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Abstract. Geometry optimization was performed for
the ground states of FeCO, Fe(CO),, and Fe(CO); at
various levels of ab initio calculations, and the bond
lengths and dissociation energies obtained were in
reasonable agreement with experimental results. The
nature of bonding was studied for these molecules using
a complete-active-space self-consistent-field method.
From the Mulliken population analysis, it was found
that the traditional donation and back donation mech-
anism is valid for these molecules, including Fe(CO);,
which has a pyramidal structure.
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1 Introduction

Various unsaturated iron carbonyl complexes,
Fe(CO),(n = 1-4), have been produced by the UV
photolysis of iron pentacarbonyl, Fe(CO)s [1]. Among
them, the FeCO radical has been extensively investigated
in spectroscopic studies performed from both experi-
mental [1-11] and theoretical [12—19] points of view.
Villalta and Leopold [8] showed from their vibra-
tionally resolved photodetachment spectra that the
ground state of FeCO is the >~ state and that the X~
state is located only 1135 +25cm™! above the ground
state. The vibrational frequencies of the C—O stretching
and Fe—C stretching modes in the ground state were
observed at 1950 £ 10 and 530 4 10 cm™!, respectively.
These authors also determined that the dissociation en-
ergy of FeCO was 0.46 = 0.16 eV. From the rotational
spectra of FeCO, Kasai et al. [9] derived Fe—C and C—O
bond lengths of 1.7268 and 1.15987 A, respectively.
Recently, Tanaka et al. [10] analyzed the C—O stretch-
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ing band of FeCO using rotationally resolved IR diode
laser spectroscopy [1] and millimeter-wave spectroscopy
[10] and provided direct experimental evidence that the
ground state of FeCO has X~ symmetry. These authors
determined the C—O band origin to be 1946.47060 cm ™!
and the Fe—C and C—O bond lengths to be 1.7270 and
1.1586 A respectively.

Tanaka and coworkers [1, 11] reported that the
Fe(CO), radical has a *X electronic ground state with
Dy, symmetry and that the vibrational frequency
of the C—O antisymmetric stretch is located at
1928.184335 cm™~!. The vibrational frequency is lower
than that of the C—O stretch of FeCO by only 18 cm™.
This shows that the difference in C—O bonding nature is
small between the FeCO and Fe(CO), radicals. They
also calculated the Fe—C length to be 1.7979 A from the
observed rotational constant under the assumption of a
fixed C—O length of 1.156 A.

Kasai estimated the Fe—C bond length of Fe(CO);
(the 3A, ground state in C3, symmetry) as 1.965 A from
observed rotational constants under the assumption of a
fixed C—O length of 1.156 A.

Various levels of calculations [12-24] have been
performed to calculate the spectroscopic constants of
Fe(CO),(n = 1-3). In two such studies, Adamo and Lelj
[18, 19] performed the natural bond analysis for FeCO at
a density functional level. Their results strongly support
the traditional picture of a metal carbonyl bond, as
characterized by both donation and back donation
contributions. The nature of the bonding was also in-
vestigated by Bauschlicher et al. [12], who analyzed
complete-active-space self-consistent-field (CASSCF)
wave functions using the constrained space variation
technique and found that the metal-to-CO 7 back do-
nation made the largest interunit contribution to the
bonding and that the electronic correlation increased the
importance of this effect. Extensive calculations were
performed on Fe(CO),(n = 1-5) by Barnes et al. [22]
using the modified coupled-pair functional (MCPF)
method. Their main interest was the determination of all
the dissociation energies for individual fragments. They
were also interested in accurate geometries and force
constants of Fe(CO), fragments. Although there have



been several other theoretical studies on Fe(CO), and
Fe(CO); [20-24], there have been few comprehensive
studies on the change in bonding nature in the
Fe(CO),(n = 1-3) radicals.

Our present interest is the nature of the bonding in
Fe(CO), with respect to changes in the number of CO
ligands. We will investigate spectroscopic constants of
the Fe(CO),(n = 1-3) radicals by the use of ab initio
calculations and discuss the change in the bonding na-
ture through the donation and back donation scheme in
the radicals.

2 Method of calculation

2.1 Basis set

For Fe, minimal basis functions corresponding to the 1s—3s,2p,
and 3p orbitals were taken from the (843/84) set of Koga et al. [25],
while the 4s and 3d functions and polarization functions were
taken from a double zeta valence set and the [2pld1f] set which
were recently developed by Noro et al. These contraction coeffi-
cients and orbital exponents were determined by minimizing the
difference from an average of accurate atomic natural orbitals for
the 4523d° and 4s'3d” atomic states. The C and O basis sets used
were the (7sdp/7s4p)/[3s2p/3s2p] Gaussian sets of Huzinaga et al.
[26] augmented by the (2d/2d)/[1d/1d] polarization functions [27].
The present basis sets gave 1.109 and 1.123 A for the internuclear
distance of CO at the SCF and single and double excitation con-
figuration interaction (SDCI) levels, respectively. These results are
in reasonable agreement with the experimental value of 1.1281 A
[28].

2.2 CASSCF-SDCI calculations

We carried out CASSCF CI calculations. The states considered in
this study were the ground states of three molecules, namely X,
32;, and 3A, for FeCO, Fe(CO), and Fe(CO);, respectively. The
active orbitals of the CASSCF calculations consisted of molecular
orbitals arising from 3d and 4s of Fe and 27* of each CO ligand,
where the eight electrons in the 3d and 4s orbitals of the Fe atom
were correlated. The numbers of configuration state functions thus
generated were 600, 5220, and 56728 for FeCO, Fe(CO),,
and Fe(CO);, respectively. For FeCO, we performed an extended
CASSCF, in which we added 50 and 1z of the CO ligand to the
active space.

SDCI calculations from the Hartree—Fock configuration were
performed for each molecule. We considered correlation effects
among 4s and 3d electrons of Fe and 17 and 5S¢ electrons of CO.
Furthermore, we carried out multireference SDCI (MRSDCI) for
FeCO and Fe(CO),. As reference functions, we chose configura-
tions with coefficients larger than 0.1 in the CASSCF wave func-
tions. The dimensions of the MRSDCI were 818,209 and 3,390,345
for FeCO and Fe(CO),, respectively. Unfortunately, we could not
perform the same level of the calculation for Fe(CO); due to the
computer resource we used.

At each level of the calculations described previously, we opti-
mized the Fe—C and C—O bond lengths for three molecules, with
the constraints of linear structures for FeCO and Fe(CO), and C3,
symmetry and Fe—C—O bond angles of 180.0° for Fe(CO);. At the
CASSCF level, we calculated the dissociation energies per CO
ligand by using the following formula:

DE) = Equ[Fe(CO), ] + Eop[CO] — Eop[Fe(CO), ]

n—1
where E,, represents the total energy calculated at the optimized
geometry. For FeCO(n = 1), the dissociation energy is calculated
with respect to the SCF energies of the ground states of Fe and CO.

All calculations were performed on an IBM/RS6000 system
using the ALCHEMY II program [29, 30].
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3 Results and discussion
3.1 Optimized geometries

The optimized geometries and dissociation energies are
shown in Table 1 along with previous theoretical and
experimental results. We first consider the results for
FeCO. At the CASSCF levels, we obtained R(Fe—C) of
1.785-1.795 A, approximately 0.06-0.07 A larger than
the experimental value. Inclusion of correlation effects
gave R(Fe—C) of 1.672 and 1.757 A at the SDCI and
MRSDCI levels, respectively, which deviated from the
experimental value by 0.055-0.030 A. The small CASS-
CF and SDCI produced R(C—O) of 1.132 and 1.134 A,
respectively, which are slightly smaller than the exper-
imental value of 1.159 A. Inclusion of 1z in the active
space in the CASSCF and 17> — 27*2 in the reference
space in the CI reduced these errors and yielded
R(C—O)s of 1.150 and 1.155 A for larger CASSCF
and MRSDCI, respectively. MCPF results by Barnes
et al. [22] gave excellent agreement for R(Fe—C), but
yielded a considerable discrepancy of 0.050 A for
R(C—O). They used a triple zeta basis set for Fe, C,
and O, but did not employ polarization functions. When
we remove the polarization functions from our basis set,
the internuclear distance of the CO molecule increases
by 0.040 A. Thus, the present SDCI and MRSDCI
calculations gave better agreement with the experimental

Table 1. Summary of Fe(CO),, (n = 1-3) results. The bond lengths
are in Angstroms, the bond angle is in degrees, and the dissociation
energy (DE) is in kilocalories per mole. The data in parentheses are
dissociation energies corrected using the experimental excitation
energy of °F of Fe

Method R(Fe—C) R(C—0) Z(C—Fe—C) DE
FeCO

CASSCF  1.795 1.132 -10.9 (12)

Large 1.785 1.150

CASSCF

SDCI 1.672 1.134

MRSDCI  1.757 1.155

MCPF*  1.720 1.209 -9.8 (5)

Expt. 1.727° 1.159° 8.1 + 3.5
Fe(CO),

CASSCF  1.889 1.118 20.3

SDCI 1.826 1.122

MRSDCI  1.848 1.127

MCPF* 1918 1.173 22

Expt. 1.7979¢ 1.1586° 36.7 + 3.5
Fe(CO);

CASSCF  1.925 1.125 105.5 39.6

SDCI 1.888 1.127 104.8

MCPF*  1.905 1.180 108.0 25

Expt. 1.965¢ 1.156% 108 + 3¢ 29.1 + 3.5
aRef. [22]
P Ref. [10]

¢Ref. [11]. The C—O bond length was assumed to be the same as in
FeCO

9The C—O bond length was assumed to be the average of the value
of FeCO and Fe(CO)s

°Ref. [33]

TRef. [3]
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values for R(Fe—C) and R(C—O) than the previous
MCPF calculation did.

For the dissociation energy, we obtained a negative
value of —10.9 kcal/mol at the CASSCF level. The 3~
state has the °F state of Fe as the asymptote. At the SCF
level, the *F state is calculated to be 22.8 kcal/mol too
high in energy compared to the °D ground state because
the different occupation number of the 3d shell causes
large differential correlation effects. Thus, when we cal-
culated the dissociation energy relative to the F state
and used the experimental separation, the dissociation
energy became 12 kcal/mol, a value very close to the
experimental value of 8.1 &+ 3.5 kcal/mol.

For Fe(CO),, R(Fe—C) is longer by about 0.08 A,

while R(C—O) is shorter by about 0.04 A compared with
the experimental value [11] at the CASSCF level.
Inclusion of the correlation effects reduced these errors
to 0.03-0.05 A for R(Fe—C) and 0.03 A for R(C—O). On
the other hand, the MCPF result [22] shows large
discrepancy of 0.12 A for R(Fe—C) due to the lack of
polarization functions. The dissociation energy of CO
for FeCO 1is 20 kcal/mol, a value close to that at
the MCPF level, but 17 kcal/mol smaller than the
experimental value.

For Fe(CO);, R(Fe—C) is smaller than the experi-
mental value by 0.04 A at the CASSCF level. The SDCI
result indicates that the inclusion of correlation effects
further shortens the length. The calculated R(C—O) is
smaller than the experimental value by about 0.03 A at
the CASSCF and SDCI levels. The calculated C—Fe—C
angle is in good agreement with the experimental value.
The total energy difference between Fe(CO); at
C—Fe—C bond angles of 105.5° and 120.0° is only
0.6 kcal/mol; therefore, the potential-energy surface is
shallow for the totally symmetric deformation in the
umbrella motion. The dissociation energy of CO for
Fe(CO), was calculated as 39.5 kcal/mol, which is larger
than the experimental value of 29.1 and the MCPF result
of 25 kcal/mol.

The resultant R(Fe—C) and R(C—O) for FeCO to
Fe(CO); are shown in Fig. 1 along with the MCPF
results. At all levels the present results show the same
trend that R(Fe—C) increases monotonously in going
from FeCO to Fe(CO)s; on the other hand, R(C—O) has
a minimum at Fe(CO),. Thus, we expect that the
CASSCF wave functions are accurate enough to analyze
the nature of the bonding in Fe(CO), with respect to
changes in the number of CO ligands.

The frequencies were obtained by solving vibrational
equations near equilibria using the VIBR4 program [31].
The vibrational frequencies of three molecules at the
SDCI level are summarized in Table 2. For FeCO, the
calculated frequencies of Fe—C and C—O stretches were
510.6 and 2058.2cm ™!, respectively, which deviate from
the experimental values by 20 and 110cm~'. We can
compare the calculated frequency with the experimental
one for the C—O antisymmetric stretch for Fe(CO),, for
which we obtained 2194.3 cm™!, which is approximately
300cm~! higher than the experimental value. For
Fe(CO);, the calculated C—O totally symmetric stretch
deviated from the experimental one by approximately
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Fig. 1. Comparison of the theoretical and experimental Fe—C and
C—O bond lengths for Fe(CO),(n = 1-3)

Table 2. Vibrational frequencies (cm™") at the single and double
excitation configuration interaction level

Method Fe—C Cc—O
ok 3 O o§ s

FeCO

Present 510.6 2058.2

Expt.f 530 1950
Fe(CO),

Present 463.3 410.6 23289 2194.3

Expt.® 1928.2
Fe(CO);

Present 405.3 23259 1331.9

Expt.? 2042

#The Fe—C stretch for FeCO. The Fe—C totally symmetric stretch
for Fe(CO), and Fe(CO);. Ref. [22]

®The Fe—C stretch for FeCO. The Fe—C antisymmetric stretch for
Fe(CO),. Ref. [10, 12]

°The C—O stretch for FeCO. The C—O totally symmetric stretch
for Fe(CO), and Fe(CO)3

4The C—O antisymmetric stretch for Fe(CO),

¢ The totally symmetric deformation for Fe(CO);
"Ref. [8]

ERef. [11]

b Ref. [34]



143

Table 3. Mulliken population

of complete-active-space self-- Donation® Back donation® Atomic orbital population Net charge
consistent-field (CASSCF)
wave functions 4s ap 3d
FeCO 0.476 0.530 (0.508)° 1.10 0.17 6.63 +0.10
Fe(CO), 0.736 0.655 (0.579) 1.02 0.13 6.89 —-0.04
Fe(CO); 0.965 1.018 (0.956) 0.32 0.65 6.97 +0.06
a 0.368 0.228
e 0.597 0.785
a - 0.005

4 The donation is the sum of the atomic populations of Fe in the molecular orbitals whose main

characters are the 5¢ orbital of CO

The total back donation is defined here as atomic populations of CO in active spaces (Fe 3d and 4s and
CO 27n* orbitals) considered in CASSCF calculations
¢The number in parentheses is the © back donation
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Fig. 2. Amount of donation and back donation per ligand

300cm~!. The Fe—C stretch decreases monotonously
in going from FeCO to Fe(CO);; on the other hand,
the totally symmetric C—O stretch has a maximum
at Fe(CO),. This observation is consistent with the
optimized C—O distance having a minimum at Fe(CO),.

3.2 Nature of bonding

The results of the population analysis of Fe(CO),
(n =1-3) are summarized in Table 3. We define the
donation as a summation of the atomic populations of
Fe in the molecular orbitals whose main characters are
50 orbitals of CO ligands, namely, 100 for FeCO, 8g,
and 70, for Fe(CO),, and 10a; and 9e for Fe(CO);. The
total back donation is defined here as atomic popula-
tions of CO in active spaces considered in the CASSCF
calculations. The total back donation consists of o, T,
and o contributions. The n back donation shown in
parentheses in Table 3 is the only dominant contribution
to the total back donation because the ¢ and ¢
contributions are very small.

The donation and back donation mechanism is clearly
seen for FeCO. The ¢ donation arises from the 5¢ mo-
lecular orbital of CO to the unoccupied metal orbitals of &
symmetry, while the = back donation arises from the active
Fe 3dn orbitals to the empty antibonding orbital (27*) of
CO. The amount of back donation is 0.530, a value slightly

Fe

—awr C

& O
donation

back donation

Fig. 3. Charge density difference map for FeCO. The charge
density difference map for donation was obtained by subtracting
the density of the 50 molecular orbital of CO from the 10¢
molecular orbital of FeCO and that for the back donation was
obtained by subtracting the density of the 34 and 4s orbitals
of Fe(3F) from that of the valence orbitals except 10¢. Shadow
and bright areas indicate increases and decreases in densities,
respectively

larger than the ¢ donation of 0.476; thus, the Fe atom
bears a positive charge. This result is essentially the same
as those of previous analyses [12, 18, 19] and supports the
traditional donation and back donation mechanism [32].
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For Fe(CO),, the donation arises from two 5S¢ orbi-
tals of CO ligands so that the amount of charge transfer
increases by 0.260 compared to that for FeCO. On the
other hand, the total back donation increases by only
0.125, and thus the net charge of the Fe atom changed
from positive to negative.

For Fe(CO);, the equilibrium geometry is now
changed from a linear to a pyramidal form. The 5S¢
orbitals of three ligands belong to a; and degenerate e
representations. The donation to Fe from these orbitals
amounts to 0.965, while the total back donation to CO is
1.018; thus, the Fe atom again bears a small positive
charge. A large 4p population of 0.65 is observed
because of the formation of the d?p hybrid orbital.

donation

back donation

Fig. 4. Charge density difference map for Fe(CO),. The charge
density difference map for donation was obtained by subtracting
the density of the 56 molecular orbital of CO from those of the 8a,
and 70, molecular orbitals of Fe(CO), and that for the back
donation was obtained by subtracting the density of the 3d and 4s
orbitals of Fe(’F) from that of the valence orbitals except 80, and
70,. Shadow and bright areas indicate increases and decreases in
densities, respectively

The amount of donation from the 5S¢ orbital n back
donation to the 27* orbitals increases linearly in going
from FeCO to Fe(CO);. The amount of donation and
back donation per ligand is shown for three molecules
in Fig. 2. The amount of charge transfer through o
donation per ligand decreases gradually. The trend
corresponds to the change in the bond length of Fe—C,
which increases from 1.795 to 1.925 A. On the other
hand, the amount of back donation to 2z* has a mini-
mum at Fe(CO),, where we have the shortest R(C—O)
distance. This can be explained by noting that the
occupancy of the 2z* antibonding orbital increases
the C—O length. When we compare the planar form
of Fe(CO); with FeCO and Fe(CO),, the amount of
donation and back donation decreases monotonously as
the number of ligands increases.

The charge-density differences for these molecules are
shown in Figs. 3-5 charge-density differences were ob-
tained by subtracting the density of fragment systems of
Fe and CO from those of molecules at the equilibrium
geometries. For all systems including Fe(CO);, the
donation and back donation occurs along the Fe—C
bond axis.

Summary

In this study, we carried out CASSCF-SDCI calcula-
tions for Fe(CO),(n = 1-3) in order to investigate the
nature of bonding with respect to changes in the number

W~
& .

donation

back donation

Fig. 5. Charge density difference map for Fe(CO);. The charge
density difference map for donation was obtained by subtracting
the density of the 5¢ molecular orbital of CO from those of the 10a;
and 9e¢ molecular orbitals of Fe(CO); and that for the back
donation was obtained by subtracting the density of the 34 and 4s
orbitals of Fe(3F) from that of the valence orbitals except 10a; and
9e. Shadow and bright areas indicate increases and decreases in
densities, respectively



of CO ligands. The calculated bond lengths of Fe—C
were in reasonable agreement with the experimental
values. Based on the Mulliken population analysis, the
traditional donation and back donation mechanism is
valid for FeCO to Fe(CO);. The donation from the 5S¢
orbitals per ligand decreases monotonously with changes
in the number of ligands, thereby increasing the Fe—C
length. On the other hand, the amount of back donation
per ligand has a minimum at Fe(CO),, which reflects the
shortest C—O length at Fe(CO),.
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