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The potential energy surfaces for the low-lying electronic states of the zirconium carbon monoxide (ZrCO)
and hafnium carbon monoxide (HfCO) systems have been studied using the complete active space
multiconfiguration self-consistent field followed by multireference singles+ doubles configuration interaction.
Spin-orbit effects are included through the relativistic configuration interaction method. In contrast to HfCO,
which exhibits a3Σ- ground state, two nearly degenerate electronic states (5∆, 3Σ-) were found as candidates
for the ground state of ZrCO. Both Hf and Zr form stable complexes with CO relative to the dissociation
limits. The nature of bonding is discussed in terms of the wave function composition and the Mulliken
population analysis.

1. Introduction

Zirconium and hafnium have been employed as catalysts for
many years. They have also been used in transition-metal alloys
with useful properties.1-2 The synthesis, structure, and proper-
ties of zirconium and hafnium complexes and their reaction with
carbon monoxide have also been studied extensively.3-15 In
particular, zirconium catalysts in carbon monoxide reactions
have attracted considerable attention from a variety of stand-
points such as oxidation,16 hydrogenation,17 and molecule
activation.18 In turn, carbon monoxide thermal desorption has
been used to discuss the effect of zirconium diatomic molecules
deposited on the crystal surface.19 The influence of modifying
additives of zirconium and cesium oxides on the state of
transition metals has been studied by IR spectroscopy using
adsorbed probe molecules such as carbon monoxide.20

To determine the spectroscopic properties, zirconium diatomic
molecules such as ZrCo and Zr2 were studied using a variety
of spectroscopic techniques.21,22 Small molecules of hafnium
such as HfH has been discussed by our group,23 and clusters
such as Zr3, Zr4, and Zr5 have been studied by our labora-
tory.24-26 To gain insight into the nature of the interaction of
Zr and Hf atoms with CO and to shed light on the low-lying
electronic states of these species, we undertake a systematic
comparative study of ZrCO and HfCO. We employ a complete
active space multiconfiguration self-consistent field (CASMC-
SCF) technique to determine the potential curves and their
corresponding electronic configurations. Subsequently, multi-
reference singles+ doubles configuration interaction (MRSDCI)
was used to determine the equilibrium geometries, minimum
energies, and dissociation energies for the low-lying states.
Mulliken populations and vibrational frequencies were com-
puted from the wave functions. Relativistic configuration
interaction (RCI) calculations were considered to discuss the
importance of the spin-orbit coupling effects for the HfCO
complex.

2. Method of Calculations

Relativistic effective core potentials (RECPs) taken from the
work of Ross et al.,27 which retained the outer 4s24p64d25s2

shells of the Zr atom and the 5s25p65d26s2 shells of the Hf atom
in the valence space, were employed in this study. For the
carbon and oxygen atoms, the RECPs taken from Pacios and
Christiansen, which retained the outer 2s22p2 and 2s22p4 shells,
respectively, were employed.28 The optimized valence (5s5p4d)
Gaussian basis sets for the Zr and Hf atoms were taken from
ref 27. The (4s4p) optimized Gaussian basis sets for the carbon
and oxygen atoms from ref 28 were contracted to (3s3p). The
carbon and oxygen basis sets were supplemented with one set
of 3d functions generated from Dunning and Hay,29 with Rd )
0.75 for carbon andRd ) 0.85 for oxygen, respectively. The
effect of 4f-type functions was found to be very small, especially
at the MRSDCI level, on the geometries and energy separations
for transition-metal-containing species, as demonstrated by our
earlier studies.38 Furthermore, comparison of energy separations
at the dissociation limit with the experimental atomic energy
separations of the transition-metal atoms demon-
strate that the basis sets and the correlation techniques used are
quite adequate for the computation of potential energy surfaces.
The ZrCO and HfCO species were computed in theC2V point

group with thez-axis chosen as theC2-axis. The orientation is
relevant to describe the orbitals and the active space. According
to the low-lying spectral terms of the zirconium and hafnium
atoms,30 we calculated the first root at the CASMCSCF level
for each electronic state of all possible spin multiplicities and
different bond lengths varying from 1.4 to 8.0 Å. Letni
represent the number of inactive orbitals andna be the active
orbitals of four irreducible representations under theC2V group.
At infinite separation between all atoms, the (n - 1)s, (n -
1)p, (n - 1)d, andns atomic orbitals of zirconium (n ) 5) or
hafnium (n ) 6) and the 2s, 2p atomic orbitals of the carbon
and oxygen span 10 a1, 4 b1, 4 b2, and 1 a2 orbital in theC2V
group. Among these, the semicore (n - 1)s and (n - 1)p
orbitals of zirconium or hafnium and 2s, 2py, and 2px of oxygen
were found to be unimportant for the interaction of Zr(Hf) and
CO. These orbitals comprise three a1, two b1, and two b2, which
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were kept inactive, while the others were included in the active
space. The CASMCSCF computations for both ZrCO and
HfCO included excitations of eight electrons in all possible ways
among seven a1, two b2, two b1 and one a2 orbital in the active
space, while excitations from the inactive orbitals were not
allowed at the CASMCSCF level of calculations although these
orbitals were allowed to relax. This choice yieldsni ) 3, 2, 2,
0 (a1, b2, b1, a2) andna ) 7, 2, 2, 1. However, the choicena )
7, 2, 2, 1 leads to too large a number of configurations, and
thus we kept the lowest a1 orbital inactive, which resulted inna
) 6, 2, 2, 1. This selection generates the correct dissociation
limit for both Zr + CO and Hf+ CO systems.
The MRSDCI calculations were carried out for the low-lying

states, in which single and double excitations were allowed.
Reference configurations with coefficientsg0.05 were chosen
from the CASMCSCF computations and included in the
MRSDCI calculations. The CASMCSCF calculation included
up to 12 740 configuration spin functions (CSFs), while the
MRSDCI included up to 450 173 CSFs.
The spin-orbit effects were introduced through the relativistic

configuration interaction (RCI) scheme developed by one of
the authors.31 In this scheme all low-lyingλ-s states that give
rise to the sameΩ state were mixed in a multireference singles
and doubles CI including spin-orbit coupling. Table 1 shows
a list of reference configurations that were included in the RCI
for the variousΩ states. ConsiderΩ ) 0+ as an example; this
state contained 4 reference configurations from 1σ22σ23σ21π2,
24 reference configurations from 1σ22σ23σ11π21δ1, and 8
reference configurations from 1σ22σ23σ21π21δ1. Single and
double excitations from these reference configurations generated
18 404 determinants. The spin-orbit integrals derived from
the RECPs using Pitzer’s Argos codes32 were transformed in
the MRSDCI natural orbitals obtained in the absence of spin-

orbit coupling. These integrals were then added to the CI
Hamiltonian matrix in the RCI. All of the CASMCSCF/CI
calculations were made by using one of the author’s modified
version of ALCHEMY II codes33 to include RECPs.34

3. Results and Discussion

A. Atomic Energy Separations of Zr and Hf. Tables 2
and 3 show the possible molecular electronic states of ZrCO
and HfCO generated from their respective atomic states. We
set the distance between the transition-metal atom (Zr or Hf)
and CO to 8.00 Å to obtain the energy separations at the
dissociation limit. As seen from Table 2, the ground state of
Zr is computed as the a3F state arising from the 4d25s2

configuration, which is in agreement with the experimental
atomic spectra from ref 30. Singlet states converged to the
(4d25s2)a1D + CO(1Σ+) dissociation limit. We have calculated
the relative energy with respect to the lowest (4d25s2)a3F +
CO(1Σ+) dissociation limit as 7317 and 5518 cm-1 at the
CASMCSCF and MRSDCI levels, respectively. The MRSDCI
value is in good agreement with the experimental data of 5102
cm-1. Quintet states converged to the (4d35s)a5F + CO(1Σ+)
dissociation limit. The relative energy with respect to the same
atomic ground state was 6556 and 5553 cm-1 at the CASMC-

TABLE 1: Reference Configurations for the RCI Calculations of Hf-CO with Spin-Orbit Interactions

configurations ω-ω state

1σ 2σ 3σ 1π 1δ λ-s state 0+ 0- 1 2 3

2 2 2 2 0 3Σ- 4 2
2 2 2 2 0 1∆ 4
2 2 1 2 1 5∆ 24 24 24 24 24
2 2 2 1 1 3Π 8 8 8 8 8

total reference configurations 36 32 34 36 32
total determinants 18 404 17 644 18 036 18 404 17 672

TABLE 2: Atomic Energy Separations of Zr + CO
Obtained from the Asymptotic Molecular Energy
Separations at the Dissociation Limita

molecular
states

dissociation
limit

CASMCSCF
(cm-1)

MRSDCI
(cm-1)

exptl
(cm-1)

3Σ-, 3Π, 3∆ (4d25s2)a3F+ 1Σ+ 0 0 0
1∏, 1∆ (4d25s2)a1D + 1Σ+ 7317 5518 (5504) 5102
5Π, 5∆ (4d35s)a5F+ 1Σ+ 6556 5553 (6529) 5460

a The distance between Zr and C is 8.00 Å. The values in parentheses
included the Davison correction.

TABLE 3: Atomic Energy Separations of Hf + CO
Obtained from the Asymptotic Molecular Energy
Separations at the Dissociation Limita

molecular
state

dissociation
limit

CASMCSCF
(cm-1)

MRSDCI
(cm-1)

exptl
(cm-1)

3Σ-, 3Π, 3∆ (5d26s2)a3F+ 1Σ+ 0 0 0
1Π, 1∆ (5d26s2)a1G+ 1Σ+ 5952 5513 (4978) 7790
5Φ, 5∆ (5d36s)a5F+ 1Σ+ 11575 15163 (15611) 13643

a The distance between Hf and C is 8.00 Å. The values in parentheses
included the Davison correction.

Figure 1. Potential energy curves of ZrCO as a function of the Zr-C
distance in its different low-lying electronic states.
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SCF and MRSDCI levels, respectively. Again the MRSDCI
result is in excellent agreement with 5460 cm-1 derived from
the atomic spectra.30 The CASMCSCF calculations show that
the singlet states at the dissociation limit are higher than the
quintet states, while the MRSDCI calculations, which are more
accurate, place them closer to the experimental data. The gross
Mulliken populations of zirconium for the triplet, singlet, and
quintet states at the dissociation limit were calculated as
4d1.995s1.85, 4d2.085s1.77, and 4d2.995s1.00, respectively, which show
that the assignments for the different dissociation limits are
consistent with the experimental data.
As seen from Table 3, the ground state of Hf at the dis-

sociation limit is computed as the a3F state arising from the
5d26s2 configuration, in agreement with the experimental atomic
spectral data from ref 30. The singlet states converged to the
(5d26s2)a1G+ CO(1Σ+) dissociation limit. We have calculated
the relative energy with respect to the (5d26s2)a3F + CO(1Σ+)
dissociation limit as 5952 and 5513 cm-1 at the CASMCSCF
and MRSDCI levels, respectively, which reasonably agree with
the experimental value of 7790 cm-1. Quintet states converged
to the dissociation limit generated from (5d36s)a5F+ CO(1Σ+).
The relative energy with respect to the (5d26s2)a3F + CO(1Σ+)
dissociation limit was computed as 11 575 and 15 163 cm-1 at
the CASMCSCF and MRSDCI levels, respectively. These
results are also in agreement with experimentally derived value
of 13 643 cm-1. The gross Mulliken populations of hafnium
for the triplet, singlet, and quintet states at the dissociation limit
were calculated as 5d1.996s1.85, 5d1.916s1.91, and 5d2.976s1.00,
respectively, which are consistent with the experimental data.
The computed atomic energies at the dissociation limit provide
confidence in our computed values. Our computedRe andωe

values of the free diatomic CO obtained from MRSDCI are
1.140 Å and 2156 cm-1 compared to experimental values35 of
1.128 Å and 2170 cm-1, respectively.
B. Potential Energy Curves and Equilibrium Properties

of ZrCO. As discussed in ref 36, the M-OC complex, where
M stands for a transition metal, is found to be repulsive, and
thus only the M-CO orientation was studied. Figure 1 shows
the CASMCSCF potential energy curves of the low-lying states
of ZrCO. As can be seen from Figure 1, the CASMCSCF
curves differ from the experimental atomic states for the quintet
and singlet states at the dissociation limit, but the MRSDCI
calculations gave the correct sequences, although quintet and
singlet states at the dissociation limit are very close to each
other. Thus the CASMCSCF results give qualitative accuracies,
while more quantitative results are obtained at a more accurate
MRSDCI level.
Table 4 shows the equilibrium geometries, spectroscopic

properties, and the energy separations of the electronic states
of ZrCO at both CASMCSCF and MRSDCI levels. As seen
from Table 4 and Figure 1, the ground state of ZrCO is5∆, but
the lowest excited state,3Σ-, is very close to5∆. We compute
the relative energy of3Σ- with respect to5∆ as 3825 cm-1 at

the CASMCSCF level. More accurate MRSDCI calculations,
however, lower the energy separation to only 189 cm-1, while
the quadruple cluster correction reverses the relative order. This
suggests that both5∆ and 3Σ- states are candidates for the
ground state of ZrCO. The equilibrium distances of Zr-C and
C-O for the5∆ state are 2.222 and 1.149 Å at the CASMCSCF
level, while they become 2.193 and 1.155 Å at the MRSDCI
level. Higher order correlation effects included in the MRSDCI
seem to generally shrink the Zr-C bond. As expected, theRe
of Zr-C of the 5∆ state shrinks by 0.03 Å at the MRSDCI
level compared to the CASMCSCF results. TheRe of the C-O
bond remains almost the same in the formation of the ZrCO
complex. As to the3Σ- state, the equilibrium distances of Zr-C
and C-O are 2.194 and 1.143 Å at the CASMCSCF level, and
2.173 and 1.146 Å, respectively, at the MRSDCI level. High-
order CI calculations shrink the Zr-C bond length by 0.02 Å.
Our computed CO vibrational frequency values for most of

the states are around 2050-2170 cm-1. This shows about 9%
reduction of the CO vibrational frequency in ZrCO with respect
to the free CO vibrational frequency of 2260 cm-1 at the
MRSDCI level. The lowest lying states were calculated as3Π,
1∆, and3∆, etc.

TABLE 4: Spectroscopic Properties and Energy Separations of the Electronic States of ZrCOa

CASMCSCF MRSDCI

state Zr-C (Å) C-O (Å) Te (cm-1) ωe (cm-1) De (eV) Zr-C (Å) C-O (Å) Te (cm-1) ωe (cm-1) De (eV)
5∆ 2.222 1.149 0 2132 0.169 2.193 1.155 0 2143 0.414
3Σ- 2.194 1.143 3825 2129 -0.305 2.173 1.146 189 (-959) 2133 0.391
3Π 2.113 1.167 4749 2169 -0.420 2.104 1.169 3070 (2682) 2163 0.033
1∆ 2.184 1.152 6613 2142 -0.651 2.168 1.154 3073 (2087) 2138 0.033
3∆ 2.195 1.154 7100 2119 -0.711 2.183 1.158 5331 (4486) 2140 -0.247
1Π 2.094 1.175 8230 2057 -0.851 2.087 1.178 5671 (5096) 2057 -0.289
5Π 2.510 1.132 6641 2087 -0.654 2.411 1.136 7859 (8186) 2098 -0.560
a ωe stands for the vibrational frequency of the C-O bond. The values in parentheses include the Davidson correction.

Figure 2. Potential energy curves of HfCO as a function of the Hf-C
distance in its different low-lying electronic states.

1604 J. Phys. Chem. A, Vol. 102, No. 9, 1998 Tan et al.



The dissociation energies (De) of the 5∆ state of ZrCO with
respect to the Zr(a3F)+CO(1Σ+) dissociation limit were com-
puted as 0.169, 0.414, and 0.467 eV at the CASMCSCF,
MRSDCI, and MRSDCI+Q levels, respectively. TheDe of 3Σ-,
another candidate for the ground state of ZrCO, was computed
with respect to the same dissociation limit as 0.391 and 0.586
eV at the MRSDCI and MRSDCI+Q levels, respectively.
C. Potential Energy Curves and Equilibrium Properties

of HfCO without Spin-Orbit Coupling. Figure 2 shows the
CASMCSCF potential energy curves of the low-lying states of
HfCO, while Table 5 shows the equilibrium geometries, spec-
troscopic properties, and energy separations of bound electronic
states of HfCO at both CASMCSCF and MRSDCI levels. As
seen from Table 5 and Figure 2, unlike ZrCO, the ground state
of HfCO is unambiguously3Σ-. The equilibrium Hf-C and
C-O distances are 2.134 and 1.153 Å at CASMCSCF level,
and 2.126 and 1.156 Å at the MRSDCI level, respectively. As
expected, theRe of Hf-C of the 3Σ- state shrinks at the
MRSDCI level by about 0.01 Å compared to the CASMCSCF
results, while theRe of the C-O bond remains almost un-
changed, suggesting that the bond strength of CO is little
changed in the formation of the HfCO complex.
Our computed CO vibrational frequency values for most of

the states are around 2100-2160 cm-1, yielding a 6% reduction
in the CO vibrational frequency in HfCO with respect to the
free CO vibrational frequency of 2260 cm-1 at the MRSDCI
level. The excited states were calculated as1∆, 5∆, and3Π,
etc., among which the1∆ and5∆ states were found to be the
lowest. Consider1∆ as an example, its relative energy with
respect to the3Σ- ground state near the equilibrium geometry
is 2794 and 3042 cm-1 at the CASMCSCF and MRSDCI levels,
respectively.
TheDe values of the3Σ- state for HfCO relative to the Hf-

(a3F)+CO(1Σ+) dissociation limit was computed as 0.276, 0.922,
and 1.12 eV at the CASMCSCF, MRSDCI, and MRSDCI+Q
levels, respectively. This shows that theDe value is strongly
influenced by higher order electron correlation effects.
D. Spin-Orbit Effects for HfCO. Table 6 shows the effect

of spin-orbit (SO) coupling on the low-lying electronic states
of HfCO near their equilibrium geometries. The states are
designated with theirΩ quantum numbers. The ground state
is found to be the 0+ state with Hf-C ) 2.132 and C-O )
1.156 Å when the spin-orbit coupling is included, compared
to Hf-C ) 2.126 and C-O ) 1.156 Å without spin-orbit
correction. Thus theRe values of the ground state are not

affected much by the spin-orbit effect as the leading config-
uration of 0+ is dominated by3Σ-. The energy separations (Te)
do not change too much by SO coupling. For example, the
0+-1 energy separation is 191 cm-1.
E. The Nature of the Low-Lying Electronic States. Table

7 shows the leading configurations in the MRSDCI wave
functions of low-lying electronic states of ZrCO and HfCO. For
HfCO the 1σ, 2σ, 3σ, 4σ, 1π, and 2π orbitals were found to be
strongly bonding. These orbitals were mainly composed of

TABLE 5: Spectroscopic Properties and Energy Separations of the Electronic States of HfCOa

CASMCSCF MRSDCI

state Hf-C (Å) C-O (Å) Hf-O (Å) Te (cm-1) ωe (cm-1) De (eV) Hf-C (Å) C-O (Å) Te (cm-1) ωe (cm-1) De (eV)
3Σ- 2.134 1.153 3.287 0 2149 0.276 2.126 1.156 0 (0) 2153 0.922 (1.12)
1∆ 2.138 1.160 3.298 2794 2154 -0.070 2.134 1.161 3042 (3362) 2154 0.545 (0.705)
5∆ 2.149 1.158 3.307 3198 2146 -0.121 2.134 1.163 7756 (9001) 2156 -0.039 (0.007)
3Π 2.307 1.136 3.443 4394 2094 -0.269 2.288 1.143 5546 (6850) 2109 0.235 (0.273)

a ωe stands for the vibrational frequency of the C-O bond. The values in parentheses include the Davidson correction.

TABLE 6: Spectroscopic Constants of the Low-Lying States of Hf-CO Including the Spin-Orbit Effects

Hf-C (Å) C-O (Å) Te, cm-1 ωe, cm-1

main compositionω-ω state SO NO SO SO NO SO SO NO SO SO NO SO

0+ 92%3Σ- 6%5∆ 2.132 2.126 1.156 1.156 -294 0 2153 2153
1 91%3Σ- 6%5∆ 2.128 2.126 1.156 1.156 -103 0 2153 2153
2 88%1∆ 8%5∆ 2.136 2.134 1.160 1.161 2891 3042 2152 2154
0- 97%5∆ 2.137 2.134 1.162 1.163 7385 7756 2155 2156
3 97%5∆ 2.136 2.134 1.163 1.163 7501 7756 2157 2156
1 (II) 97%5∆ 2.138 2.134 1.163 1.163 7504 7756 2155 2156

TABLE 7: Leading Configurations in the MRSDCI Wave
Functions of the Low-Lying Electronic States of Zr-CO and
Hf-COa

weights (%) configurations

state ZrCO HfCO 2σ 3σ 4σ 1π 2π 1δ
3Σ- 81 86 2 2 0 2 0 0

5 2 0 0 2 0 2
5∆ 92 92 2 1 0 2 0 1
1∆ 71 83 2 2 0 2 0 0

5 2 1 0 2 0 1
3 2 2 0 0 2 0

3Π 85 2 1 0 3 0 0
83 2 2 0 1 0 1
3 2 0 0 3 0 1

3∆ 89 91 2 1 0 2 0 1
1Π 86 2 1 0 3 0 0

64 2 2 1 1 0 0
26 2 2 0 1 0 1

5Π 97 2 1 0 1 0 2
5Φ 98 2 1 1 1 0 1

a 4s24p6 shells of Zr atom and 5s25p6 shells of Hf atom are in-
cluded.

ψ[1σ] ) -O(p)- C(s)+ C(p)

ψ[2σ] ) C(s)+ C(p)+ Hf(s)+ Hf(p)

ψ[3σ] ) Hf(s)+ Hf(dx2+y2-2z2)

ψ[4σ] ) O(s)+ C(s)+ C(p)- Hf(s)+
Hf(p) - Hf(dx2+y2-2z2)

ψ[1π] ) {-O(px) + C(px) - Hf(dxz)
-O(py) + C(py) - Hf(dyz)

ψ[2π] ) {C(px) + Hf(px) + Hf(dxz)
C(py) + Hf(py) + Hf(dyz)

Potential Energy Surfaces of ZrCO and HfCO J. Phys. Chem. A, Vol. 102, No. 9, 19981605



As seen from Table 7, the5∆ state of ZrCO is predominantly
composed of 1σ22σ23σ11π21δ1 with a coefficientg0.92, while
the 3Σ- state is predominantly composed of 1σ22σ23σ11π21δ1
with a coefficientg0.81. The excited states are usually based
on the excitation of an electron from an occupied orbital to
unoccupied one. For HfCO, the3Σ- state is predominantly
composed of 1σ22σ23σ21π2 with a coefficientg0.86.
The Mulliken populations of the low-lying states of ZrCO

and HfCO are presented in Table 8. The standard description
of bonding of metal carbonyls is one of donation from the
highest occupiedσ orbital (which is essentially a carbon lone
pair) to the metal atom followed by aπ back-donation from
the metal atom to the carbonylπ* antibonding orbital with a
large carbon component. As seen from Table 8, the5∆ state
of ZrCO is composed of Zr(s2.832p6.079d2.616), C(2s1.5682p2.306),
and O(2s1.9362p4.530) populations. The free Zr and CO popula-
tions obtained from the Zr(a5F) + CO(1Σ+) dissociation limit
are Zr(s2.998 p6.010d2.993), C(2s1.7542p1.828), and O(2s1.8212p4.463).
Thus, in the formation of5∆, there is a primary transfer of
electron density from the carbon 2s orbital (0.19e) to the
zirconium. Zirconium (dπ) in turn donates about 0.37e charge
to the pπ orbital of CO, while the 6s orbital loses 0.17ealongside
theC2-axis. Consequently, the net population of zirconium has
decreased by about 0.47e, while carbon and oxygen populations
increase by 0.29 and 0.18e, respectively. This implies that the
dπ-pπ type of bonding plays an important role.
Another possible candidate for the ground state of ZrCO,

3Σ-, is composed of Zr(s3.453p6.103d2.087), C(2s1.5302p2.251), and
O(2s1.9342p4.507), compared to the populations of Zr-
(s3.843p6.162d1.996), C(2s1.7562p1.830), and O(2s1.8212p4.460) obtained
from the Zr(a3F)+ CO(1Σ+) dissociation limit. Consequently,
there is primary transfer of electron density from the carbon 2s
orbital (0.23e) to the zirconium in the formation of the ZrCO
complex. In turn, the 6s orbital of zirconium loses about 0.39e
charge, while the 2pz orbital of carbon receives 0.42e charge.
The 6p and 5d orbitals of zirconium remain almost unchanged,
suggesting that theσ bonding plays an important role.
For the HfCO complex, relativistic mass-velocity effects37

results in contraction and stabilization of the 6s orbital of the
Hf atom. Consequently, the 6s orbital can more readily accept
the electronic charge from the carbon atom followed by back-
donation of electronic charge from hafnium (dπ) to the π*
antibonding orbital of CO. As seen from Table 8, the3Σ- state
of HfCO is composed of Hf(s3.695p6.197d1.727), C(2s1.4162p2.334),
and O(2s1.9532p4.543). The free Hf and CO populations obtained
from the Hf(a3F) + CO(1Σ+) dissociation limit are Hf-
(s3.860p6.151d1.989), C(2s1.7552p1.829), and O(2s1.8212p4.463). Thus,
in the HfCO bond formation, there is a primary transfer of
electron density from the carbon 2s orbital (0.34e) to the
hafnium. Hafnium (dπ) in turn donates about 0.26e charge to
the pπ orbital of CO. Consequently, the net population of

hafnium decreases by 0.38e, while carbon and oxygen popula-
tions increase by 0.17 and 0.22e, respectively. This feature of
the Mulliken population suggests that the electron transfer from
CO is like a lone-pair transfer from carbon to the metal resulting
in aσ bond, while the electronic charge transfer from the metal
is the dπ-pπ bonding type. The populations of the s and p
orbitals for oxygen are about the same, but for carbon and
zirconium there is a greater change according to the states.

4. Conclusion

We obtained the potential energy curves and spectroscopic
properties of the low-lying states for ZrCO and HfCO arising
from three dissociation limits, namely, Zr(a3F)+ CO(1Σ+), Zr-
(a1D) + CO(1Σ+), and Zr(a5F)+ CO(1Σ+), Hf(a3F)+ CO(1Σ+),
Hf(a1G)+ CO(1Σ+), and Hf(a5F)+ CO(1Σ+), respectively. Two
nearly degenerate electronic states, namely,5∆ and3Σ-, were
found as candidates for the ground state of ZrCO. The
equilibrium bond lengths for the5∆ and3Σ- states are Zr-C
) 2.193, C-O) 1.155 Å and Zr-C) 2.173, C-O)1.146 Å,
respectively, at the MRSDCI level. The3Σ- was found to be
the ground state of the HfCO complex with an equilibrium
geometry of Hf-C ) 2.126 and C-O ) 1.156 Å at the
MRSDCI level without spin-orbit coupling. The ground state
of HfCO including spin-orbit effects was found to be a 0+

state. The dissociation energy values for all the low-lying states
have been calculated. The nature of the low-lying electronic
states is discussed through the CI coefficients and the Mulliken
populations.
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