i

g 0.15 0.05 0.04 1.05 1.01 0.60 2.0 1.82 0.90 0.93 0.40

3 2��(1) j�1ij�1id 0:65j1�22�
1
1p2x1p

2
y1d

1
þ1d

1
�Þi

�0:32j1�22�11p2x1p
2
yð1d

1

þ1d
1
� þ 1d1þ1d

1

�Þi

0.12 0.07 0.04 0.45 1.13 1.13 2.0 1.60 0.78 0.83 0.83

4 6�(1) j0ij�1i 0:70j1�22�13�11p2x1p
1
y1d

1
þ1d

1
�i

þ0:42j1�22�21p1x2p
1
x1p

1
y1d

1
þ1d

1
�i

g
0.29 0.08 0.03 0.97 1.00 0.65 2.0 1.77 0.86 0.95 0.36

5 2�(1) j0ij�1id 0:68j1�22�21p2x1p
1

y1d
1
þ1d

1
�i�0:39j1�

22�21p2x1p
1
y1d

1
þ1d

1

�i
g 0.15 0.10 0.05 1.18 1.12 0.31 2.0 1.76 0.80 0.82 0.68

6 6��(1) j0ij0i 0:59j1�22�1ð1p1x2p
1
x1p

2
y þ 1p2x1p

1
y2p

1
yÞ1d

1
þ1d

1
�Þi 0.12 0.08 0.06 0.50 1.05 1.05 2.0 1.69 0.62 0.90 0.90

7 8�(1) j0ij�1i 0:98j1�22�13�11p1x2p
1
x1p

1
y1d

1
þ1d

1
�i

g

8 4�(1) j�1ij�1id 0:71j1�22�13�11p2x1p
2
y1d

1
þi

f 0.51 0.05 0.04 0.97 1.16 1.26 1.0 1.68 0.77 0.80 0.80

9 6�þ (1) j0ij0ib 0:90j1�22�23�11p1x1p
1
y1d

1
þ1d

1
�i 0.60 0.05 0.02 1.05 0.68 0.68 2.0 1.89 1.33 0.33 0.33

10 2�(1) e 0:63j1�22�11p2x1p
2
yð1d

2
þ � 1d2�Þi

f 0.10 0.07 0.04 0.59 1.09 1.09 2.0 1.68 0.57 0.86 0.86

11 8��(1) j0ij0i 0:99j1�22�11p1x2p
1
x1p

1
y2p

1
y1d

1
þ1d

1
�i 0.22 0.10 0.08 0.37 1.01 1.01 2.0 1.66 0.65 0.94 0.94

12 2H(1) j�4ij�1ie 0:55j1�22�21p2x1p
1
y1d

1
þ1d

1

�i�0:45j1�
22�21p1x1p

2
yð1d

2
þ � 1d2�Þi

g 0.12 0.09 0.04 1.16 0.77 0.77 2.0 1.79 0.82 0.69 0.69

13 6�(2) j0ij�1ib 0:73j1�22�21p1x2p
1
x1p

1
y1d

1
þ1d

1
�i

�0:46j1�22�13�11p2x1p
1
y1d

1
þ1d

1
�i

g
0.20 0.06 0.03 0.94 0.99 0.75 2.0 1.85 0.92 0.97 0.26

14 4�(2) j0ij�1ic 0:43j1�22�13�11p2x1p
1

y1d
1
þ1d

1
�i

�0:26j1�22�21p2x2p
1
y1d

1
þ1d

1
�i

�0:25j1�22�21p1x2p
1

x1p
1
y1d

1
þ1d

1
�i

g

0.52 0.05 0.03 0.91 1.08 0.48 1.82 1.75 0.91 0.80 0.60

15 6�(1) j0ij�2ib 0:63j1�22�1ð1p1x1p
2
y2p

1
y � 1p2x2p

1
x1p

1
yÞ1d

1
þ1d

1
�Þi

f 0.11 0.07 0.06 0.56 1.05 1.05 2.0 1.75 0.54 0.90 0.90

16 4�(1) j�2ij�1ic 0:56j1�22�23�1ð1p1x1p
2
y1d

1
þ þ 1p2x1p

1
y1d

1
�Þi

g 0.67 0.05 0.02 1.21 1.00 1.00 1.06 1.87 1.09 0.49 0.49

17 4�(3) j�2ij�1ic 0:47j1�22�23�1ð1p1x1p
2
y1d

1
þ � 1p2x1p

1
y1d

1
�Þi

g 0.61 0.05 0.03 1.13 1.01 0.85 1.30 1.83 1.03 0.61 0.51

18 4�þ (1) j�1ij�1ic j1�22�23�1ð�0:39ð1p
1

x1p
1
yÞ � 0:27ð1p1x1p

1

yÞÞ1d
1
þ1d

1
�i

þj1�22�23�1ð0:37ð2p1x1p
1

yÞ � 0:34ð1p1x2p
1

yÞÞ1d
1
þ1d

1
�i

0.95 0.06 0.00 1.04 0.51 0.51 2.0 1.89 1.00 0.50 0.50

a
jCrþ;6S;MijC;3P;Mi.
b
jCrþ;6S;MijC;1D;Mi.

c
jCrþ;6D;MijC;3P;Mi.
d
jCrþ;4D;MijC;3P;Mi.

e
jCrþ;4G;MijC;3P;Mi.
fA1 symmetry component.
gB1 symmetry component.
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This is a rather eloquent demonstration of the fact
that one should always have in mind the atomic
fragment origin of eachmolecular state for a correct
interpretation of the computational results.

The ground Crþ (a 6S)þC(3P) dissociation channel
produces also a 4� state, the second excited state of
CrCþ (Te¼ 7.7 kcalmol�1, MRCI level). A � and 3/2 p
bonds are formed according to the vbL icon 12:

δ+

δ_

Cr C
+

Cr+(3d5, 6S)     C (3P; M = ±1) 2 4Π(1)

ð12Þ

Similarly to ScCþ , TiCþ , and VCþ [9, 10], this ‘1 �
and 3/2 p bond’ state (2 4�) is higher in energy than the ‘1/
2 � and 2 p bond’ state (1 4��) signifying the relevant
‘hesitation’ of the transition metal atom to form a full �
bond [1]. The binding energy and bond length of the
2 4�(1) state are much different than the limited MRCI
values of Harrison [12], 41.8 versus 13.4 kcalmol�1, and
1.759 versus 2.059 Å, respectively, indicating the differ-
ence in size between the two calculations.

The third excited state of CrCþ , 3 2��(1), can be
envisaged as created after a spin-flip of an unpaired
electron of the 1 4��(1) state (scheme 10 and table 6).
Like the ground X 2� state, it traces its origin to the
excited Crþ (4s13d4, a 4D)þC(3P) channel, suffering

Table 7. Comparison of total energies E (hartree), dissociation energies De (kcalmol�1), bond lengths re (Å) , and 1 4�� X 2�
energy separation Te (kcalmol�1) of the competing 2� and 4�� states of CrCþ at increasing levels of theory.

CrCþ (X 2�) CrCþ (1 4��)

Method E De
a re E De

b re Te

MRCI �1081.07817 106.0 1.582 �1081.07852 46.22 1.660 �0.22

MRCIþQ �1081.0881 106.9 1.587 �1081.0889 47.38 1.663 �0.50

MRCI (þ 1h)c �1081.07973 106.7 1.582 �1081.07974 46.61 1.659 �0.01

MRCIþQ (þ 1h)c �1081.0897 107.5 1.586 �1081.0902 47.80 1.662 �0.31

MRCI(DK) �1087.39324 105.9 1.579 �1087.39159 50.42 1.654 1.04

MRCIþQ(DK) �1087.4034 106.8 1.583 �1087.4021 51.63 1.657 0.82

C-MRCI �1081.40054 112.2 1.569 �1081.39884 50.39 1.643 1.07

C-MRCIþQ �1081.4431 114.7 1.573 �1081.4415 53.55 1.647 1.00

ZPE(C-MRCI) – �1.40 – – �1.26 – –

BSSE(MRCI) – �0.34 – – �0.23 – –

Best value – 111.1d 1.566 – 53.5d 1.636 2.3e

aDissociation energy with respect to Crþ (a 4D) þ C (3P).
bDissociation energy with respect to Crþ (a 6S) þ C (3P).
cValues obtained adding one h function (exponent¼ 1.0) to the Cr basis set.
dD0 (¼De � !e/2) value, see text for details; the experimental value is D0¼ 66.2 � 5.8 kcalmol�1 [6].
eZero-point-corrected energy separation, T0¼Te � �!e/2.
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1 4Σ−(1)
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H
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r
Cr-C

(bohr)

Figure 2. Potential energy curves of CrCþ . MRCI level
of theory.
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as well an avoided crossing with a higher 2�� state,
resulting in a Crþ (3d5, a 4G) character at the equilibrium
bond distance (vide supra). A state with the same 4D-
to-4GCrþ character change is the 5 2�(1) state which can
be thought of as produced from the 3 2��(1) state after
moving a p electron to a � orbital of CrCþ (table 6).
These two states exhibit bonding similarities with the
corresponding quartets, 1 4��(1) and 2 4�(1) favouring
energetically the creation of p vs � bonds (schemes 10
and 12). The binding energy of the 3 2��(1) state is
91.8 kcalmol�1 with respect to its adiabatic products
(table 5), with the ‘intrinsic’ bond strength (to the diabatic
product limit) approaching 96 kcalmol�1. Analysis
of the binding mode indicates a 0.35 e� Crþ !C �
transfer, along with a 0.30 e� p backtransfer. On the
other hand, the binding energy of the 5 2�(1) state is
lower by approximately 11 kcalmol�1 (table 5).
The first state of sextet spin multiplicity, 4 6�(1))

is derived from the 2 4�(1) state following a �-frame
2�2! 2�13�1 spin decoupling. This sextet interacts
strongly with the higher 13 6�(2) state resulting in
increased multireference character at their equilibrium
distances (table 6). The in situ C atom in the 13 6�(2)
is in the excited 1D state. The participation of two
leading configurations in both states (table 6) is depicted
in the following vbL icon

Cr C
+

−+
δ_

δ+

 Cr+(3d5, 6S)      C (3P; M = ±1 or 1D; M = ±1)            4 6Π(1) or 13 6Π(2)

ð13Þ

The CASSCF equilibrium coefficients for these two
configurations have the values 0.70 and 0.42 [4 6�(1)],
and �0.46 and 0.73 [13 6�(2)]. A ‘balanced’ mutual
charge exchange is observed, resulting to practically
zero net electron transfer between the two fragments
Crþ and C (table 6).
Further electron-pair decoupling, but now in the

p-frame, 1p2! 1p12p1, leads to the 7 8�(1) state
(table 6), which regardless of its high spin multiplicity,
has an appreciable bond energy, De¼ 14.4 kcalmol�1

(MRCI level, table 5). This intrinsically single-reference
state can be represented faithfully by the vbL icon with
Crþ andC interacting through a half � and a half p bond.

δ_

Cr C
+

δ+

Cr +(3d5, 6S)         C (3P; M = ±1) 7 8Π(1)

ð14Þ

The leading configurations of the 6 6�� and 11 8��(1)
states can be produced in a similar fashion as before by
sequential decoupling of the first (1px

2
! 1px

12px
1) and

second (1py
2
! 1py

12py
1) p bonds of the 1 4��(1) state,

respectively. Both these states exhibit the largest Crþ -
to-C electron transfer observed in the present study
(0.13 and 0.22 e�, respectively), while the 2s orbital of
the C atom shows significant ‘hybridisation’ carrying
1.69 and 1.66 e� at equilibrium (table 6), as opposed to
1.96 e� at infinity. They both emerge from the ground
state asymptotic limits and can be pictured as follows:

Cr C
+

δ+

δ_

Cr+(3d5, 6S)         C (3P; M = 0) 6 6Σ−(1)

ð15Þ

Cr C
+

δ+

δ_

Cr +(3d5, 6S)        C (3P; M = 0) 11 8Σ−(1)

ð16Þ

As would be expected, the successive reduction in
the number of bonds is accompanied by gradual bond
weakening reflected in the binding energies (De¼ 46.2
versus 20.9 versus 5.3 kcalmol�1) and the elongation
of the bond lengths (re¼ 1.660 vs 1.893 vs 2.048 Å), as
we move from the quartet to the sextet and to the octet
state (MRCI values, table 5).

The lowest-in-energy state stemming from the first
excited Crþ (4s13d4, a 6D)þC(3P) channel is the 8 4�(1)
state. It can be considered as descending from the
ground X 2�(1) state after a decoupling of its � bond.
The bonding at equilibrium can be graphically repre-
sented by scheme 17.

Cr C
+

δ+

Cr+(4s13d4, 6D; M = ±2)  C (3P; M = 0) 8 4∆(1)

ð17Þ

Population analysis shows a s0.5 e� transfer from
the 4s orbital of Cr to C, along with a s0.4 e�

p backdonation (table 6). The binding energy was found
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to be 50.6(53.7) kcalmol�1 at the MRCI(MRCIþQ)
level of theory.
The opposite bonding situation occurs in the 9 6��(1)

state, where now Cr becomes the �-‘acid’ and p-‘base’.

δ−

Cr C
+

δ+

   Cr+(3d5, 6S)     C (1D; M = 0) 9 6Σ+(1)

ð18Þ

The characteristic 2pz
2 electron distribution of the

M¼ 0 angular momentum component in the first
excited state of C(1D) is the driving force of this
newly-encountered binding picture, with the þ 1 charge
of Cr becoming slightly quenched (qCr¼ þ 0.91), but
in a rather ‘dynamic’ way: carbon offers 0.75 � elec-
trons while receiving 0.65 in the p skeleton. A similar
bonding picture is encountered in the highest excited
state of CrCþ that was studied in the present work,
18 4�þ (1), 61.1(60.5) kcalmol�1 above the ground state
at the MRCI(MRCIþQ) level (table 5). Even though
this quartet dissociates to a different asymptotic
channel, Crþ (4s13d4, a 6D)þC(3P), in equilibrium it
can be thought of as coming from the 9 6�þ (1) state
after a spin flip of an uncoupled p electron (see the
rather complicated wavefunction composition of the
18 4�þ (1) state in table 6). The observed charge on Cr
is again þ 0.91, but this time it is due to a mere s0.1 �
e� transfer from the 2s orbital of C towards Cr; indeed
as the Mulliken populations indicate (table 6), p and d
electrons remain localized on the atoms.
The 10 2�(1) state is the first one dissociating

diabatically to Crþ (3d5, a 4G)þC(3P). The following
bonding scheme conforms with the wavefunction com-
position as well as the Mulliken charge distribution
(table 4):

Cr C
+

+

Cr +(3d5, 4G; M = ±4)   C (3P; M = 0)    10 2Γ(1)

ð19Þ

Two p and ½ � bonds keep together the two atoms
in a similar fashion to the bonding in the 1 4��(1) state.
Due to severe technical difficulties we were unable to
calculate the full potential energy curve, so the binding
energy cannot be accurately calculated for this state.
At the MRCI level though, the bond length is equal to
1.639 Å.

The state with the highest angular momentum that
was studied in the present work comes from the same
asymptotic limit, but with the M¼ � 4, � 1 components
of the 4Gþ 3P atomic levels of Crþ and C, respectively.
This combination gives a state with |�|¼ 5, the 12 2H(1)
state. The leading equilibrium determinant has a
coefficient of only 0.55, with the next two important
determinants multiplied by an even smaller coefficient
(0.45, table 6). Despite its highly multireference char-
acter, we can attempt to condense its main bonding
characteristics in the following vbL icon:

Cr C
++

Cr+(3d5, 4G; M = ±4)     C (3P; M = ±1) 12 2Η(1)

ð20Þ

The � bond is somewhat polarized, Cr earning s0.4
e-, with a concomitant p backdonation to C of the
same magnitude (table 6). As with the aforementioned
10 2�(1) state, a rather short equilibrium bond length
is calculated, re¼ 1.692 Å at the MRCI level.

The fourteenth excited state of CrCþ is the second
one of 4� symmetry encountered stemming from the
Crþ (4s13d4, a 6D)þC(3P) fragments. Around 4 bohr
it interacts strongly with the incoming 4�(3) state
resulting to highly complicated wavefunctions in
their equilibrium distances and to difficulty in drawing
vbL icons for both states. However, a scheme includ-
ing the main bonding features of the 17 4�(3) state
would be:

Cr C
+

−+

Cr+(4s13d4, 6D; M = ±2)     C (3P; M = 1 οr ±1

±

) 17 4Π(3) οr 16 4Φ(1)

ð21Þ

The ‘þ ’ sign refers to the 17 4�(3) state, while the ‘�’
sign to the relevant 16 4�(1) state. These two states
are close to being degenerate as they exhibit a quite
similar wavefunction composition as well as energetics
and spectroscopic constants (tables 5 and 6). They lie
53.9 and 53.2 kcalmol�1 above the ground state at the
MRCI level of theory, respectively.

Finally, the last state correlating to the Crþ (a 6S)þ
C(1D) channel is of 6� symmetry, lying 52.2 kcalmol�1

above the ground state. The bonding reflects the
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characteristic px
2
� py

2 electron distribution of C(1D,
M¼ � 2), and this can be convincingly pictured in
scheme 22:

Cr C
+

−

Cr+(3d5, 6S)         C (1D; M = ±2) 15 6∆(1)

ð22Þ

The Crþ ion transfers nearly 0.25 e� to C along the
� skeleton and receives back about 0.15 e� via its p
orbitals, resulting to an observed Mulliken charge on
Cr of þ 1.11. Breaking of this bond in the
MRCI(MRCIþQ) level costs 23.7(26.9) kcalmol�1

(table 5).

4. Synopsis and remarks

With the intent of studying the low-lying energy
spectrum of VCþ and CrCþ , establishing their ground
states, and understanding the bonding milieu, we have
presented multireference configuration interaction cal-
culations (MRCI¼CASSCFþ 1þ 2) using quantitative
basis sets. Full potential energy curves were constructed
for almost all 36 states (VCþ : 17, CrCþ : 19) and
energetics (E, De, Te) along with spectroscopic con-
stants (re, !e, !exe) are reported. To the best of our
knowledge and apart from the ground states, these
are, in essence, the first theoretical results on VCþ and
CrCþ , either theoretical or experimental, to be reported
in the literature.
Figures 3 and 4 display a synoptic view of the

relative energy levels of the VCþ and CrCþ species.

Some states are degenerate within the accuracy of our
calculations, the most characteristic example being
the ground states of both systems. Contrary to those
of ScCþ (X 3�) and TiCþ (X 2�þ ), the ground states
of VCþ and CrCþ are the subject of an intense
antagonism between 3�/1�þ (VCþ ) and 4��/2�
(CrCþ ) symmetries. The 3� and 4�� states are bonded
in a similar fashion as the ground states of ScCþ and
TiCþ , forming two p bonds and a one-electron � bond
(ScCþ cannot actually form a second two-electron p
bond because it is short of one electron). The 1�þ and
2� states are triply bonded, but although they stem
from an excited state of the transition metal cation,
they compete in total energy with the former two states
because of their significantly higher binding energies.
The in situ excited state nature of the TM cation
in the triply bonded 1�þ and 2� states introduces
a further point of consideration, namely the quantitative
description of the relevant atomic level splittings. At
our most accurate level of theory, MRCI/MRCIþQ
including core/valence 3s23p6 correlation of the transi-
tion metal atom, one-electron Douglas–Kroll scalar
relativistic effects, basis set superposition errors, zero-
point energy corrections, and parallel curve shiftings
to correct for the atomic energy separations, the formal
ground states of VCþ and CrCþ are found to be of
3� and 2� symmetry, respectively. The competing
1�þ (VCþ ) and 4�� (CrCþ ) states are predicted to
be bracketed between 1–3 and 3–7 kcalmol�1 higher,
depending on the quantitative correctness of the
‘perfect’ parallel curve shifting. As a result, the 2�
ground state identity of CrCþ appears to be fairly
certain, but obviously theory, even at this high level,
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Figure 4. Relative energy levels of the CrCþ states studied.
MRCI level of theory.
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Figure 3. Relative energy levels of the VCþ states studied.
MRCI level of theory.
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cannot give a definitive answer in the case of VCþ .
We believe that careful experimental studies on both
systems are needed to confirm the symmetry of their
ground states.
All 36 states are bound with respect to the ground

state atoms {Vþ (a 5D), Crþ (a 6S)} þ C(3P), with
binding energies with respect to their asymptotic
fragments ranging from 5.3 kcalmol�1, 11 8��(1)
(CrCþ ) to 111.1 kcalmol�1, X 2� (CrCþ ). The D0

binding energy of the X 3� state of VCþ is
85.4 kcalmol�1, in satisfactory agreement with the
experimental value of 88.4 � 1.2 kcalmol�1 [5b]. The
estimated binding energy of CrCþ (X 2�) with respect
to the ground state atomic fragments verges on
the value of 60 kcalmol�1, in fair agreement with the
experimental D0¼ 66.2 � 5.8 kcalmol�1 [6], while in the
competing 4�� state, it has an estimated value
of 56 kcalmol�1, indicating, albeit indirectly, the 2�
character of the CrCþ ground state.
A variety of binding modes is observed in the differ-

ent states of VCþ and CrCþ . In general, one should
point out the synergetic ‘donation-backdonation’ bond-
ing mechanism noted in many states and along the � and
p bonding frames. Furthermore, in most states studied,
a charge transfer up to 0.2 e� is recorded from the
already charged metal cation to the carbon atom. This
can be justified by recalling that the ionization poten-
tials of the TM monocations are comparable with that
of C. The trend, however, diminishes as we move
along the ScCþ , TiCþ , VCþ , CrCþ direction, owing
to the gradual increase in the ionization potential
of the TM cation.
Finally, one should comment on the intrinsic com-

plexity of such ‘simple’ molecular systems due to the
multitude of low-lying molecular states which gives rise
to potential energy curves of abstruse morphology, the
result of avoided curve crossings which, in turn, often
cause severe calculational and conceptual difficulties.
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