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ABSTRACT: A series of CASSCF calculations were performed on the ground states of
NiCO and FeCO. The contributions of the srp interactions are checked by examining
the validity of the CASSC calculation to describe the molecule with a particular choice of
the active space. The calculation results substantiate that the stability of MCO is
determined by a balance between p donation from the metal 3dp to the CO 2p and
repulsion between the metal s electrons and the CO 5s lone pair and, at the same time,
emphasizes the importance of the synergistic srp interactions between the metal and
the CO group. The relative importance of srp interactions depends on the nature of the
metal. In the case of NiCO, it is the p donation from Ni 3dp to CO 2p that makes the
largest contribution to the formation of the Ni—CO bond, while in the case of FeCO, it is
the correlation of s electrons that holds the metal and CO together. Q 1999 John Wiley &
Sons, Inc. Int J Quant Chem 72: 221]231, 1999

Introduction

T

here is a great deal of interest in understanding the bonding in transition-metal monocarbonyls Žsee, e.g., w 1]3x and references therein.. The
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importance of this kind of study is twofold: First,
it provides a system which can be taken as an
archetype in studies of the coordinate bonds without any interference arising from, for example, the
conjugation effects between ligands, and second, it
offers a zeroth-order model for interpreting the
chemisorption of the CO molecule on a metal
surface, with the understanding of catalytic activation processes as a target.
Owing to the pioneer work of Blyholder w 4x , the
M—CO bond is interpreted as arising from a synergistic combination of s donation from the filled
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CO 5s orbital to the metal and p backdonation
from the metal dp to CO 2p . Population analyses
show an electron density decrease in the CO s
space, in conjunction with an electron density increase in the CO p space, giving a bonding mechanism which is consistent with this view. Unfortunately, all the population analyses suffer from the
problem of dividing the overlap populations arbitrarily. This problem is serious when large basis
sets are employed in the calculations w 5, 6x . Bagus
et al. proposed an approach named the CSOV
Žconstrained space orbital variation. method w 7x ,
which decomposes the interaction into contributions from intraunit, within the metal or the CO
units, and interunit, between the metal and CO
units, charge redistributions. By means of CSOV,
Bauschlicher et al. presented a qualitatively different bonding picture w 6, 8x , in which the role of the
synergistic s donation and p backdonation was
downplayed. They concluded that the p donation,
in energetics, is the most important factor for, for
example, Fe, Cu, and Ni bonding with CO; the
metal]CO s interaction makes only a minor bonding contribution or is even repulsive w 6, 8x . More
recently, Blyholder and Lawless, taking the diatomic energy contribution of particular orbitals in
a particular bond to the stability of the total molecular energy as a new criterion w 9x , reclaimed the
importance of the s donation. Following their
MNDO calculations, they argued that the largest
contribution to the metal]carbonyl bond is provided by the s electrons. Thus, the role of s
bonding has become controversial. People are
wondering what the relationship between the Blyholder model and the Bagus model is w 10x .
Another point of controversy concerns the degree of mixture between the Ni 3d 10 and 3d 9 4 s 1
configurations in the description of the bonding
for the ground state 1 Sq of NiCO. The NiCO 1 Sq
was at first thought to be a Ni 1SŽ3d 10 .-derived
closed-shell state w 11x , since NiCO would be regarded as a small piece of NiŽCO.4Ž 1A1 . in the
same metal configuration. Although the Ni 3d 10 is
ideal for bonding w 12x , it requires 1.74 eV for the
excitation from Ni 3 DŽ3d 9 4 s 1 . to 1 SŽ3d 10 . w 13x . Examination of the CI wave function of NiCO 1 Sq
leads to a description of the ground state as a
mixture of 60% Ni 3d 10 and 40% Ni 3d 9 4 s 1 w 14x .
On the other hand, Blomberg et al. argued that
nickel is best described by a 3d 9 4 s 1 configuration,
since nickel in NiCO 1 Sq has a d population very
close to nine w 15x . The repulsion between CO 5s
and Ni 4 s is effectively reduced by sds hybridiza-
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tion without paying for the high cost of 4 s ª 3d
electron excitation. Another way of reducing s
repulsion is the sps hybridization, especially when
the d s and 4 s orbitals are high-spin-coupled so
that sds hybridization is not feasible.
We performed a series of complete active space
SCF ŽCASSCF. w 16, 17x calculations on the ground
states NiCO and FeCO in the hope that a comparison of the results with a different choice of active
orbitals will shed light on the relative importance
of various electron correlation effects, help to clarify the relative importance of the srp interaction,
and thus gain insight into the nature of metal]carbonyl bonding.

Computational Details
Our theoretical journey begins with a Hartree]
Fock ŽHF. calculation. Since the ground state of
NiCO is generally accepted as 1 Sq w 11, 14, 15x , the
restricted HF ŽRHF. wave functions of 1 Sq NiCO
have been taken as the initial guess for the following CASSCF calculations. At the first step of route
1, only the metal 3ds and 4 s orbitals were correlated w denoted as Ž3ds , 4 s . 2 x . This is a CAS of two
electrons in two active orbitals w CASŽ2, 2., in shortx ,
which allows one to take the Ni sds hybridization
into account. Second, the CO 5s MO was added,
giving a Ž3ds , 4 s, 5s . 4rCASŽ4, 3.. This CASŽ4, 3.
calculation correlates the bonding electrons in s
space. The last step of route 1 is to include the
filled metal 3dp orbitals and the empty CO 2p
orbitals in the active space. This results in a Ž3dp ,
2p . 4 Ž3ds , 4 s, 5s . 4rCASŽ8, 7. calculation, which
introduces bonding correlation in p space and
normally enhances the p donation with respect to
HF calculation. Metal 3dd electrons are believed to
be nonbonding and thus not included in the active
space in all CASSCF calculations of Ni—CO. Route
2 is denoted as Ž3dp , 2p . 4rCASŽ4, 4. ª Ž3dp ,
2p . 4 Ž3ds , 4 s . 2rCASŽ6, 6. ª Ž3dp , 2p . 4 Ž3ds , 4 s,
5s . 4rCASŽ8, 7., which starts from a p bonding
correlation and takes a s bonding correlation into
consideration subsequently.
Similar calculations were performed on 3 Sy
FeCO, which has been assigned as the ground
state of FeCO both experimentally w 18x and theoretically w 19, 20x . The restricted open-shell HF
ŽROHF. wave functions of 3 Sy FeCO were employed as the starting point for the subsequent
CASSCF calculations. In all CASSCF calculations,
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the open-shell 3dd electrons are always included in
the active spaces. Similarly, Route 1 starts from a
s bonding correlation, while Route 2 begins with
p bonding correlation. Both routes end at a 10
electrons in nine active orbitals CASŽ10, 9. calculation, which includes all metal valence 3d and 4 s
electrons as well as HOMO Ž5s . and LUMOs Ž2p .
of CO in the active space.
At all steps of route 1 or 2, we performed
geometry optimizations and calculated the vibrational frequencies. All these calculated molecular
parameters are compared and contrasted with the
experimental values or more accurate theoretical
values. The neglect of certain important bonding
correlation will lead to deficiencies in the description of electronic structure and the bonding mechanisms in M—CO. By examining the validity of a
CASSCF calculation with a particular choice of the
active space, the importance of the srp interactions and the possible existence of synergistic srp
interactions can be checked. Taking the total energy of a state, which is essentially nonbounded at
the level of Hartree]Fock, as a reference, the degree of total energy lowering in a CASSCF calculation signifies the importance of introducing
certain bonding correlation effect, indicating
its contribution to the bonding stabilization of
M—CO.
Although it is understood that a quantitative
description of M—CO bonding demands of correlating all metal valence Ž3d and 4 s . and ligand
valence Ž3]5s and 1p . electrons w 21, 22x , it is well
established that the final CAS presented here has
contained the essence of M—CO bonding w 8, 15,
23x . Furthermore, we should point out that CAS
with limited active space would give a biased
description of the bonding mechanism, such that
interpretation of the calculation results should be
made with caution and reservation.
The metal basis sets used in this study were
derived from the Wachters Ž14 s9 p5d . primitive
sets w 24x , which are contracted to w 8 s4 p3d x by
using the Wachters contraction scheme 3. To these
basis sets, two additional diffuse p functions were
added, which were optimized by Wachters to describe the 4 p orbitals and which are scaled by a
factor of 1.5 to make them more suitable for molecular calculations w 24x . As suggested by Hay w 25x , a
diffuse 3d function was also added to give a balanced description of the transition-metal atom involving different d occupation. This leads to a
final metal basis set of the form Ž14 s11 p6 d .r
w 8 s6 p4 d x . The C and O basis sets are derived from

the van Diujneveldt Ž9 s5 p . primitive sets w 26x ,
which are contracted to w 4 s3 p x based on a Ž5211.
contraction of the s space and a Ž311. contraction
of the p space. These basis sets are at least of
double-z quality and are frequently employed in
the theoretical literature w 22, 27x .
All calculations were performed using Gaussian
94 w 28x . The molecular properties of M—CO are
calculated with 6 d ŽCartesian d functions., while
the Mulliken populations are analyzed with 5d
Žpure d functions. at the optimized geometry of
M—CO with 6 d.

Results and Discussion
NICO 1 S +
The calculated molecular properties of NiCO
Sq are presented in Table I. The results of the
Mulliken population analysis are given in Table II,
where Ni—C is the overlap population, D s is
defined as six minus the population of valence
orbitals with s symmetry on the CO fragment,
and Dp , as four minus the population of orbitals
with p symmetry on the CO fragment. Therefore,
D s and Dp provide the simplest, although unreliable sometimes, way of quantifying the extent of s
donation and p backdonation.
RHF calculation of NiCO 1 Sq gives a picture of
strong Ni—CO interaction, for example, significant Ni—C stretching frequency and a large
downshift of the C—O stretching frequency with
respect to the free CO. This closed-shell NiCO
possesses a metal electronic configuration of
3d 9.481 4 s 0.3774 p 0.043 , which lies in between the
atomic states of 3d 10 and 3d 9 4 s 1. The bonding
energy of RHF NiCO is found to be 1.440 eV with
respect to its dissociated limit COŽ 1 Sq . q Ni
Ž d 10 , 1S .. The strong Ni—CO interaction could be
understood in terms of s donation and p backdonation Ž D s s 0.15; Dp s y0.25., with p backdonation outweighing s donation.
UHF calculation, however, locates an equilibrium geometry of NiCO with a much longer Ni—C
˚ in UHF versus 1.739 A
˚ in
bond distance Ž5.496 A
RHF.. This open-shell NiCO has a metal electronic
configuration of 3d 9 4 s 1 with a zero overlap population between Ni and CO. The bonding energy of
UHF NiCO is only 0.001 eV with respect to its
dissociated limit COŽ 1 Sq . q Ni Ž d 9 s 1, 1 D .. Although the C—O bond length in UHF NiCO is
hardly changed with respect to the free CO, the
1
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TABLE I

Calculated molecular parameters of 1S + Ni—CO.

Method
RHF
UHF
s Correlation
CAS(2, 2)
CAS(4, 3)
p Correlation
CAS(4, 4)
s / p correlation
CAS(6, 6)
CAS(8, 7)
CCSD(T) d

Ea
(eV)

R e(Ni—C)
˚)
(A

R eb (C—O)
˚)
(A

ve(Ni—C)
(cm y 1)

ve(bend)
(cm y 1)

vec (C—O)
(cm y 1)

+2.711
0.000

1.739
5.496

1.139
1.124

490
4.4

265
14.3

2098
2272

y0.008
y0.009

5.498
5.498

1.124
1.124

5.5
5.6

16.6
16.5

2272
2272

y0.425

1.717

1.176

548

315

1994

y2.061
y2.219

1.689
1.683

1.159
1.161

611
617

358
360

2008
2011

}

1.687

1.166

592

369

2016 e

a

UHF energy (y1619.37670 au) is taken as the reference. Minus indicates energy lowering.
˚ The experimental value is 1.128 A
˚ [29].
R e calculated for free CO is 1.124 A.
c
ve calculated for free CO is 2435 cm y 1 . The experimental value is 2170 cm y 1 .
d
See [30].
e
Experimental value after corrections for matrix effects (5 cm y 1) and anharmonicity (27 cm y 1) is 2028 cm y 1 [31].
b

C—O stretching vibrational frequency is strongly
perturbed by the presence of Ni Žsee Table I.. As
compared and contrasted with RHF NiCO, we
may reach such a conclusion that the CO 5s should
be antibonding to the Ni 4 s orbital. Emptying the
Ni 4 s orbital would minimize the metal]ligand
repulsion in the s space, and, hence, enhance the
Ni— CO interaction. Experimentally, the Ni
Ž d 9 s 1 , 1 D . atomic state is 1.403 eV lower than Ni
Ž d 10 , 1S . w 13x , while at our HF level, the energy
sep aration b etw een N i Ž d 9 s 1 , 1 D . an d
Ž d 10 , 1S . is greatly overestimated with D <Ž d 9 s 1 , 1 D .
y Ž d 10 , 1S .< s 4.15 eV. Indeed, the bonding contri-

bution in RHF NiCO cannot compensate for the
excitation energy from Ni Ž d 9 s 1 , 1 D . to Ni Ž d 10 , 1S .,
such that the UHF energy is much Ž2.711 eV. lower
than the RHF energy, even though RHF NiCO is
more strongly bonding.
Although HF calculations have given valuable
qualitative insight into this and related systems
w 6]8x , more reliable results can only been obtained
when the suitable correlation effects have been
taken into account. Blomberg et al. showed the
importance of sds hybridization which provides
an efficient way of reducing repulsion in s space
without paying for the cost of the excitation to the

TABLE II

Mulliken populations for 1S + Ni } CO at equilibrium geometries of various levels of approximation.
Method

3 dd

3 dp

3 ds

4s

4 ps

4 pp

Ds

Dp

Ni—C

RHF
UHF
s Correlation
CAS(2, 2)
CAS(4, 3)
p Correlation
CAS(4, 4)
s / p Correlation
CAS(6, 6)
CAS(8, 7)

4.00
4.00

3.75
4.00

1.73
1.00

0.38
1.00

0.04
0.00

0.01
0.00

0.15
0.00

y0.25
0.00

0.19
0.00

4.00
4.00

4.00
4.00

1.00
1.00

1.00
1.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

4.00

3.26

1.92

0.29

0.08

0.05

0.30

y0.69

0.35

4.00
4.00

3.44
3.42

1.69
1.68

0.54
0.55

0.07
0.07

0.03
0.04

0.29
0.29

y0.53
y0.54

0.37
0.38
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3d 10 configuration w 15, 23x . This kind of nondynamical correlation effects would be best described
with a multi-configurational, CASSCF-type, reference wave function.
The simplest CASSCF calculation is CASŽ2, 2.,
with two s electrons in the 3ds andror 4 s orbital.
Taking the wave functions of RHF NiCO 1 Sq as
an initial guess, the CASŽ2, 2. calculation gives a
result which is very closed to UHF NiCO 1 Sq.
Further inclusion of the CO 5s into the active
space has a negligible effect on the calculated
properties with respect to those of CASŽ2, 2.. Thus,
s donation would have made a minor contribution to Ni—CO bonding and the fact that the
interaction in the s space is mainly repulsive is
further revealed, agreeing well with that reached
by Bagus et al. with the CSOV method w 6]8x . It is
also obvious that only considering the bonding
correlation in s space does not provide reasonable
description of the Ni—CO bonding.
Let us now start from the first step of route 2:
CASŽ4, 4. calculation. Inclusion of the Ni-filled 3dp
orbitals and the CO empty 2p into the active
space enhances the p backdonation from Ni 3dp to
CO 2p with respect to RHF NiCO, which leads to
˚ in CASŽ4, 4. vera longer C—O distance w 1.176 A
˚
x
sus 1.139 A in RHF and a shorter Ni—C distance
˚ in CASŽ4, 4. versus 1.739 A
˚ in RHFx .
w 1.717 A
These observations would also be rationalized with
the calculated vibrational shifts, that is, an increase
of the Ni—C stretching frequency and a decrease
of the C—O stretching frequency. The CASŽ4, 4.
calculation leads to a NiCO with substantially low
total energy, resulting in the 1 Sq state being the
ground state. Therefore, the bonding correlation in
p space is very important for a reasonable description of the Ni—CO interaction. This result may
also suggest that the p donation is, in energetics,
the most important factor for Ni bonding with CO,
in good agreement with the CSOV results of Bagus
et al. w 6]8x .
If the electron in the Ni 4 s is mainly repulsive
to the electrons in the CO 5s , one may expect that
further inclusion of Ni 3ds and 4 s orbitals into the
Ž3dp , 2p . active space would lengthen the Ni—C
distance and destabilize the NiCO bonding because of the increase of the 4 s population. The fact
is almost the contrary. The CASŽ6, 6. calculation
indeed brings about an increase of 4 s occupation;
the Ni—C distance is, on the other hand, becoming shorter and the Ni—C stretching frequency
larger, indicating a further stabilization of the
NiCO bonding.

To give a further comparison between the wave
functions of CASŽ4, 4. without s correlation and
those of CASŽ6, 6. with s correlation, we depicted
the orbital contour plots, as well as the difference
contour plots. Figure 1 presents MO plots in the s
space w the MO plots in the p space of CAŽ4, 4. and
CASŽ6, 6. are similar and therefore not shownx .
The difference contour plots, shown in Figure 2,
are obtained by the electron density from CASŽ6, 6.
minus that from CASŽ4, 4.. The differences of the
contour plots with and without Ž3ds , 4 s . correlation are illuminating. The sds hybridization provides an efficient way to reduce the s repulsion

FIGURE 1. s MO plots of 1S + NiCO: (a) ] (d) from
CAS(4, 4); (e) ] (h) from CAS(6, 6).
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FIGURE 2. 1S + NiCO difference contour plots between
(3 dp , 2p ) 4 (3 ds , 4 s ) 2rCAS(6, 6) and
(3 dp , 2p ) 4rCAS(4, 4). Dashed lines indicate electron
loss while solid lines indicate electron gain.

between Ni and CO 5s w cf. Žc. and Žg. in Fig. 1x .
On the other hand, the increase of the 4 s population change Ni—CO from s bonding to antibonding w cf. Žb. and Žf. in Fig. 1x . The overall effect is
that the introduction of Ž3ds , 4 s . correlation decreases the s donation from CO 5s to Ni, while
the relieving of s repulsion by means of sds
hybridization enhances the p donation from Ni
3dp to CO 2p , as shown in Figure 2. Therefore, the
further stabilization of the NiCO bonding after
introduction of Ž3ds , 4 s . correlation would be best
described as an increase of p donation and a
decrease of s repulsion.
The Ni—C and C—O distances calculated with
˚ respectively, which
CASŽ6, 6. are 1.689 and 1.159 A,
are in satisfactory agreement with the results of
larger CASŽ8, 7. and with the most accurate results
˚ w 30x , 1.677 A
˚ w 32x ,
update. Those are Ni—C 1.687 A
˚
w
x
and C—O 1.166 A 30 obtained with high-quality
single, double, and perturbative triple excitations
coupled cluster w CCSD ŽT.x calculations. The
CASŽ6, 6., including both p bonding and sds hybridization, constitutes the smallest active space
possible to give a qualitatively correct picture of
the NiCO bonding. Neither CASŽ2, 2. with only sds
correlation or CASŽ4, 4. with only p correlation is
good enough to lead to a suitable description of Ni
—CO bonding. This fact itself signifies the importance of the interdependence of srp interactions.
The importance of concerted srp contributions
to the stability of NiCO is further revealed after
the inspection of the correlation energy introduced
at each step of route 1 or 2 Žsee Table I.. Taking the
energy of UHF NiCO, which is essentially nonbounded, as a reference, the first two steps of
route 1, which correlate only the s electrons, brings
about a limited correlation energy Žy0.01 eV.. On
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the other hand, the first step of route 2, which
correlates only the p electrons, brings about a
large correlation energy Žy0.43 eV.. This suggests
taht p electrons make a larger contribution to the
Ni—CO bonding than to the s electrons. The
second step of route 2, which includes both p
bonding and sds hybridization in the active space,
leads to substantially large bonding stabilization.
The correlation energy introduced at this step
Žy2.06 eV. greatly exceeds the summation of the
separate contributions from s and p electrons
Žy0.01 y 0.43 s y0.44 eV., providing clear evidence of the synergistic contributions of srp electrons. Further inclusion of 5s into the active space
leads to further stability of NiCO Žy2.219 q 2.061
s y0.157 eV..
Nickel]carbonyls have conventionally been
considered as having a 3d 10 configuration on nickel
w 15, 23x . The main reasons are that the ground
states of the nickel]carbonyls can be described by
one closed-shell configuration and the Ni 4 s—CO
5s s repulsion is minimized in a d 10 configuration. Blomberg et al. were the first who argued
that nickel is close to 3d 9 4 s 1 rather than to 3d 1 in
NiCO, since they obtained a 3d population very
close to 9Ž9.16. w 15, 23x . Blomberg et al. further
pointed out that sds hybridization efficiently reduces the s repulsion and a 3d 9 4 s 1 occupation on
nickel can very well be described by one close-shell
configuration in these hybridized orbitals w 15, 23x .
The basis sets and methods employed here are
almost the same as those of Blomberg et al. w 15,
23x . Thus, we have obtained very similar results.
MO plots wŽ g. and Žh. in Fig. 2x clearly show the
dsy hybrid with electron density perpendicular to
the C—O axis is almost doubly occupied Ž1.94.,
while the dsq hybrid with electron density along
the C—O axis is almost empty Ž0.06.. The CI
weight of the main configuration-state function in
the CAS wave function is 0.88.
Taking Ni 1 DŽ3d 9 4 s 1 . or Ni 1 SŽ2 d 10 . as the reference state would lead to a different interpretation of bonding mechanism in NiCO. If NiCO is
considered as a 3d 10 -derived state, changes of the
Ni orbital populations indicate that the Ni 4 s orbital accepts some electrons from CO 5s , and to
reduce the repulsion between two-orbital Ž3ds , 5s .
four-electron interaction, some 3 ds electrons
should be transferred to Ni 4 sps orbitals. On the
other hand, if NiCO is considered as a 3d 9 4 s 1-derived state, population changes show that the Ni
3ds is the orbital to accept electrons, and to reduce
the repulsion between 4 s and 5s orbitals, some 4 s
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electrons should be excited into the Ni 3ds orbital.
Clearly, taking 3d 9 4 s 1 as the reference state results
in a bonding mechanism which is in accordance
with the screening mechanism, that is, the increase
of the occupation in the 3ds orbital due to s
donation from CO 5s and excitation from Ni 4 s is
to compensate for the decrease of the occupation
in the 3dp orbitals back to the p backdonation to
CO, so as to minimize the charge buildup. Since
sds hybridization here only changes the shape of
3d or 4 s orbitals and does not affect the occupation in the relative orbitals, the promotion of 4 s
electrons to 3ds can only be understood by means
of 3d 9 4 s 1r3 d 10 mixing. Therefore, although the Ni
1
DŽ3d 9 4 s 1 . configuration occurs at the dissociation
limit of the NiCO 1 Sq state, the Ni d 10 configuration is important near the equilibrium geometry of
this state.
FECO

3

Sy

In Tables III and IV, we present the calculated
molecular parameters as well as the results of
Mulliken population analysis for FeCO 3 Sy. The
bonding mechanisms in FeCO 3 Sy will be compared and contrasted with those in NiCO 1 Sq.
ROHF calculation of FeCO 3 Sy results in a state
which is essentially nonbounded w R e ŽFe—C. s
˚ R eŽC—O. s 1.124 A
˚ x . The bonding energy
6.166 A;

of ROHF FeCO 3 Sy is only 0.001 eV with respect
to its dissociated limit calculated at free CO bond
˚ . and RŽFe—C. s 50.0 A.
˚ The eleclength Ž1.124 A
tronic configuration of Fe is found to be 3d 6 4 s 2
with two high-spin coupled 3dd electrons and four
3dp electrons Žsee Table IV.. In the UHF calculation, one 4 s electron is excited into the 3ds orbital,
giving an Fe of 3d 74 s 1. This greatly reduces the Fe
4 s—CO 5s s repulsion and leads to a bounded
˚ R eŽC—O. s 1.145 A
˚x
state w R e ŽFe—C. s 1.1914 A;
with a bonding energy of 0.228 eV. At the dissociated limits, the energy gap between ROHF and
UHF FeCO 3 Sy is 0.861 eV, which corresponds
well to the experimental energy separation, 0.812
eV, between d 6 s 2 Ž 3 P . and d 7s 1 Ž 3 F ..
Taking ROHF wave functions as the starting
point, we performed a series CAS calculations of
various active spaces. The open-shell spin-paralleled 3ds orbitals are always included in the active
space. The smallest active space which correlates
3ds and 4 s electrons is Ž3ds , 4 s . 2 Ž3dd . 2 . This
CASŽ4, 4. calculation leads to a state which is more
˚ R eŽC—O.
or less bounded w R e ŽFe—C. s 2.050 A;
˚ x . Although the bond distance between C
s 1.125 A
and O is only slightly perturbed, correlation between 3ds and 4 s has succeeded in promoting one
4 s electron to the 3ds orbital and holding Fe and
CO fragments together. Further inclusion of the
CO 5s orbital into the active space has only a

TABLE III

Calculated molecular parameters of 3 S y Fe—CO.

ROHF
UHF
s Correlation
CAS(4, 4)
CAS(6, 5)
p Correlation
CAS(6, 6)
s / p Correlation
CAS(8, 8)
CAS(10, 9)
Expt.c

Ea
(eV)

R e(Fe—C)
˚)
(A

R eb (C—O)
˚)
(A

ve(Fe—C)
(cm y 1)

ve(bend)
(cm y 1)

vec (C—O)
(cm y 1)

0.000
y1.088

5.166
1.914

1.124
1.145

14.2
371

18.9
272

2272
1941

y0.628
y0.634

2.050
2.047

1.125
1.125

245
248

278
279

2213
2211

y1.159

5.166

1.124

12.4

19.5

2272

y3.225
y3.447

1.775
1.774

1.161
1.167

422
465

351
344

1933
1953

}

1.719 d

1.209 d

530

330

1950

a

ROHF energy (y1374.93854 au) is taken as the reference.
˚ The experimental value is 1.128 A
˚ [29].
R e calculated for free CO is 1.124 A.
c
ve calculated for free CO is 2435 cm y 1 . The experimental value is 2170 cm y 1 .
d
Results of MCPF calculation [22].
e
See [18].
b
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TABLE IV

Mulliken populations for 3 S I Fe—CO at equilibrium geometries of various levels of approximation.
Method

3 dd

3 dp

3 ds

4s

4 ps

4 pp

Ds

Dp

Fe—C

ROHF
UHF
s Correlation
CAS(4, 4)
CAS(6, 5)
p Correlation
CAS(6, 6)
s / p Correlation
CAS(8, 8)
CAS(10, 9)

2.00
2.00

4.00
3.55

0.00
1.03

2.00
0.86

0.00
0.32

0.00
0.08

0.00
0.21

0.00
y0.37

0.00
0.28

4.00
4.00

4.00
4.00

1.00
1.00

1.00
1.00

0.19
0.19

0.01
0.01

0.11
0.11

y0.11
y0.11

0.11
0.11

2.13

3.87

0.00

2.00

0.00

0.00

0.00

0.00

0.00

2.01
2.01

3.38
3.36

1.26
1.26

0.95
0.94

0.11
0.12

0.06
0.06

0.33
0.32

y0.55
y0.57

0.37
0.38

small effect on the description of Fe—CO bonding.
Further introduction of the correlation effects in p
space, however, greatly improves the quality of
calculation. The calculation results with Ž3dp ,
2p . 4 Ž3ds , 4 s, 5s . 4 Ž3dd . 2rCASŽ10, 9. are in good
agreement with the modified coupled-pair functional ŽMCPF. calculation which correlated all 18
valence electrons of FeCO w 22x Žsee data in Table
III..
To distinguish the relative importance of s correlation versus p correlation, we may start our
theoretical journey by considering p correlation
first. Taking ROHF wave functions as the starting point, we performed the Ž3dp , 2p . 4 Ž3dd . 2r
CASŽ6, 6. calculation. The optimization locates a
˚ .. This clearly shows
long Fe—C distance Ž5.17 A
that the strong s repulsion between the doubly
occupied 4 s and 5s keeps Fe and CO apart and
the p donation from 3dp to 2p cannot be operative. Reducing s repulsion is a prerequisite to
make Fe—CO bonding. Again, only when both
Ž3dp , 2p . 4 and Ž3ds , 4 s . 2 are included in the active space can we have a qualitatively correct
picture of the Fe—CO bonding.
Figure 3 depicts the contour plots of frontier s
orbitals emerged from Ž3dp , 2p . 4 Ž3ds , 4 s . 2 Ž3dd . 2r
CASŽ8, 8. calculation. Figure 4 presents the difference contour plots obtained by the electron density
of CASŽ8, 8. minus that of CASŽ4, 4.. Inclusion of p
electron correlation not only enhances the p backdonation from Fe 3dp to CO 2 p , but also increases the s donation from CO 5s to Fe 3ds .
Taking the energy of the nonbounded ROHF
FeCO as the reference, correlating the s electrons
leads to notable stabilization Žy0.63 eV., while
correlating the p electrons also brings about large
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FIGURE 3. s MO plots of 3 S y FeCO: (a) ] (d) from
(3 dp , 2p ) 4 (3 ds , 4 s ) 2 (3 dd ) 2rCAS(8, 8).

FIGURE 4. 3 S y FeCO difference contour plots

between (3 dp , 2p ) 4 (3 ds , 4 s ) 2 (3 dd ) 2rCAS(8, 8) and
(3 ds , 4 s ) 2 (3 dd ) 2 / CAS(4, 4). Dashed lines indicate
electron loss while solid lines indicate electron gain.
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correlation energy Žy1.16 eV.. However, correlating both s and p electrons results in a stabilization Žy3.23 eV. which greatly exceeds the summation of the separate contributions from s and p
electrons Žy0.63 y 1.16 s y1.79 eV.. Clearly,
there exists concerted srp interactions in FeCO.
We should point out that although it seems that
the p correlation energy Žy1.16 eV. outweighs the
s correlation energy Žy0.63 eV. we believe that in
the case of FeCO it is the s electrons that make
the largest contribution to the formation of the Fe
—CO bond, since it is the correlation of s electrons that holds Fe and CO together. In fact, as the
s interactions are interdependent with p interactions Žand vice versa., it is not appropriate to go
into all details independently.
It is worthwhile to compare and contrast the
bonding in FeCO 3 Sy with that in NiCO 1 Sq. The
RHF calculation on NiCO results in a Ni close to
3d 10 configuration, while ROHF calculations on
FeCO leads to a Fe having 3d 6 4 s 2 configuration.
CAS calculations show that NiCO 1 Sq is a Ni
1
DŽ3d 9 4 s 1 .-derived state with an important contribution of d 10 at the equilibrium geometry; FeCO
3 y
S , on the other hand, is a Fe 3 F Ž d 7s 1 .-derived
state with little 4 s ª 3ds excitation. This difference between NiCO and FeCO is clearly seen in
the orbitals and occupation numbers. For NiCO,
two correlated s orbitals are dsy wŽ g. in Fig. 1x
and dsq wŽ h. in Fig. 1x hybrids. The dsy orbital,
almost doubly occupied Ž1.94., shifts electron density away from CO 5s and is nonbonding; while
the dsq orbital, antibonding to CO 5s , is only
weakly occupied Ž0.06.. From the populations of
CAS wave functions in Table II, we see that the 4 s
and 3ds populations for NiCO 1 Sq are around
0.55 and 1.68 electrons. This indicates a strong
4 s ª 3ds excitation. Thus, for NiCO 1 Sq, both sds
hybridization and 3d 9 4 s 1r3 d 10 mixing mechanisms are in effect. For FeCO 3 Sy, on the other
hand, both two-correlated s orbitals are occupied.
The occupations of dsy wŽ d. in Fig. 3x and dsq wŽ d.
in Fig. 3x are 1.34 and 0.66 electrons. There is
significant ps mixed in dsq w cf. Žh. in Fig. 1 and
Žd. in Fig. 3x . Therefore, both sds hybridization
and sps hybridization occur in FeCO 3 Sy. The CI
weight of the main configuration-state function in
the CAS wave function of FeCO 3 Sy is only 0.56.
From the 4 s and 3ds populations of CAS wave
functions in Table IV, we may conclude that there
is little 4 s ª 3ds excitation in FeCO 3 Sy. Compar-

ing the calculated molecular properties summarized in Tables I and III, we can see that there is a
larger downshift of the CO stretching frequency in
FeCO than that in NiCO, accompanied by a longer
CO bond distance in FeCO. This indicates a larger
p donation from metal 3dp to CO 2p in FeCO
than that in NiCO. On the other hand, the Ni—C
stretching frequency is larger than the Fe—C
stretching frequency and the Ni—C bond distance
is shorter than the Fe—C bond distance. This in
accord with the experimental findings, namely, the
dissociation energies for the ground states NiCO
and FeCO are 29 " 15 kcalrmol w 33x and 8.1 " 3.5
kcalrmol w 34x .
All these differences in bonding between NiCO
and FeCO may be traced back to the differences
between atomic Fe and Ni. After weight-averaging
the spin]orbit fine-structure splittings, we have Ni
3
DŽ3d 9 4 s 1 . as the ground state w 13x . Ni 1 DŽ3d 9 4 s 1 .
is only 0.33 eV higher and 1 SŽ3d 10 . is also not far
Ž1.74 eV. from the ground state w 13x . Therefore,
there is a high possibility to mix 3d 10 with 3d 9 4 s 1
so as to facilitate the Ni—CO bonding. For Fe,
5
DŽ3d 6 4 s 2 . is the ground state w 13x . The groundsate FeCO 3 Sy is derived from Fe 3 F Ž3d 74 s 1 . w 18x ,
which is 1.49 eV above the ground state of Fe w 13x .
The Fe 3 F Ž d 8 ., being so much higher Ž4.07 eV. in
energy w 13x , can hardly make any important contribution to FeCO bonding. For Ni, the lowest-lying
state with 4 p occupation is 4D 0 Ž3d 8 4 s 14 p 1 ., which
is 3.2 eV above the ground state, while 1 P 0 Ž3d 9 4 p 1 .
is 4.0 eV higher in energy w 13x . On the other hand,
the lowest-lying state with 4 p occupation for Fe is
only 2.38 eV higher, and there exist eight terms
with 4 p occupied between Fe 3 F Ž3d 74 s 1 . and
3
F Ž3d 8 . w 13x . Therefore, sps hybridization is easier
for FeCO than for NiCO. Experimentally, the Ni
2
DŽ3d 9 . ¤ Ni 1 SŽ3d 10 . ionization energy is 8.7 eV,
while the Ni 2 F Ž3d 8 4 s 1 . ¤ Ni 1 DŽ3d 9 4 s 1 . ionization energy is 11.8 eV w 13x . Based on this energetic
information, one may understand why it is important to mix the 3d 10 configuration into the 3d 9 4 s 1
configuration in NiCO in terms of enhancement of
the p donation. Along this line, the p donation in
FeCO is expected to be more significant because of
the lower Fe 4DŽ3d 6 4 s 1 . ¤ Fe 3 F Ž3d 74 s 1 . ionization energy Ž7.7 eV. w 13x . On the other hand, the
higher occupation of the 4 s orbital in FeCO than
that in NiCO offsets the more favorable p bonding
and should be responsible for the weaker binding
energy in FeCO than that in NiCO.
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Conclusions
We performed a series of CASSCF calculations
with different choices of active spaces. In this
graduated CASSCF scheme, we examined the
changes on the electronic structures and geometric
structures of NiCO and FeCO, as well as the energy lowering by considering only the s correlation or the p correlation and the srp correlation
together. The methodology used presented a pertinent illustration of the role of correlation effects in
metal]ligand bonding. Our calculations have set
up a good relationship between the Blyholder
model and the Bagus model, that is, the s space is
indeed mainly repulsive, in agreement with Bagus,
while there does exist a synergistic srp interaction, in agreement with Blyholder. The main features of the interactions in M—CO can be summarized as follows:
1. The metal]CO bonding would be better described as s-polarization to reduce s repulsion between metal 4 s and CO 5s and p
donation from metal 3dp to CO 2p . The s
donation from CO 5s to metal ds or ds sps
hybrids does exist, but is less important.
2. There does exist a synergistic srp interaction between the metal and the CO group.
Only when both srp spaces are correlated
can we have a qualitatively correct picture of
the M—CO bonding. Reducing the s repulsion brings the metal and CO closer, enhancing the p donation from metal dp to CO 2p .
On the other hand, p bonding offsets the
energy cost for 4 s ª 3ds excitation as well
as the sdps hybridization and leads to more
favorable s interaction.
3. The relative importance of srp interactions
depends on the nature of the metal. Since the
ground state of Fe is 5DŽ3d 6 4 s 2 ., to decrease
the large s repulsion is the prerequisite to
result in a net Fe—CO bonding; therefore, s
interaction is more important than is p interaction. In the case of NiCO, as Ni 1 DŽ3d 9 4 s 1 .
and Ni 1SŽ3d 10 . are not very far from the
ground state of Ni 3 DŽ3d 9 4 s 1 ., p donation
makes the largest contribution to the stability
of NiCO.
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