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The electronic and geometrical structures of the ground and some excited states of the FeOn and FeOn
-

clusters (n ) 1-4) have been calculated using the density-functional theory with generalized gradient
approximation for the exchange-correlation potential. It is found that the multiplicity of the ground states
decreases with increasingn, and the ground states of FeO- and FeO2

- are quartets whereas those of FeO3
-

and FeO4
- are doublets. All of these anions possess isomers with different spatial or spin symmetries that are

close in energy to their ground states. For example, FeO4
- has at least five stationary states that are stable

against electron detachment and fragmentation. Our calculated adiabatic electron affinities (Aad) of FeO, FeO2,
and FeO3 are within 0.2 eV of the experiment. FeO4 was found to be a particularly interesting cluster. Although
its neutral precursor possesses a closed electronic shell structure, it has anAad of 3.8 eV, which is higher than
the electronic affinity of halogen atoms. The experimental estimate of 3.3 eV for theAad of FeO4 is shown
to originate from the detachment of an electron from one of the higher-energy isomers of the FeO4

- cluster.
The energetically preferred dissociation channels of FeO2, FeO3, FeO4, FeO3

-, and FeO4
- correspond to

abstraction of an O2 dimer but not to an Fe-O bond rupture. FeO3- and FeO4
- are found to be

thermodynamically more stable than their neutral closed-shell parents, and FeO3
- is the most stable of all the

clusters studied. The existence of several low-lying states with different multiplicities in FeOn and FeOn
-

indicates that their magnetic properties may strongly depend on temperature.

Introduction

The observation of high-temperature suprerconductivity in
rare earth copper oxides, giant magnetoresistance in complex
manganese oxides1,2 and the recent discovery of resonant
quantum tunneling3 in Mn12O12 has revived an interest in 3d
metal oxides. The bulk transition metal oxides are characterized
by different metal-oxygen bonding, which depends on the metal
to oxygen content. Depending on this content, transitions from
metallic to insulating and from paramagnetic to ferromagnetic
behavior are observed.

While bulk oxides exist for certain metal to oxygen ratios,
this ratio can be varied over a wider range in clusters. This has
generated considerable interest in studies of small transition
metal oxygen clusters and their ions. Among these, studies of
iron oxide clusters are particularly important not only because
the interaction of iron with oxygen is of great interest in
understanding corrosion but also because iron oxide plays a
central role in the transport of oxygen in biological systems.
Recently, Wang and his group4 have obtained the photoelectron
spectra of a number of transition metal anions including iron
oxide anions FeOn- (n ) 1-4)5,6 using lasers with 3.49 and
4.66 eV photon energies. Prior to their measurements, only FeO-

was studied7,8 by laser photodetachment spectroscopy with 2.52
eV photons. Although features of these spectra have been
discussed9 on the basis of qualitative considerations of oxidation
tendencies and a simple electrostatic model, no accurate
quantum-mechanical computational studies have been reported
on the structure of oxide anions FeOn

-. Theoretically, the
geometry and vibrational frequency of the ground state of FeO-

have been studied with the use of nonempirical pseudopoten-
tials.10 The vertical detachment energy of an electron from
FeO4

- has been calculated11 by the discrete-variationalXR
method assuming a tetrahedral geometry taken from solid salts

containing iron tetraoxide units which are considered to be
[FeO4]2- dianions.12 The latter dianion has also been studied
by the scattered-wave XR method13 and local-density ap-
proximation of the density-functional theory (LDA-DFT).14,15

The neutral iron oxides have received much more attention,
especially iron monoxide, whose properties have been the
subject of numerous experimental16-22 and theoretical investi-
gations.10,23-27 For iron dioxide, infrared spectra were recorded
by several groups28-31 and the infrared spectra of FeO3 and FeO4

have been measured by Andrews et al.32 Theoretical calculations
on FeOn for n > 1 are scarce: some configurations of FeO2

and FeO3 were optimized using the generalized-gradient ap-
proximation for the exchange-correlation potential within the
DFT theory.33 Calculations on the ground states of FeO2, FeO3,
and FeO4 and their isomers were performed at different levels
(less accurate for FeO3 and FeO4) to help in the assignment of
experimental infrared spectra.32 While the ground-state sym-
metry of FeO3 has been found to be the same (1A1′, D3h) in
both studies,31,33different spatial symmetries have been obtained
for FeO2: 3B1 in ref 32 but3B2 in ref 33 with rather different
bond angles.

In view of the scarcity of experimental data on the structure
of gas-phase iron oxides and its anions, it is useful to have an
insight into the nature of their geometric, electronic, thermo-
dynamic, and magnetic properties obtained in a consistent
manner within the same reliable calculational approach. The
aim of this work is to perform a detailed study for iron oxides:
FeOn and FeOn

- (n e 4) within the DFT formalism using the
exchange-correlation functional given by a combination of the
Becke’s exchange34 and Perdew-Wangs’ correlation35 gradient-
corrected functionals. This approach has proven to be successful
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in explaining optically induced magnetism in cobalt iron
cyanide36 and electron affinities of MnOn, n e 4, within 0.2
eV.37

In this paper, we have calculated the preferred spin multi-
plicities and ground-state geometries of both neutral and
negatively charged iron oxides having made an extensive search
among different geometrical configurations and spin multiplici-
ties. Such a search also provides the structure of isomers within
the same spin multiplicity. In addition, we have computed the
adiabatic electron affinities for the neutral species and compare
them to experimental data. Finally, we estimate the thermody-
namic stability of both FeOn and FeOn

- series of clusters.

Computational Details

The calculations are performed using the molecular orbital
theory where a linear combination of atomic orbitals centered
at various atomic sites constitutes the cluster wave function.
For the atomic orbitals we have used the standard 6-311+G*
basis (Fe [10s7p4d1f]; O [5s4p1d]). The many-electron potential
is constructed by using the density-functional theory with the
generalized gradient approximation for the exchange-correlation
functional. We have used Becke’s exchange34 and Perdew-
Wangs’ correlation35 functionals, referred as to BPW91 below,
in the Gaussian94 software.38 One of the difficulties associated
with transition metal elements is their open d shell structure.
The d electrons are quasi-localized and a cluster containing
transition metal atoms has many spin-multiplet structures within
a narrow energy range. Thus obtaining the spin multiplicity of
the ground state is a nontrivial problem.

Originally, Kohn and Sham39 have formulated the DF theory
for the ground states. It has been proven later40,41 that the DF
theory can be extended also for the lowest energy states in each
particular symmetry (spatial and spin) channel. We have
performed extensive optimizations beginning with different
atomic configurations for each spin multiplicity for both FeOn

and FeOn
- series. In each case, the geometry optimization was

carried out by examining the gradient forces at each atomic site
and moving the atoms along the path of steepest descent until
the forces vanish. We feel confident that we are able to arrive
at the ground-state configurations.

Since the spin multiplicity of a cluster and the distribution
of the electron spin densities among various atomic sites play
an important role in the ground state of a cluster, we briefly
review the difficulties associated with density-functional and
Hartree-Fock based theories in accounting for magnetic mo-
ments. In conventional density-functional theory, neither the
orbital angular momentumL̂ nor spin angular momentumŜ
operators are defined. The relationship between the spin
multiplicity M ) 2S + 1, and the number of electrons in the
spin-up (nR) and spin-down (nâ) is given by

whereFR andFâ are the electronic densities for electrons with
R (up) andâ (down) spins. The total densityF(r ) ) FR(r ) +
Fâ(r ) corresponds to a pure wave function satisfying the
condition Ŝ2Ψ ) S(S + 1)Ψ.

Within the unrestricted Hartree-Fock (UHF) formalism,
which corresponds to a spin-polarized density-functional variant,
the resulting approximate wave function is generally not an
eigenfunction ofŜ2 or Ŝz and contains some so-called spin
contamination. It was shown42 that for theN-electron system
(N ) nR + nâ) the following equation holds

wherexi ) (r iσi) is the space-spin coordinate of thei the electron
and Γ is the two-particle density normalized toN(N - 1)/2.
Evaluation of Ŝ2 within post-HF computational methods is
relatively straightforward,43,44 but it is complicated in DFT
methods since the two-particle density is not defined. Several
schemes for approximate estimations of〈Ŝ2〉 have been sug-
gested45 on the basis of use of one-particle densities combined
with correlation hole functions. The simplest way of evaluating
〈Ŝ2〉 is to construct an approximate wave function using one-
electron orbitals obtained from a self-consistent solution to the
Kohn-Sham equations39 (see, e.g., refs. 46 and 47) and then
using standard schemes for evaluating the spin contamination
for a UHF function. This is implemented in the Gaussian94
package and others. Generally, Kohn-Sham orbitals provide
wave functions with a much smaller spin contamination than
the UHF ones do.48

The total magnetic moment in the Russell-Saunders scheme
is defined asµ ) - µB(L̂ + 2Ŝ),49 where µB is the Bohr
magneton. Within the Heisenberg model, one neglectsL̂
contributions and definesµ ) gµBŜ, whereg is close to the
“spin-only” value of 2. To evaluate local magnetic moments at
atom cites, one can use the Mulliken scheme for partitioning
the electron density between atoms50 or a natural bond analysis
(NBO), which is based on the use of localized orbitals
constructed from the occupancy-weighted symmetric ortho-
gonalized natural atomic orbitals.51 The NBO analysis provides
effective atomic configurations for each atom in the cluster, and
one can evaluate the local magnetic moment of a particular atom
by subtractingR andâ natural populations.

In the case of iron oxides, both Mulliken and NBO schemes
provide nearly the same charges and local magnetic moments.
As a typical example, let us consider the results for the ground
state of FeO. The magnetic moments calculated using the
Mulliken population analysis are 3.5 and 0.5µB at the Fe and
O sites, respectively, and the NBO analysis provides 3.4 and
0.6 µB, correspondingly. Experimental magnetic moments at
atomic sites are available generally for solids. Zheng52 has
computed local magnetic moments at Ni in NiO using an
embedding cluster technique. His calculated value of 1.91µB

agrees well with experimental values that range from 1.64 to
1.90 µB. This agreement as well as the closeness of magnetic
moments obtained from the Mulliken and NBO analyses lends
credibility to the use of Mulliken analysis for calculating local
magnetic moments.

We should also mention that recently a hybrid Hartree-Fock
density-functional-theory (HFDFT)53-56 method where the
exchange-correlation functional57,58 is given by

has been used as an alternative approach to the BPW91 method
described earlier. This hybrid method commonly referred to as
B3LYP. In eq 3,Ex

Slateris the classical Slater exchange,59 Ex
HF is

the HF exchange,Ex
Becke is a gradient correction to the ex-

change introduced by Becke,34 Ec
LYP is the Lee-Yang-Parr

correlation potential,60 andEc
VWN is the Vosko-Wilk-Nusair

correlation potential.61 A, B, andC are the constants obtained
by Becke57 when fitting the theoretical results to the experi-
mental heats of formations. This method allows a rather good
description of compounds containing main-group elements,62,63

2S) ∫[FR(r ) - Fâ(r )] dr ) nR - nâ (1)

〈S2〉 ) -
N(N - 4)

4
+ ∫Γ(r1s1, r2s2|r1s2r2s1) dx1 dx2 (2)

Vxc ) (1 - A)Ex
Slater+ AEx

HF + BEx
Becke+ CEc

LYP +

(1 - C)Ec
VWN (3)
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but it provides poor estimates for theAad of such “test”
molecules as CN63 or SF6.64 For example, theAad of CN
computed using the BLYP method is 4.56 eV54 while the
experimental value is 3.82 eV.65 In contrast, using the BPW91
approach, we calculate theAad of CN to be 3.77 eV in excellent
agreement with experiment.

We should point out that we have performed calculations for
FeO and FeO- using the B3LYP procedure and 6-311+G* basis
set. The results are disappointing: FeO states with multiplicities
5 and 7 are nearly degenerate in energy. Moreover, the latter is
lower by 0.01 eV and should be assigned as the ground state in
contradiction with experiment. The spectroscopic constants of
FeO (2S+ 1 ) 5) computed with this approach (Re ) 1.668 Å
and ωe ) 808 cm-1) are in rather poor agreement with
experiment66 (1.616 Å and 881 cm-1, respectively). TheAad of
FeO is 2.23 eV, which again is well above the experimental
value7 of 1.49 eV. A similar trend for B3LYP to favor high-
multiplicity states was observed for FeO2 as well.31 It is for
this reason, all our following calculations are done at the BPW91
level of theory. Currently, there are no experimental techniques
that can measure the magnetic moments at a given atomic cite
in a gas-phase cluster. However, the total energies of the neutral
and charged clusters corresponding to the ground-state multi-
plicities can be used to study the electron affinities, ionization
potentials, and fragmentation energies for which experimental
data are available. A good agreement between theory and
experiment then validates the accuracy of the calculations and
interpretation of the cluster’s atomic and electronic structure.
We have calculated the electronic affinities, vibrational frequen-
cies and fragmentation energies of FeOn and FeOn

- clusters. In
the following, we present these results.

Results and Discussion

This section is divided into several parts where we discuss
(a) the equilibrium geometries, (b) charges on atoms and spin
distributions, (c) vibrational frequencies, (d) electron affinities,
and (e) thermodynamic stability of neutral and negatively
charged FeOn clusters.

(a) Geometries and Electronic Configurations of FeOn and
FeOn

-, n ) 1-4. FeO and FeO-. Table 1 provides a summary
of the results of our calculations for FeO and FeO-. The ground
state of FeO is found to be5∆ (9σ14π2δ3), in agreement with
experiment19,20,66and previous theoretical23-27 calculations. As
is seen from the table, our computed equilibrium bond length,
harmonic frequency, and dipole moment are in good agreement
with experiment.21,66 The states with multiplicities (M ) 2S+
1) of 3 and 7 are higher in energy by≈1 eV. Interestingly,
even theM ) 9 state is still thermodynamically stable toward
dissociation to the ground-state Fe and O atoms. According to
the natural bond analysis (NBO), the natural configurations in
the latter state are Fe(4s1.023d5.644p1.03) and O(2s1.982p4.29); i.e.,
the 4s electron is promoted to a vacant 4p orbital of Fe. This
analysis shows two bonding orbitals for minority-spin elec-
trons: one is of the Fe 4p-O 2p type, and the other one is a
hybrid Fe 4s3d-O 2p molecular orbital (MO). Attachment of
an extra electron to the ground-state of FeO can result in both
high- and low-spin states (M ) 6 or 4, respectively) of the FeO-

anion. The quartet (4∆, 9σ24π2δ3) anionic state is more stable
(by 0.2 eV) than the sextet state (6∆, 9σ110σ14π21δ3) and
corresponds to attachment of an extra electron to the 9σ MO of
FeO in agreement with previous assignments.5,10 Magnetic
moments of Fe in the quartet and sextet states of FeO- differ
by 2 µB. Since the bond lengths are rather similar, it means that
it is energetically easy to increase the magnetic moment of the

anion by flipping the spin of aâ electronsit costs only about
1600 cm-1 or two vibrational quanta.

The anionic states withM ) 2 and 10 are stable with respect
to the neutral parent states of corresponding multiplicities but
are unstable with regard to low-lying neutral states. These states
should be considered as metastable, although they can have
appreciable lifetimes since their decay requires flipping spins.
The state withM ) 8 is higher in total energy than the neutral
state withM ) 7. This state seems to correspond to a resonance
similar to resonances observed insp systems67 and could be
studied with special DFT-adjusted methods developed within
ab initio theories (see, e.g., ref 68). Because the dipole moment
of FeO is sufficiently large, the FeO- anion also possesses
dipole-bound states, which have been observed experimentally.8

According to the NBO analysis, the atomic configurations
in the ground state of FeO are Fe(s0.513d6.654p0.07) and
O(2s1.952p4.803p0.01). There are one bonding orbital in theR
representation (30% Fe 4s3d+ 70% O 2s2p) and three bonding
MOs in the â representation (the first and the second MOs
contain 30% Fe 3d+ 70% O 2p and the third MO is again
30% Fe 4s3d+ 70% O 2s2p, but the admixture of Fe 4s and O
2s does not exceed 5%).

FeO2 and FeO2
-. The results of our computations are

summarized in Table 2. We found the ground state of FeO2 to
be 3B1 (11a1

16b2
24b1

11a2
2) followed by two other states,3A1

(10a1
111a1

16b2
24b1

21a2
2) and5B2 (10a1

111a1
16b2

24b1
12a2

1), which
are above the ground state by 0.03 eV (0.7 kcal/mol) only. All
these three states have similar bond lengths, and3B1 and 3A1

states have similar bond angles. Andrews et al.31 have found
that the5B2 state is lower than the3B1 state by 2.4 kcal/mol at
the B3LYP level, which is in disagreement with their experi-
mental findings. In a later paper,32 the authors found the correct
ordering of the states when they used the BP86 method. The
3A2 is above the ground3B1 state by 4.05 eV, and the3B2 state
by 2.63 eV.

TABLE 1: Equilibrium Bond Lengths ( Re, Å), Harmonic
Vibrational Frequencies (ωe, cm-1), Total Energies (Etot,
Hartrees, Relative to-1338), Magnetic Moments of Atoms
(µAt, Bohr Magnetons), and Charges on Atoms (QAt, e),
Computed According to the Mulliken Population Analysis
Scheme, as Well as Dipole Moments (DM, in Debyes) of FeO
and FeO- Corresponding to the Lowest Energy States for a
Given Multiplicity M ) 2S + 1

FeO

M ) 1 M ) 3 M ) 5a M ) 7 M ) 9

Re 1.6126 1.5991 1.6082 1.6910 1.9802
ωe 894 936 907 800 463
Etot -0.969 46 -0.982 21 -1.017 41 -0.977 48 -0.760 79
µFe 0.74 1.54 3.50 5.00 6.38
µO -0.74 0.46 0.50 1.00 1.62
QFe 0.35 0.38 0.40 0.30 -0.08
QO -0.35 -0.38 -0.40 -0.30 0.08
DM 3.40 4.15 4.37 1.86 0.37

FeO-

M ) 2 M ) 4b M ) 6 M ) 8 M ) 10

Re 1.6243 1.6323 1.6850 1.6928 2.0060
ωe 861 849 792 796 446
Etot -1.033 07 -1.063 21 -1.055 90 -0.957 94 -0.768 45
µFe 1.14 2.66 4.48 5.98 7.53
µO -0.14 0.34 0.52 1.02 1.47
QFe -0.36 -0.33 -0.30 -0.66 -1.04
QO -0.64 -0.67 -0.70 -0.34 0.04
DM 0.71 0.76 0.45 1.31 2.65

a Experimental data:Re ) 1.616 Å,20 ωe ) 880.6 cm-1,19 DM )
4.7( 0.2 Debye.21 b Calculational data:Re ) 1.652 Å, ωe ) 846
cm-1.10
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Similar to FeO-, the FeO2
- anion has three closely spaced

states, all of which have their total energies lower than the total
energy of the neutral ground state; i.e., these states are stable
with respect to autodetachment. The ground state of FeO2

- is
4B2 (11a1

16b2
24b1

12a2
1) followed by the 2B1 (+0.12 eV,

11a1
26b2

24b1
11a2

2) and6A1 (+0.35 eV, 101111a1
17b2

14b1
12a2

1)
states. Other anionic states displayed in Table 2 are either
metastable with respect to detachment of an extra electron or
unstable (M ) 10). Using a CAS-PT2 approach, Schro¨der et
al.69 have found the ground state of FeO2

+ to be a quartet as
well, which is close in energy to the sextet state. The magnetic
moment at Fe is 2µB in the ground state of FeO2, which means
that the magnetic moment is quenched upon attachment of the
second oxygen atom to FeO. Interestingly, the twoM ) 5 states
with different spatial symmetries of FeO2 have nearly the same
magnetic moments at Fe (see Table 2), although they are
separated by an energy gap of 2.5 eV.

The atomic electronic configurations in the ground state of
FeO2 are Fe(4s0.383d6.504p0.04) and O(2s1.942p4.593p0.01). There
are two and four bonding MOs in theR andâ representations,
respectively. The atomic configurations in the ground-state
anion are Fe(4s0.343d6.554p0.115s0.02 4d0.015p0.01) and
O(2s1.942p5.003s0.013p0.01). The anion has one and three bonding
MOs in theR andâ representations, respectively.

Following the work of Andrews et al.,31 we have also
optimized cyclic (or peroxide, orη2-complex) Fe(O2) and
superoxide (orη1-complex) FeOO configurations in addition
to the OFeO configuration presented above. The lowest in total
energy are states of Fe(O2) and FeOO with the multiplicity of
5, and they are placed above the OFeO ground state by 2.56
and 2.97 eV, respectively. A detailed report on the structure of
OMO, M(O2), and MOO configurations in the series of 3d-
metal dioxides (M) Sc-Zn) will be presented elsewhere.70

FeO3 and FeO3
-. The results on these clusters are sum-

marized in Table 3. The ground state of FeO3 is a singlet [1A1′,
(7a1′)2(6e1′)4(3a2′′)2(1a2′)2(1e′′)4] possessingD3h symmetry,
which in agreement with previous theoretical results.32,33 This
implies that iron in the ground state of FeO3 has no unpaired
electrons and no permanent magnetic moment can be found in
this cluster. The first excited state of FeO3 with M ) 3 presents
a slightly distorted equilateral triangle ofC2V symmetry with
the electronic configuration (13a1

17b2
24b1

22a2
1) and is separated

from the ground state by 0.37 eV. This energy separation is
somewhat larger than the corresponding energy differences
between low-lying states in FeO and FeO2. A subsequent
increase in the multiplicity leads to a lowering in symmetry
from D3h (M ) 1) to Cs (M ) 7). The latter state, which is
higher in energy by 3 eV with respect to the ground state, has
elongated bond lengths and is still stable toward the dissociation
to FeO2 + O. Optimized structures of different configurations
are presented in Figure 1.

Attachment of an extra electron to the ground state of FeO3

results in the (2A2, C2V) state of FeO3-. Note that the lowest
unoccupied MO in the ground state of FeO3 has e′′ symmetry;
therefore, spatial symmetry of the doublet anion is reduced due
to the Jahn-Teller effect. Attachment of an extra electron into
the a1 MO of the FeO3 triplet state produces the doublet anion
state (C2V, 2A2), whereas attachment to a vacant a2 MO results
in the (4A1′, D3h) state. Both these anion states have similar
geometries and the quartet state is only marginally (by 0.015
eV) lower than the doublet state. Thus, one can surmise that
attachment of an additional electron leads to the appearance of
a permanent magnetic moment at Fe, which (statistically) equals
1.5 µB. The next anion state withM ) 6, although being well
separated from two lowest states, is still stable with respect to
autodetachment to the neutral ground state. So, the FeO3

- anion

TABLE 2: Equilibrium Bond Lengths ( Re, Å), Equilibrium Bond Angles (∠OFeO°, Degrees), Harmonic Vibrational
Frequencies (ω, cm-1), Total Energies (Etot, Hartrees, Relative to-1414), Magnetic Moments of Atoms (µAt, Bohr Magnetons),
and Charges on Atoms (QAt, e), Computed According to the Mulliken Population Analysis Scheme, as Well as Dipole Moments
(DM, Debyes) of FeO2 and FeO2

- Corresponding to the Lowest Energy States for a Given Multiplicity M ) 2S + 1

FeO2

M ) 3 M ) 5M ) 1
1A1

3B1
3A1

5B2
5A1

M ) 7
7B2

M ) 9
9B1

Re 1.5771 1.5867 1.5900 1.6128 1.8284 1.7341 1.8859
∠OFeO 142.5 137.9 142.0 117.1 47.6 120.5 69.7
ω(a1) 199 197 212 296 425 140 313
ω(a1) 928 910 899 895 838 719 611
ω(b2) 1033 1019 1003 932 320 475 358
Etot -0.258 34 -0.270 77 -0.269 78 -0.268 98 -0.1768 6 -0.208 39 -0.098 35
µFe -0.02 2.08 2.16 3.06 3.18 3.78 5.02
µO 0.01 -0.04 -0.08 0.47 0.41 1.11 1.49
QFe 0.48 0.52 0.48 0.52 0.46 0.52 0.20
QO -0.28 -0.24 -0.24 -0.26 -0.23 -0.26 -0.10
DM 2.01 2.02 1.72 3.38 5.34 3.56 1.70

FeO2
-

M ) 2
2A2

2B1

M ) 4
4B2

M ) 6
6A1

M ) 8
8B2

M ) 10
10A1

Re 1.8308 1.6228 1.6422 1.7119 1.7953 1.9198
∠OFeO 46.1 148.0 129.8 141.6 90.0 67.4
ω(a1) 551 177 173 200 218 309
ω(a1) 913 843 834 751 681 574
ω(b2) 349 972 890 797 524 371
Etot -0.209 51 -0.349 84 -0.354 22 -0.341 34 -0.254 58 -0.085 84
µFe 1.06 1.24 2.66 3.94 4.78 6.24
µO -0.03 -0.12 0.17 0.53 1.11 1.38
QFe -0.30 0.02 0.15 0.24 -0.10 -0.74
QO -0.35 -0.51 -0.575 -0.62 -0.45 -0.13
DM 0.78 0.03 2.36 2.47 0.63 1.63
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has at least three states stable toward autodetachment of the
extra electron. The anion state withM ) 8 is well below its
neutral parentM ) 7 state and could, probably, exist as a
metastable state.

It is worth noting that the geometric configurations of both
FeO3 and FeO3

- presented in Figure 1 are either planar or nearly
planar. For ordinaryspcompounds it is not so: spin excitations
result generally in dramatic changes in geometry, which usually
are described in terms ofsphybridization. Also, attachment of
an extra electron leads typically to rather appreciable changes
in the geometry of a neutralsp parent. On the contrary,
attachment of an extra electron does not lead to a considerable
change of either bond lengths or bond angles in iron oxides.

According to the NBO analysis, iron has a (4s0.373d6.624p0.02)
configuration and each oxygen has a (2s1.922p4.39) configuration
in the ground state of FeO3, and there are seven bonding orbitals
(plus six lone pairs). Attachment of an extra electron results in

the following electronic configurations of the FeO3
- anion:

Fe(4s0.403d6.654p0.02), O1,2(2s1.932p4.73), and O3(2s1.932p4.67). The
anion has seven bonding orbitals and seven lone pairs in theR
configuration and nine bonding orbitals and four lone pairs in
theâ configuration. Thus, the extra electron is delocalized over
oxygens, which results in a relatively highAad of FeO3 (about
3.3 eV). Attachment of an extra electron transforms a lone pair
of FeO3 into two bonding orbitals in FeO3-, which results in a
higher thermodynamic stability of the latter.

FeO4 and FeO4
-. The results on these clusters are given in

Table 4, and geometrical configurations are displayed in Figure
2. Iron in FeO4 has fully saturated its formal valence (k ) 8),
and the ground state of FeO4 is expected to be totally symmetric.
Indeed, according to the results of our computations, its
equilibrium configuration hasTd symmetry (1A1, 6a1

26t261e41t16),
which is in contradiction with the result of Chertihin et al.32

who predicted a configuration (O2)FeO2 with C2V symmetry to
be the lowest in energy. This configuration is followed by a
configuration ofTd symmetry that lies 7.5 kcal/mol higher. On
the contrary, we found the (O2)FeO2 configuration (1A1, 14a12-
7b2

26b1
22a2

2) denoted in Table 4 as (C2V, 1A1) to be higher in
energy by 4.7 kcal/mol with respect to theTd configuration.

There are no experimental data on the gas-phase geometry
of FeO4; however, isoelectronic RuO4 and OsO4 are experi-
mentally found to haveTd symmetry.72 Taking this into account
and keeping in mind that our computations are performed with
a somewhat betterspdf basis than that used by Chertihin et
al.,32 we expect the ground state of the gas-phase FeO4 cluster
to possess aTd configuration. Experimental confirmation of our
prediction is eagerly awaited.

To understand the internal structure of these two closely
spaced isomers of FeO4, we discuss in the following the results
of our NBO analysis for bothTd andC2V singlet states of FeO4.
The electronic configurations of atoms in FeO4 are as follows:
Td Fe(4s0.273d6.684p0.024f 0.015d0.01) and O(2s1.932p4.32), and there
are eleven bonding orbitals and five lone pairs;C2V Fe(4s0.29-
3d6.665p0.02), O1,2(2s1.922p4.39), and O3,4(2s1.862p4.30), where O1,2

refers to oxygens with shorter bond lengths and a larger bond

TABLE 3: Equilibrium Bond Lengths ( R(Fe-Oax) and
R(Fe-Oeq), Å),a Harmonic Vibrational Frequencies (ω,
cm-1), Zero-Point Energies (in kcal/mol), Total Energies
(Etot, Hartrees, Relative to-1489), Magnetic Moments of
Atoms (µAt, in Bohr Magnetons), and Charges on Atoms
(QAt, e), Computed According to the Mulliken Population
Analysis Scheme, as Well as Dipole Moments (DM, Debyes)
of FeO3 and FeO3

- Corresponding to the Lowest Energy
States for a Given Multiplicity M ) 2S + 1

FeO3

M ) 1
D3h, 1A′1

M ) 3
C2V, 3A2

M ) 5
C3V, 5A2

M ) 7
Cs, 7A′′

R(Fe-Oax) 1.5770 1.5878 1.6364 1.6591
R(Fe-Oeq) 1.5770 1.6041 1.6364 1.7654

ω(a2′′) ) 155 ω(b1) ) 111 ω(a1) ) 89 ω(a′) ) 101
ω(e′) ) 329 ω(b2) ) 197 ω(e) ) 211 ω(a′′) ) 137
ω(e′) ) 329 ω(a1) ) 343 ω(e) ) 211 ω(a′) ) 210
ω(a1′) ) 915 ω(b2) ) 858 ω(e) ) 599 ω(a′′) ) 505
ω(e′) )1018 ω(a1) ) 858 ω(e) ) 599 ω(a′) ) 618
ω(e′) )1018 ω(a1) ) 989 ω(a1) ) 827 ω(a′) ) 802

Z 5.38 4.80 3.63 3.39
Etot -0.515 05 -0.501 25 -0.469 64 -0.404 02
µFe 0.0 1.58 1.95 2.79
µOax 0.0 -0.28 0.68 0.98
µOeq 0.0 0.35 0.68 1.11
QFe 0.45 0.49 0.44 0.43
QOax -0.15 -0.14 -0.15 -0.14
QOeq -0.15 -0.17 -0.15 -0.15
DM 0.0 0.51 1.16 2.22

FeO3
-

M ) 2
C2V, 2A2

M ) 4
D3h, 4A′1

M ) 6
C2V, 6A1

M ) 8
Cs, 8A′′

R(Fe-Oax) 1.6037 1.6423 1.6887 1.8387
R(Fe-Oeq) 1.6258 1.6423 1.7306 1.8218

ω(b2) ) 191 ω(b1) ) 176 ω(b2) ) 109 ω(a′′) )101
ω(b1) ) 252 ω(b2) ) 307 ω(b1) ) 137 ω(a′) )119
ω(a1) ) 333 ω(a1) ) 308 ω(a1) ) 218 ω(a′) )133
ω(b2) ) 805 ω(a1) ) 806 ω(b2) ) 677 ω(a′′) ) 480
ω(a1) ) 846 ω(b2) ) 899 ω(a1) ) 720 ω(a′) ) 486
ω(a1) ) 961 ω(a1) ) 900 ω(a1) ) 795 ω(a′) ) 609

Z 4.85 4.86 3.80 2.76
Etot -0.636 56 -0.635 96 -0.570 76 -0.490 59
µFe 0.68 2.24 2.92 3.79
µOax -0.14 0.25 0.43 1.21
µOeq 0.23 0.25 0.82 1.00
QFe 0.34 0.41 0.34 0.33
QOax -0.43 -0.47 -0.55 -0.41
QOeq -0.45 -0.47 -0.39 -0.46
DM 0.61 0.0 0.03 2.13

a The subscripts “ax” and “eq” designate one nonequivalent and two
equivalent oxygen atoms, respectively;µOeq is the sum of magnetic
moments on two equivalent oxygen atoms.

Figure 1. Geometrical configurations of the ground and excited states
of FeO3 and FeO3

-. Bond angles∠OaxFeOeqand∠OeqFeOeq(in degrees)
between equivalent pairs of oxygen atoms are as follows. FeO3: 120.0
and 120.0 (M ) 1); 123.0 and 113.9 (M ) 3); 118.0 and 118.0 (M )
5); 96.4 and 159.8 (M ) 7); FeO3

-: 122.7 and 114.6 (M ) 2);120.0
and 120.0 (M ) 4); 135.1 and 89.8 (M ) 6); 98.7 and 149.5 (M ) 8).
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angle. In the latter case, one sees an increase in the donation of
O 2s into the bonding due to a shorter O-O distance. ThisC2V
isomer has 10 bonding orbitals and five lone pairs; i.e., formally,
it is less preferable with respect to theTd isomer, whose structure
seems to provide a better opportunity for bonding. It is worth
mentioning that although the iron atomic configurations are
nearly the same in both cases, the individual 3d atomic orbitals
have different populations. In theTd case, 3d populations are
the following: 3dxy

1.40 3dz2
1.40 3dxz

1.29 3dyz
1.29 3dx2-y2

1.29 (a classic
example of e-t2 splitting of an atomic d manifold by aTd

crystalline field), whereas in theC2V case, they are 3dxy
1.25 3dz2

1.55

3dxz
1.14 3dyz

1.16 3dx2-y2
1.56 . Another view is to consider theC2V isomer

as “FeO3”, where one oxygen is replaced by a single-bonded
molecular dioxygen.

According to our calculations, the triplet state of FeO4 has
C2V symmetry and is separated from the ground state by 0.8

eV. In this state, the magnetic moments of oxygen atoms are
localized at the sites forming a longer bond (see Table 4). This
could indicate that the latter oxygens behave as monovalent
ligands, having one unpaired electron each. Let us recall that
the ground state of the oxygen molecule is a triplet (3Σg

-).
Further excitations up toM ) 7 lead to equalizing all bond
distances inD2d symmetry, where all oxygen atoms have the
same formal valence,k ) 1.

The lowest unoccupied MO of FeO4 in its ground state has
E symmetry and filling of an extra electron into this MO should
lead to a Jahn-Teller distortion of the resulting anion. Indeed,
the ground state of FeO4- is a doublet ofD2d symmetry (2A1,
8a1

16e47b2
22b1

21a2
1) and its geometry represents a slightly

distorted tetrahedron. The optimized bond length of 1.631 Å is
close to the value of 1.650( 0.010 obtained in an X-ray study
of salts formed by organic ligands and [FeO4

2-].71 The

TABLE 4: Equilibrium Bond Lengths, Harmonic Vibrational Frequencies, Magnetic Moments of Atoms, and Dipole Moments
of FeO4 FeO4

- for Different Multiplicities M ) 2S + 1a

FeO4

M ) 1

(Td, 1A1) (C2V, 1A1)
M ) 3

(C2V, 3B1)
M ) 5

(C2V, 5B1)
M ) 7

(D2d, 7A2)

R1,2 1.5961 1.5691 1.5843 1.6172 1.7095
R3,4 1.5961 1.7805 1.6714 1.6974 1.7095

ω(e) ) 361 ω(b2) ) 255 ω(a1) ) 271 ω(b1) ) 89 ω(e) ) 77
ω(e) ) 361 ω(b1) ) 259 ω(a2) ) 284 ω(a1) ) 153 ω(e) ) 77
ω(t2) ) 412 ω(a2) ) 317 ω(b1) ) 317 ω(b2) ) 157 ω(b1) ) 168
ω(t2) ) 412 ω(a1) ) 320 ω(b2) ) 343 ω(a2) ) 191 ω(a1) ) 248
ω(t2) ) 412 ω(b1) ) 577 ω(a1) ) 363 ω(a1) ) 320 ω(b2) ) 273
ω(a1) ) 881 ω(a1) ) 592 ω(b1) ) 692 ω(b1) ) 656 ω(e) ) 537
ω(t2) ) 955 ω(a1) ) 972 ω(a1) ) 807 ω(b2) ) 684 ω(e) ) 537
ω(t2) ) 955 ω(a1) ) 1005 ω(a1) ) 945 ω(a1) ) 739 ω(b2) ) 732
ω(t2) ) 955 ω(b2) ) 1018 ω(b2) ) 984 ω(a1) ) 832 ω(a1) ) 738

Z 8.15 7.60 7.16 5.46 4.84
Etot -0.710 65 -0.703 08 -0.681 37 -0.647 87 -0.601 57
µFe 0.0 0.0 0.43 0.84 1.66
µO1,2 0.0 0.0 -0.06 0.48 1.085
µO3,4 0.0 0.0 0.84 1.10 1.085
QFe 0.15 0.39 0.15 0.12 0.18
QO1,2 -0.04 -0.17 -0.07 -0.08 -0.045
QO3,4 -0.04 -0.03 -0.0 0.025 -0.045
DM 0.0 0.0 0.28 0.24 0.0

FeO4
-

M ) 2

(D2d, 2A1) (C2V, 2A2)
M ) 4

(C2V, 4B2)
M ) 6

(D2d, 6B2)
M ) 8

(D2h, 8A2)

R1,2 1.6312b 1.6121 1.6276 1.7134 1.7833
R3,4 1.6312 1.8132 1.6983 1.7134 1.7833

ω(a1) ) 314 ω(b2) ) 219 ω(a1) ) 230 ω(a2) ) 160 ω(b2) ) 113
ω(b2) ) 317 ω(b1) ) 223 ω(a2) ) 242 ω(b1) ) 167 ω(a1) ) 153
ω(b1) ) 364 ω(a2) ) 235 ω(b1) ) 250 ω(b2) ) 167 ω(b1) ) 182
ω(e) ) 378 ω(a1) ) 318 ω(b2) ) 272 ω(a1) ) 266 ω(a1) ) 235
ω(e) ) 378 ω(b2) ) 418 ω(a1) ) 347 ω(a1) ) 314 ω(a1) ) 290
ω(a1) ) 825 ω(a1) ) 576 ω(b1) ) 620 ω(b1) ) 546 ω(b2) ) 595
ω(b2) ) 848 ω(a1) ) 891 ω(a1) ) 768 ω(b2) ) 547 ω(a1) ) 601
ω(e) ) 880 ω(b2) ) 908 ω(b2) ) 830 ω(a1) ) 728 ω(b2) ) 604
ω(e) ) 880 ω(a1) ) 925 ω(a1) ) 862 ω(a1) ) 824 ω(a1) ) 660

Z 7.41 6.74 6.32 5.32 4.91
Etot -0.84886 -0.814546 -0.82299 -0.77231 -0.72115
µFe 0.55 0.65 1.01 1.80 2.82
µO1,2 0.11 0.17 0.26 0.80 1.04
µO3,4 0.11 0.01 0.735 0.80 1.04
QFe 0.20 0.36 0.20 0.22 0.33
QO1,2 -0.30 -0.435 -0.34 -0.305 -0.33
QO3,4 -0.30 -0.245 -0.26 -0.305 -0.33
DM 0.00 0.54 0.18 0.0 0.0

a Bond lengths [R(Fe-Oi)] are in Å, harmonic vibrational frequencies (ω) are in cm-1, zero-point vibrational energies (Z) are in kcal/mol, total
energies (Etot, relative to-1564) are in hartrees, magnetic momentsµAt are in Bohr magnetons, and charges on atoms (QAt, in e), computed
according to the Mulliken population analysis scheme, as well as dipole moments (in Debyes).b The experimental Fe-O bond length measured for
a [FeO4]2- unit in salts is 1.650( 0.010 (see ref 71).
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anion has the second doublet state ofC2V symmetry (2A2,
14a1

27b2
26b1

23a2
1), whose geometry is similar to that of the (1A1,

C2V) neutral state (see Table 4 and Figure 2). The2A2 state is
separated from the ground anion state by 0.93 eV (21.5 kcal/
mol), i.e., the anion appears to be more rigid than its neutral
parent, and we will see below that the FeO4

- anion is
thermodynamically more stable than FeO4. According to the
NBO analysis, the ground-state anion has seven bonding orbitals
and ten lone pairs in theR representation and ten bonding
orbitals and six lone pairs in theâ representation. ItsC2V isomer
is less bound, having five bonding orbitals and twelve lone pairs
in the R representation and six bonding orbitals and ten lone
pairs in theâ representation. In the ground-state anion, the
atomic configurations are Fe(4s0.253d6.604p0.024d0.02) and
O(2s1.932p4.59); i.e., the additional electron is delocalized over
four oxygen atoms. More specifically, the highest occupied MO
of FeO4

- is a linear combinationdxy(Fe) + px(O1,O3) -
px(O2,O4) and is of a bonding type with respect to oxygen-
oxygen interaction and is slightly antibonding with respect to
Fe-O interactions because the contribution of Fe 3d orbitals is
about 10% only.

Keeping in mind that FeO4 represents a closed-shell system
with fully saturated formal valences, one could anticipate, by
analogy withsp compounds, that attachment of an additional
electron to FeO4 will lead to a weakly bound anion. Surprisingly,
the FeO4

- anion is not only rather stable with respect to its
ground-state parent but also possesses several excited states,
all of which are stable with respect to autodetachment. Even
the exited state withM ) 8, whose configuration can be
described as [Fe(O2)2]-, is still bound by 0.3 eV compared to
the neutral ground state. Actually, two different types of
[FeO4

-][Na+] centers have been observed in a silica glass.73

(b) Charges and Spin Distributions.To achieve a qualitative
understanding of charge and spin distributions in various iron
oxide clusters as a function of their spin multiplicity, let us
consider the magnitudes of charges on atoms and local spin
moments at atomic sites evaluated according to the Mulliken
population analysis scheme. As can be seen from Tables 1-4,
the charges on Fe atoms are about the same and practically
independent of their spin multiplicities, except for states with
the highest multiplicities, in all neutral FeOn clusters.

There is a charge transfer from Fe to O atoms. Since the net
charge on the Fe sites is insensitive to the oxygen decoration,
the net charge on each oxygen is reduced in higher oxides,
approaching zero value in FeO4. Thus, the coupling in FeO could
be interpreted as having a more ionic character while in larger
oxide clusters these become more covalent. The relative strength
in bonding diminishes as more oxygen atoms are added to Fe.
In anionic clusters, the extra electron is shared mainly by the
oxygen atoms (except for FeO-), thus making FeOn- clusters
more thermodynamically stable than neutral FeOn for n ) 2-4.

The magnetic coupling between Fe and oxygen atoms in FeOn

clusters can be examined by considering the spin moments at
each atomic site. These are calculated using the Mulliken
analysis in the same way the charges are calculated except that
here one integrates the difference between spin densitiesF(r)
) FR(r) - Fâ(r) after separating it into partial atomic contribu-
tions.

One can see from Tables 1-4 that only low-spin multiplicity
states of iron oxides exhibit antiferromagnetic coupling. As
multiplicity increases, the coupling becomes ferromagnetic with
magnetic moments at O sites approching 1µB or even higher
in the highest multiplicity states. Such a behavior of magnetic
moments on oxygens can be related with the necessity for the
central atom, Fe, to share some of its valence electrons with
oxygens in order to form chemical bonds. So, unpaired electrons
cannot be localized entirely at the central atom and are
distributed over ligand atoms as well.

This can also can be viewed in another way. The virtual
orbitals in the iron oxide ground states are mainly oxygen-based,
and flipping an electron results in the occupation of an oxygen-
based molecular spin-orbital. The latter leads to an increase
in the number ofR electrons with respect to the number ofâ
electrons on oxygens and, consequently, to an increase in the
magnetic moments on oxygens.

(c) Vibrational Frequencies. Andrews et al.31,32 have
obtained infrared spectra of products resulting from reactions
of laser-ablated Fe atoms with oxygen molecules in condensing
argon. Their assignment of experimental features was based on
considerations of oxygen isotopic shifts and multiplets in matrix
infrared spectra supplemented with DFT-based calculations.
Here, we would like to compare their assignment with the results
of our frequency calculations. Note, that the theory produces
harmonic frequencies that are generally larger than experimental
fundamental frequencies because anharmonic corrections are
negative.74

OFeO. Two sharp bands at 945 and 797 cm-1, which should
correspond to the b2 antisymmetric mode active in infrared
spectra, were attributed to the bent OFeO molecule.32 As seen
from Table 2, the peak at 945 cm-1 could correspond to the
FeO2 ground state [ω(b2) ) 1003 cm-1]. At the same time, one
can attribute this peak to the2B1 state of the anion [ω(b2) )
972 cm-1] and the peak at 797 cm-1 to the 6A1 state of the
anion [ω(b2) ) 797 cm-1]. The presence of several closely
spaced states in both neutral and negatively charged species
with unknown concentrations together with the lack of informa-

Figure 2. Geometrical configurations of the ground and excited states
of FeO4 and FeO4

-. Bond angles (in degrees) between equivalent pairs
of oxygen atoms are as follows. FeO4: 109.47 (M ) 1, Td); 119.1 and
45.8 (M ) 1, C2V) 115.9 and 88.5 (M ) 3); 116.2 and 88.7 (M ) 5);
81.7 and 81.7 (M ) 7). FeO4

-. 110.0 (M ) 2, D2d); 116.2 and 47.2 (M
) 2); 113.7 and 91.1 (M ) 4); 86.0 and 86.0 (M ) 6); 103.0 and
103.0 (M ) 8, D2d).
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tion on symmetric stretching modes makes precise assignment
of experimental findings rather difficult.

FeO3. Andrews et al.31 assigned the 975.8 cm-1 band to the
antisymmetric stretching fundamental of the ground state FeO3

species. Our computed frequency for the ground-state of FeO3

ω(e′) ) 1018 cm-1 is in reasonable agreement with this
experiment.

FeO4. The experimental assignment of bands for singlet and
triplet states of FeO4 was based on results of calculations
performed in the same work.31 Assignment of the 968.9 cm-1

band to the (O2)FeO2 isomer, corresponding to the (C2V,1A1)
configuration in Table 4 does not contradict our results, since
the most intense modeω(b2) is at 1008 cm-1. No assignment
for the tetrahedral configuration has been done in ref 31. Note
that the attachment of an extra electron leads to the decrease in
the magnitudes of the frequencies of FeO4

- anion, which are
getting close to experimental fundamentals measured for
[FeO4]2- units in salts,75 namely,ν(E) ) 322, ν(T2) ) 340,
ν(A1) ) 790, ν(T2) ) 832 cm-1.

(d) Electron Affinities. The adiabatic electron affinity (Aad)
of a neutral molecular system is defined as the difference in
the ground-state total energies of the system and its anion.
Within the Born-Oppenheimer approximation employed in the
present work, one may evaluate theAad as

whereRe andRe
- denote equilibrium bond lengths of a neutral

molecule (N) and its anion (A), respectively. The zero-point
vibration energies (Z) are computed usually within the harmonic
approximation.

Another useful quantity that characterizes a “sudden” detach-
ment of an extra electron from an anion, i.e., when clusters had
not enough time to relax after removal of the extra electron, is
the so-called vertical detachment energy (Evd). TheEvd can be
calculated as

In many cases, theEvd corresponds to a feature with the
maximum (or near-maximum) intensity in the corresponding
envelope of a photoelectron spectrum.76 Comparing the com-
putedAad and Evd for a particular anion-neutral pair allows
one to evaluate “nonadiabatic” corrections77 related to the
difference between equilibrium geometries of an anion and its
neutral parent. If such corrections are large, the origin of the
photodetached electron envelope cannot be resolved accurately
because corresponding features will have small intensities (of
the same order of magnitude as the background) due to
vanishingly small Franck-Condon factors. This is definitely
the case for such molecules as CS2 or SF6. In the first case, the
experimental photoelectron spectrum “disappears” at about 0.8
eV, whereas theAad of CS2 is computed to be 0.3 eV.78 This
“discrepancy” is related to large changes in the geometry of
CS2 (from linear to angular) upon attachment of an extra
electron. In the second case, the attachment of an extra electron
leads to a rather large increase in the bond length without
changing the octahedral symmetry. Again, Franck-Condon
factors for the 0-0 transitions appears to be too small and the
peak with highest intensity is observed at about 3.2 eV, whereas
the Aad is about 1.0 eV.79

Adiabatic electron affinities of the neutral FeOn series and
the vertical detachment energies of the corresponding anions

have been calculated according to eqs 4 and 5, respectively.
The results are compared with experimental data in Table 5.
We have also calculated electron affinities of O, Fe, and O2,
since there are available experimental data.80,81 With the
exception of the Fe atom, our results agree well with experiment
(note that the experimental value for O2 corresponds to the
adiabatic electron affinity). The poor agreement in the case of
the Fe atom is easily understandable, as one needs to use
sufficiently diffuse basis functions, which are lacking in the
standard 6-311+G* basis set for Fe, to describe loosely bound
electrons. This becomes a less severe problem in clusters as
bonding makes electrons less diffuse. TheAad of FeO has been
measured by two experimental groups,5-7 and our value is
somewhat underestimated compared to experiment (by 0.23 eV).
As one can notice from Table 5, the adiabatic corrections,
defined as the differences between theAad’s andEvd’s of each
FeOn-FeOn

- pair, are rather small, which is indicative that
attachment of an extra electron does not lead to significant
changes in the geometry of neutral ground-state parents. This
is unlike the situation in the majority of thespclusters, where
attachment of an extra electron, especially to closed-shell
species, results in considerable geometric changes. In many
cases,sp anions have geometrical shapes different from those
of their neutral parents.63,82,83

ExperimentalAad estimates5,6 for FeO2 and FeO3 are within
0.1 eV from our values, whereas a discrepancy of 0.5 eV is
observed for FeO4 (see Table 5). On the basis of previous results,
we expect the accuracy of our calculations not to be worse than
0.1-0.2 eV; therefore, such a discrepancy appears to indicate
that either an electron is detached from some excited anion state
or from an isomer of the ground-state FeO4

- anion. As a matter
of fact, theAad of FeO4 with respect to the (2A2, C2V) anion
state is 3.07 eV and the vertical attachment energy from this
anion isomer is 3.24 eV, which corresponds to the location of
the first low-energy peak in photodetachment spectra of Wang
et al.6 Figure 3 presents a schematic picture of the energies
needed for detachment from the ground-state anion and its
isomer.

Aad ) Etot(N,Re) + ZN - Etot(A,Re
-) - ZA )

∆Eel
ad + ∆Enuc (4)

Evd ) Etot(N,Re
-) - Etot(A,Re

-) (5)

TABLE 5: Adiabatic Electron Affinities ( Aad) of Neutral
Species and Vertical Detachment EnergiesEvd) of the
Corresponding Anions Calculated According to eqs 4 and 5a

O Fe O2 FeO FeO2 FeO3 FeO4

Aad 1.63 0.61 0.47 1.26 2.29 3.34 3.79
Evd 1.63 0.61 0.96 1.29 2.52 3.47 3.90
expb 1.46 0.16 0.44 1.49 2.36 3.26 3.30

a All values are in eV.b Experimental values for atoms are from ref
80; for O2 are from ref 81: for FeO are from ref 7; for FeO2, FeO3,
and FeO4 are from ref 6.

Figure 3. Scheme of detachment of an extra electron from two states
of FeO4

-.
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To check if additional anion states may be responsible for
the appearance of low-energy features in the photodetachment
spectra, we have optimized the anion geometry withinC2V
constraints for all four types of irreducible representations of
this point-group symmetry starting with the2A2 geometrical
parameters. The geometry and total energy of the2A1 state have
converged to the ground-state geometry and the total energy,
respectively, whereas2B1 and 2B2 states were found to have
the same geometrical parameters which are close to those of
the neutralM ) 3 state and are energetically degenerate.
Frequency calculations have yielded one imaginary mode of
the a2 symmetry, which couples these two transition states
(B1*a2*B2 ) A1). Coupling through a mode of corresponding
symmetry can lead to a transition into the ground orC2V
stationary states.

Summary of our calculations of the vertical detachment
energies of different states of FeO4

- are presented in Table 6.
As is seen, detachment of an extra electron from the isomer (M
) 2, C2V) anion state could explain the appearance of low-energy
features at 3.2-3.3 eV, which have essentially lower intensities
than the features around≈4.0 eV in the photodetachment spectra
obtained by Wang et al.6 This isomer, which could be produced
by vibrational excitations of the ground-state anion (in case it
is not already present in the initial anion flow), should have a
relatively large lifetime, since the computed barrier to its
interconversion to the ground state is≈0.6 eV.

TheAad of FeO3 is close to the EA of F atom (3.40 eV) and
the Aad of FeO4 exceeds the EA of Cl (3.62 eV), the most
electronegative atom in the Periodic Table.80 Thus, FeO4 can
be attributed to the class of superhalogens77 despite its closed-
shell structure. This is in sharp contrast withsp compounds,
where superhalogens of the MOm type (e.g., AlO2, PO3, ClO4)
do satisfy the relation 2m ) k + 1, wherek is the maximum
formal valence of the central atom M, and an extra electron
fills in the MO, which does not contain contributions from the
central atom by symmetry.84

(e) Thermodynamic Stability. The thermodynamic stability
of clusters can be studied by analyzing their fragmentation
energies that correspond to the differences in total energies
between the parent and clusters formed in a particular decay
channel, namely,

The zero-point energies,Z, are calculated, as before, by using
the harmonic approximation. For iron oxides considered in the
present work, major fragmentation channels involve O, O2, or
their anions as products.

Energetics of various fragmentation channels of both FeO4

and FeO4
- series are calculated according to eq 6, which

includes the energy of nuclear motions determined in the
harmonic approximation. The results are presented in Table 7

and compared with the only available experiment on FeO,18 O2,
and O2

-.66 Our theoretical values are overestimated by≈0.5
eV (11.5 kcal/mol) for O2 and O2

- and by 1 eV for FeO.
Although larger basis sets (and better exchange-correlation
functionals) seem to be required for quantitative agreement, we
believe that our results reproduce qualitative trends in both series
rather correctly.

We note two novel results from Table 7. First, the lowest
dissociation channel corresponds to the abstraction of a O2 dimer
but not an oxygen atom, as is usually the case forspcompounds
and titanium,85 vanadium,86 or chromium87 oxides. The only
exception is noted for FeO2- where the lowest dissociation
channel corresponds to the loss of O-. This is because the
difference in the EAs of Fe and O is larger than the difference
in the bond rupture energies in FeO and O2. Second, the anions
FeO2

-, FeO3
-, and FeO4- are thermodynamically more stable

than their neutral precursors. FeO3
- is the most stable cluster

against fragmentation among this series.
In the neutral clusters, we can see a gradual decrease in bond

rupture energies with increasingn. The difference between the
energies of decay channels with evolution of O2 and O increases
from FeO to FeO4. The same trends do not hold for the anion
series, which is lacking a gradual decrease in the dissociation
energies with the increase inn, and energy differences between
two uppermost decay channels to O2 and O are rather small.

The higher thermodynamic stability of FeO3
- and FeO4

- with
respect to their closed-shell neutral parents is again in contradic-
tion with the usual trends inspcompounds, where, usually, only
closed-shell anions are more stable than their parent radicals.
In the case ofspsuperhalogens, the neutral MXk+1 systems are
either barely stable (LiF2, LiCl2, NaF2, and NaCl2,88 BF4 and
AlF4

89) or even dissociative (PF6
90,91), but the anions are very

stable against the emission of F-.

Summary

Our self-consistent calculations of the electronic and geo-
metrical structure of FeOn and FeOn

- series (n)1-4) reveal
many interesting features. First, iron oxides with lower coor-
dination numbers possess several stationary states that are very
close in energy to their corresponding ground states. This means
that a change in magnetization (i.e., spin realignment) in the
clusters is easy to achieve. The ground-state multiplicity of these
clusters decreases gradually from 5 in FeO to 3 in FeO2 and to

TABLE 6: Energies of Vertical Electron Detachment from
Low-Lying FeO4

- States (See Text)a

FeO4

FeO4
- 2S+1

2S+1 symm ∆Etot 1 3 5

2 D2d 0.0 3.9 4.9
C2V 0.9 3.2 4.2
TS B1, B2 1.4 2.8 3.8

4 C2V 0.7 4.9 4.9

a All values are in eV.

D0(M) ) ∑
i

[Etot(Fi) + ZFi
] - Etot(M) - ZM )

De(M) + ∆Znuc (6)

TABLE 7: Fragmentation Energies [D0(De), eV] of FeOn
and FeOn

-, Computed According to Eq 6

FeO4 FeO4
-

channel D0 (De) channel D0 (De)

O2 f 2O 5.83 (5.72) O2- f O + O- 4.64 (4.57)
FeOf Fe+ O 5.32 (5.22) FeO- f Fe+ O- 4.94 (4.89)

f Fe- + O 5.96 (5.91)
FeO2 f Fe+ O2 4.30 (4.27) FeO2- f FeO+ O- 5.44 (5.39)
f FeO+ O 4.80 (4.73) f FeO- + O 5.83 (5.78)

f Fe- + O2 5.96 (5.95)
f Fe+ O2

- 6.13 (6.09)
FeO3 f FeO+ O2 3.53 (3.47) FeO3- f FeO- + O2 5.59 (5.44)
f FeO2 + O 4.56 (4.46) f FeO2

- + O 5.60 (5.50)
f FeO2 + O- 6.23 (6.16)
f FeO+ O2

- 6.40 (6.33)
FeO4 f FeO2 + O2 1.96 (1.74) FeO4- f FeO2

- + O2 3.45 (3.34)
f FeO3 + O 3.23 (3.11) f FeO3

- + O 3.68 (3.56)
f FeO2 + O2

- 5.28 (5.16)
f FeO3 + O- 5.36 (5.27)

a Experimental bond rupture energies are 5.12 and 4.1 eV for O2

and O2
-, respectively,66 and 4.03( 0.13 eV for FeO.18
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1 in FeO3. Additional oxygen decoration (i.e., in FeO4) has no
further effect.

Our calculated values of the adiabatic electron affinities (Aad)
of FeOn are in good agreement with recent experimental data.
This suggests that density-functional theory at the BPW91 level
can quantitatively account for the properties of transition metal
oxides. It is found that theAad of the closed-shell FeO4 cluster
exceeds the electron affinity of the most electronegative atoms
Cl. Thus, FeO4 presents a new type of superhalogen.

The preferred dissociation channels (i.e., channels requiring
the least energy for fragmentation) in FeO2, FeO3, FeO4, FeO3

-,
and FeO4

- correspond to abstraction of the O2 dimer rather than
a rupture of an Fe-O bond. Surprisingly, the FeO3- and FeO4

-

anions are more thermodynamically stable than their neutral
parents. This is in a sharp contrast to what is known for a
majority of sp clusters.
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