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The low lying electronic states of 3d transition-metal-benzene complexes MBzswith M=Sc, V, and
Nid have been investigated by performing complete active space self-consistent field and
multireference configuration interaction calculations. Geometries, energetics, and electronic
structure are presented and discussed. The results concerning both the geometry and the spin
multiplicity of the ground-state contrast with those obtained from previous calculations based on
density functional theory. The disagreements between single-reference-based approaches and
multireference methods in the characterization of neutral 3d-metal complexes are discussed. ©2005
American Institute of Physics. fDOI: 10.1063/1.1867434g

I. INTRODUCTION

The advent of the laser vaporization method has caused
rapid progress in the study of metal-ligand molecules in the
gas phase, and makes it possible to obtain fundamental in-
formation on the chemical and physical properties of com-
plexes. Recently, the 3d-transition-metal-benzene MnBzm

complexes were synthesized in the gas phase by Kaya and
co-workers.1,2 These complexes were analyzed using mass
spectroscopy, and their structures are predicted to be either
sandwich or rice-ball configuration, depending on the transi-
tion metal. Early 3d-elementssSc, Ti, and Vd form a
multiple-decker sandwich structuresn,m=n+1compoundsd
in which metal atoms and benzene are alternatively piled up
in one-dimensional structure, while late transition metalssFe,
Co, and Nid form a rice-ball structure in which central metal
clusters are fully covered by benzene molecules. The stabil-
ity of the sandwich structure has been confirmed for VnBzn+1

+

complexes by ion mobility measurements and collision-
induced dissociation experiments,3 and also for a series of
transition-metal Bz2 by electric dipole measurements.4

From the theoretical point of view, the energetics and
geometries of the complexes of benzene with 3d-metal ions
have been investigated using modified coupled-pair func-
tional sMCPFd type calculations,5 and also with density func-
tional theorysDFTd type calculations.6–9 Very recently, Ka-
mbalapalli and Ortiz10 have determined the vertical electron-
detachment energies of ScBz− at the Møller–Plesset
perturbationsMP2d1coupled-cluster with single, double, and
perturbative triple excitationssCCSDsTdd level. However,
few studies are available on neutral complexes. Yasuike and
Yabushita11 have investigated the bonding scheme between
benzene and metal atomssTi, V, and Crd in sandwich struc-
tures by quantum chemical calculations. Froudakis, Andriotis
and Menon,12 using tight-binding molecular dynamics simu-
lations, have found a contrasting behavior for Ni and V in

their interaction with the benzene molecule. Finally, Rao and
Jena13,14have performed global optimization of the geometry
of small Ni clusters interacting with benzene molecule,
yielding equilibrium structures where the Ni atoms were
found to be caged between the benzene molecules.

While various theoretical works have been concerned
with the properties of small clusters MnBzm swith n+mù3d,
very few results exist on MBz molecules. Yasuike and
co-workers15 have calculated the potential energy curves for
M–Bz sM=Ti, V, and Crd using a full valence configurational
interaction method with configuration-averaged self-
consistent-fieldsSCFd orbitals. Pandey and co-workers16

have investigated the electronic structure of transition-metal-
benzene complexes using DFT/BPW91 type calculations.
Despite some theoretical efforts, the fundamental electronic
state of these molecules is not fully characterized yet. In
particular, the spin multiplicity of the ground state is difficult
to determine and different theoretical approaches may lead to
controversial results. In a recent study,17 Pandey and co-
workers shown that DFT/BPW91 type calculations lead to
contradictory results concerning the ground-state spin multi-
plicity depending on the basis set and the pseudopotential
used. The electronic calculations on transition-metal ele-
ments pose a considerable theoretical challenge.18 Due to the
open d-shell structure, transition-metal systems have many
spin-multiplet symmetries lying within a narrow energy
range. For such systems, the single-reference-based ap-
proaches, such as CCSDsTd or DFT are well known to fail to
determine the correct ground-state spin multiplicity and often
favor states with highest spin multiplicities. Multireference
techniques where electronic wave functions are treated as
multiconfigurational functions are more suitable for the char-
acterization of the multiplicity of the ground state. Unfortu-
nately, as is well known, those calculations are computer
intensive, and consequently many previous works were per-
formed within the DFT formalism.

In this paper, we present the firstab initio study using
multireference techniques to characterize the electronic states

adAuthor to whom correspondence should be addressed. Fax:s33d 4-7243-
1507. Electronic mail: franck.rabilloud@lasim.univ-lyon1.fr

THE JOURNAL OF CHEMICAL PHYSICS122, 134303s2005d

0021-9606/2005/122~13!/134303/6/$22.50 © 2005 American Institute of Physics122, 134303-1

Downloaded 05 Apr 2005 to 134.214.98.247. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1867434


of transition-metal-benzene MBz complexes with M=Sc, V,
and Ni. In Sec. II we give details of the calculations, and in
Sec. III we present the potential energy profile of the elec-
tronic ground state and some lowest-lying excited states hav-
ing various spin or spatial symmetries for the three mol-
ecules VBz, ScBZ, and NiBz. Finally, in Sec. IV we discuss
the geometry and the spin multiplicity of the ground state
and compare our results with those from previous theoretical
and experimental works.

II. COMPUTATIONAL METHODS

Calculations have been carried out by use of the compu-
tational chemistry programMOLPRO sRef. 19d and the graphi-
cal user interface Gabedit.20 Metal and carbon atoms were
represented through relativistic effective core pseudopoten-
tials developed by Preuss and co-workers21,22 replacing ten
core electrons on metal atoms and two core electrons on
carbon. We occasionally used pseudopotentials developed by
Stevenset al.23,24 but as the results were found to be very
similar, we will only discuss results obtained from calcula-
tions performed with pseudopotentials of Preusset al. The
Gaussian basis sets used for metal atoms weres8s7p6dlfd
contracted inf6s5p3dlfg from Ref. 21, which for carbon was
f4s2pg while for hydrogen we used a double zeta polarization
basis as displayed inMOLPRO.

As explained above, a multireference technique is suit-
able to characterize the electronic ground state and the
lowest-lying excited states of M–Bz species. In such a sense,
calculations have been performed through a complete active
space self-consistent fieldsCASSCFd method and a multiref-
erence configuration interactionsMRCId approach using the
CASSCF configuration space as reference. The potential en-
ergy profiles were calculated at CASSCF level. The active
space included the metal 4s, 3d, 5s, 4d orbitals for calcula-
tions on NiBz and VBz complexes. For ScBz, the metal 4p
orbitals were added in the active space. The inner orbitals of
metal and orbitals of benzene molecule were kept inactive in
the CAS but were allowed to relax in the SCF process. For
the geometry optimization we varied only the distance be-
tween the metal atom and the center of mass in the benzene
molecule. Namely, the benzene molecule structure was not
allowed to relax and was fixed to the isolated one optimized
from a CASSCF calculation. Then a single-point MRCI
ssingle and double excitations1Davidson correctiond type of
calculation was performed at the CASSCF equilibrium ge-
ometry for the ground state for each spin multiplicity in or-
der to determine the binding energies and the dipole mo-
ments. For MRCI calculation, basis sets were further
augmented by diffuse functions on both metal atom and ben-
zene molecule, though this extension occurred to yield only a
very small improvement.

III. RESULTS

Many previous studies have found that the transition-
metal-benzene complexes present a half-sandwich type struc-
ture in which the metal atom is generally located on the C6v

axis.5–10,15–17Although some investigations on charged com-
plexes occasionally found structures slightly distorted from

the C6v symmetry where the benzene ligand distorts to boat
conformations, all the studies concerning the neutral systems
yielded to either a perfect C6v symmetry structures or a
quasi-C6v with a small deformation due to a very small Jahn–
Teller effect.10,15–17 In the present work, calculations were
performed in the C2v point group but the C6v symmetry of
the MBz complex was maintained throughout. However, we
occasionally performed a local optimizationsin C2v point
groupd to investigate the rigidity of benzene molecule. It was
the case for the short-range state of NiBz, for which the
distance between metal atom and benzene molecule was
found to be shorter than it was for the other complexes and
so the possible distortion of the benzene molecule was ex-
pected to be bigger. We found only a small distortion: the
C–C and C–H distances were found to be 1.405 and 1.068 Å,
respectively, to be compared with the values of 1.386 and
1.071 Å, respectively, for isolated benzene. The C6v symme-
try of the complex was in fact not broken but hydrogen at-
oms were found to move from their initial position to a plane
parallel to the carbon ring and located 0.021 Å below it, and
then more distant from the atom metal located above the
carbon ring. Nevertheless, the deformation was not signifi-
cant for the present study and the C6v symmetry constraint
with a rigid ring for benzene appeared to be appropriated.
The possibility of the existence of the asymmetric-top mol-
ecules was also investigated for both NiBz and ScBz com-
plexes. Local optimizations with the metal atom placed
above the benzene plane but displaced from the center axis
sCs symmetryd were found to converge either in a perfectly
symmetric structure or in dissociation into Bz1metal atom.
Then, in the present calculation of the potential energy
curves, we changed only the M–Bz distance, the metal atom
being located on the C6v axis of the fixed benzene molecule.

Before showing the potential energy profile of the lower-
lying states, it is useful to review the bonding scheme in
transition-metal-benzene systems. The valence configuration
of the isolated transition-metal atoms which are considered
in the present study is 3dn4s2 with the 3d orbitals split into
3da1, sdz2d, 3de1 sdxz and dyzd, and 3de2 sdx2-y2 and dxyd in a
C6v symmetry. For the lower-lying states of MBz complex,
the ligand orbitals will not be placed between the metal or-
bitals, and the order of valence orbitals will be a1, e1, e2

sfrom s and p occupied orbitals of benzened, and 4s/3d
spartially filled from transition-metal atomd. As the 4s orbital
has a repulsive interaction with the doubly occupied benzene
a1 orbitals, the molecular diabatic state built from the 3dn4s2

ground-state atomic configuration is repulsive. On the con-
trary, an excited atomic state having a 3dn+2 configuration
has an attractive interaction with the benzene molecule, re-
sulting in a stabilization of energy in a diabatic curve. As
illustrated in Fig. 1, these two diabatic potential energy
curves intersect each other resulting in an adiabatic ground
state which can be either stable or metastable with respect to
the dissociation into metal atom1benzene molecule, depend-
ing on the relative position of the diabatic curves. In all
cases, the electronic configuration at the minimum will be
primarily 3dn+2 or 3dn+14s1 while that at the dissociation
limit will be 3dn4s2. In the case of a metastable state, the
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minimum is above the asymptote corresponding to the metal
atom1the benzene molecule in their respective ground
states.

A. VBz molecule

The above bonding scheme is observed in the results of
our calculations for VBz. At short range, the ground state for
VBz is found to have a quartet multiplicity and to be meta-
stable with respect to the dissociation into Bz1V with an
energy barrier of 0.11 eVssee Fig. 2d. An avoided crossing
involving two diabatic states with a primarily 3d44s1+3d5

and 3d34s2 electronic configuration occurs within the 2.0–2.3
Å of V–Bz distance. It results in metastable state having a
primarily 3d44s1 configuration at short range and a 3d34s2

asymptote. Several excited states are shown in the Fig. 2
with, respectively, 3d44s1, 3d34s2 and 3d44s1 asymptotes.
Close to the dissociation limits20 Åd, their relative energies
from the ground state are 1.03, 1.37, and 1.77 eV, respec-
tively, in very good agreement with the experimental atomic

excitations of 1.04, 1.18, and 1.77 eV, respectively. In fact, at
long range, within 4–5 Å for the metal-benzene distance,
some molecular states are found to be slightly bound. The
ground state of VBz is found to be bound with a V–Bz dis-
tance of 4.82 Å and with a binding energy of 350 K. This
state lies 1.26 eV below the well displayed at short range and
situated above the dissociation limit. The doublet and sextet
spin multiplicities are also investigated. All results are given
in Table I. At long range, a sextet, with 4s13de2

23de1
2 elec-

tronic configuration, is found to be bound. It lies 0.60 eV
above the quartet ground state and has a binding energy of
520 K. At short range, a doublet state is found lying 0.44 eV
above the quartet while the sextet is found to be completely
repulsive. These results are in very good agreement with
those of the ab initio study by Yasuikeet al.15 using a full
valence configuration interaction method with configuration-
averaged SCF orbitals.

B. ScBz molecule

The active space for the CASSCF calculations included
the metal 4s, 3d, 5s, 4d, 4p orbitals, the addition of the 4p
orbitals being proved useful to investigate the potential en-
ergy curves due to the important role of the 3d4s4p configu-
rations in the atomic spectra of Sc. Both doublet and quartet
spin multiplicities have been investigated with various spa-
tial symmetries. Potential energy curves are drawn in Fig. 3
for the 2E2 states. The ground state is found to have a2E2
symmetry and to be bound at long range with a metal-
benzene distance of 4.96 Å and with a binding energy of 260
K. Within the same symmetry, the first excited states, located
1.30 eV above the ground state, is stable at short range with
a 3d24s electronic configuration. The asymptote of the
ground state has a3d4s2 electronic configuration while those
of the first excited states are 3d24s and 3d4s4p, respectively.
At a Sc–Bz distance of 10 Å, the latter are located 1.99 and
2.21 eV above the ground state, compared with the experi-
mental atomic excitations of 1.85 and 1.99 eV respectively.
The first excited2E2 state is quasidegenerate with a2A1 state
ssee Table Id. The potential energy curves for the quartet spin
multiplicity are given in Fig. 4. The lowest state is found to
have a4A2 symmetry and lie at short range with a 3de2

24s1

configuration. Several states with the4A2 symmetry, are
given in the Fig. 4 with 3d24s1 or 3d14s14p1 asymptotes.
Close to the dissociation limits10 Åd, the 3d14s14p1 configu-
ration is located 0.48 eV above the 3d24s1 configuration, in
very good agreement with the experimental atomic excita-
tions of 0.51 eV. Avoided crossings involving several states
occur within the 2.5–3.5 Å range of the Sc–Bz distance,
resulting in a second minimum for the adiabatic ground state.
Thus, the adiabatic curve for the ground state with a4A2
symmetry presents two minima at 2.12 and 2.97 Å, respec-
tively. They are separated by a barrier of 0.46 eV on one side
and 0.009 eV on the other side. For more clearness, only the
first of these two minima is reported in Table I. The relative
position for all doublet and quartet states, bound at long or
short range, are given in the Table I. The ground state is the
2E2 state bound at long range, the4A2 being 1.05 eV above.

FIG. 1. Schematic representation of diabaticsfull linesd and adiabatic
sdashesd potential energy curves. The adiabatic ground state is either stable
scase ad or metastablescase bd with respect to the dissociation in metal
atom1benzene molecule.

FIG. 2. Potential energy curves for the4E2 states for the VBz molecule.
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C. NiBz molecule

For NiBz, a singlet and a triplet states are found to be
stable at long range with a binding energy of 360 K. At short
range, the singlet state is found to be metastable with respect
to the dissociation into Bz1Ni with an energy barrier of 0.14
eV. The adiabatic singlet state has a 3d84s2 electronic con-
figuration at long range and a 3d10 one at short range. The
lowest triplet states are found to be repulsive at short range
and the first short-range-lying triplet state presents a well at
about 1.7 eV above the doublet one.

IV. DISCUSSION

The present results contrast with those obtained in pre-
vious calculations concerning both the spin multiplicity and
the geometry of the ground state. The spin multiplicity ob-
tained in our present CASSCF1MRCI study is compared
with the previous calculations in Table II. For the three com-
plexes considered, the ground state is found to be bound at

long range in the present study. However, as the other studies
investigated only short-range states, we also display in Table
II the multiplicity obtained for the lowest state at short range
in order to make a comparison. It should be noted that this
short-range state is found to be only metastable with respect
to the dissociation in metal atom and benzene molecule for
the VBz and NiBz molecules. With DFT/BPW9I type calcu-
lations, result for the ground state of VBz was found to be
very dependent on the basis set and the pseudopotential
used.16,17 In a first study16 Pandey and co-workers found that
the ground state is a sextet, corresponding to the state with
the highest spin multiplicity, but in a recent study17 they
found a quartet using the Lan12dz pseudopotential and they
found a doublet using an all-electrons 6-311G** basis set.
Thus the DFT type calculations appear to be not able to
distinguish between the different spin multiplicities of elec-
tronic states. In a study on the vertical electron-detachment
energies of ScBz−, Kambalapalli and Ortiz10 have qualita-
tively investigated the structure of ScBz complexes at the

FIG. 3. Potential energy curves for the2E2 states for the ScBz molecule. FIG. 4. Potential energy curves for the quartet states for the ScBz molecule.

TABLE I. Calculated relative energy, metal-benzene distance d, binding energysin K or eVd and dipole
momentµ for MBz. The dipole moment is oriented from M to Bz.

Molecule State EnergyseVd d sÅd Binding energy µ sDd

VBz 4E2 0.00 4.82 350 Ka 0.60
6A1 0.60 4.30 520 Ka 1.17
4E2 1.26 1.97 0.11 eVa,b 2.79
2E2 1.70 1.91 3.70
2E2 2.08 4.92 0.67

ScBz 2E2 0.00 4.96 260 Ka 0.90
4A2 1.05 2.12 0.80 eVa 2.27
2A1 1.26 2.12 1.19 eVc 3.15
2E2 1.30 2.12 0.69 eVc 2.44
4E1 1.39 2.57 0.32 eVc 6.70
4E2 1.40 2.31 0.31 eVc 5.56
4E1 1.45 2.77 0.26 eVc 6.99

NiBz 3E2 0.00 4.62 360 Ka 0.47
1A1 0.48 4.17 360 Ka 0.90
1A1 0.78 1.62 0.14 eVa,b 0.49

aMRCI1Davidson values.
bEnergy barrier for metastable states.
cCASSCF values.
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UHF1MP2 level sUHF–unrestricted Hartree–Fockd. They
found a doublet that displays a C2v boat conformation for the
ground state, a C6v quartet lying 0.1 eV above it. However,
the authors specified that the calculations on doublets pro-
duce unacceptably large spin contamination, and the corre-
sponding relative energies could not be considered reliable.
Finally, Yasuikeet al.15 using a full valence configuration
interaction sFVCId method, have investigated the potential
energy profile of the VBz complex. They found that the low-
est lying state is a short-range quartet metastable with respect
to the dissociation in V1Bz molecule, similarly to the
present results. The long-range states were not considered in
their study.

From all these above results, it appears clearly that the
characterization of the ground-state spin multiplicity is very
dependent on the method of calculation. Theory has difficul-
ties to treat the complexity of the electronic structure of
transition-metal-benzene systems due to the occurrence of
low-lying metal excited states that can mix with the ground
state or compete with it for the most stable bonding configu-
ration. These systems have many spin-multiplet symmetries
lying within a narrow energy range that the calculations are
not able to distinguish. Although the present multireference
calculations are expected to be more reliable than single de-
terminantal approaches to investigate the potential energy
surfaces presenting some crossing regionsssee discussion on
the treatment of avoided crossing in DFT calculations in Ref.
25d, it is difficult to conclude definitively on the spin multi-
plicity of the ground state.

Unfortunately there have been no experimental reports
in the gas phase concerning the magnetic dipole measure-
ments which would allow a direct experimental probe of the
spin multiplicity. The only available experimental results on
neutral MBz complexes are the studies by Dugourd and
co-workers,26 and independently by Imura, Ohoyama and
Kasai,27 concerning the electric dipole moment. These ex-
perimental data can be compared with the present calculated
values, given in Table I, in order to confirm the geometry of
the ground state. Indeed, the dipole moment of the long-
range states are inferior than 1D, while those of short-range
states are much larger. The experimentalists found, respec-
tively, a dipole of 0.17±0.3 DsRef. 26d and 1.0±0.3 DsRef.
27d for VBz and 0.7±0.3 DsRef. 26d and a value,0.6 D

sRef. 27d for NiBz. These data compare well with the present
calculated values of 0.60 and 0.47 D for the long-range states
of VBz and NiBz, respectively, but they are not consistent
with the theoretical values obtained for the short-range states
of VBz s2.79 Dd. For ScBz, Dugourd and co-workers found
1.6±0.3 D in quite satisfactory agreement with the calcu-
lated value of 0.90 D for the long-range state. Thus, com-
parisons with the experimental data are in favor of long-
range states. The existence of these states have been recently
confirmed in a theoretical study using a long range model,
adding a repulsive term to an attractive dispersion term esti-
mated in an oblate-spheroidal approach.28 However, the cal-
culated binding energies of such long-range states, about 300
K, are small and perhaps under-estimated. Theoretical inves-
tigations using other methods taking into account electronic
correlationlike multireference perturbation methods could be
envisaged to characterize the long-range states as they are
expected to give correct binding energies.

V. CONCLUSION

We have presented anab initio study of the geometry
and electronic properties of the transition-metal-benzene
complexes ScBz, VBz, and NiBz. For each complex, the
lowest energy molecular state was found to be a long-range
state. Such long-range states were seen to be compatible with
recent dipole moment measurements. Present ab initio calcu-
lations and previous DFT type calculations lead to contradic-
tory results concerning both the geometry and the spin mul-
tiplicity of the ground state. Theoretical investigations should
be completed by the use of other methods taking into ac-
count electronic correlationlike multireference perturbation
methods to confirm our present conclusions. We hope that
present theoretical results would stimulate experimental in-
vestigations on those complexes, such as magnetic dipole
measurements which would allow a direct experimental
probe of the spin multiplicity, but have not been performed
yet.
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TABLE II. Spin multiplicity of the ground states obtained in the present CASSCF1MRCI study compared with
results from previous works. In the latter the molecule lies at short range.

CASSCF1MRCIa

Molecule
Stable

long-range state
Stable or metastable

short-range state BPW91/DNPb
BPW91/
Lan12dzc

BPW91/
6-311G**c

MP2/
6-311G*d FVCIe

VBz 4 4f 6 4 2 4f

ScBz 2 4 4 2
NiBz 3 1f 1

aPresent work.
bReference 16.
cReference 17.
dReference 10.
eReference 15.
fShort-range metastable state.
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