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FeO4: A unique example of a closed-shell cluster mimicking a superhalogen

Gennady L. Gutsev, S. N. Khanna, B. K. Rao, and P. Jena
Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284-2000

~Received 16 November 1998!

First-principles calculations based on the generalized gradient corrected density-functional theory reveal that
iron tetraoxide (FeO4), in spite of its closed-shell structure, has an electron affinity that is larger than that of
any known halogen atom. This novel property is shown to be a manifestation of the special bonding charac-
teristics of d-electron systems and can play an important role in chemical and biological processes.
@S1050-2947~99!01505-X#

PACS number~s!: 36.40.2c, 03.65.Ge, 31.10.1z, 31.15.Ar
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That atomic clusters with specific size and composit
can mimic the chemistry of atoms and thus be regarded
‘‘superatoms’’ has opened a new line of investigation in
cent years. Consider, for example, compounds such as L2,
LiCl2, NaF2, NaCl2, BF4, AlF4, PF6, AlO2, PO3, and ClO4.
These clusters consist ofsp elements and have one commo
characteristic feature: they can all be represented by a
mula unitMXm where the coordination numberm fulfills the
requirementmn5k11; n is the normal valence of the ligan
atom,X, while k is the maximal valence of the central atom
M. An extra electron in theMXm

2 anion fills in the molecu-
lar orbital ~MO! which does not contain contributions from
the central atom by symmetry. Thus, these compounds h
very high electron affinities that can reach values as high
9 eV @1#. While in the neutral state these compounds
weakly bound@2,3#, and in some cases, like PF6, they are
even thermodynamically unstable@4,5#, their negative anions
are very stable. These compounds play important role
chemical synthesis.

While studies ofsp superhalogens have been carried o
for over a decade, not much emphasis has been place
similar investigations involving transition-metal elemen
Earlier theoretical efforts were concentrated at evaluating
vertical detachment energies from the anions of transiti
metal oxides and fluorides at geometries taken from x-r
diffraction data on salts@1#. These studies were performe
with the discrete-variationalXa method @6,7#, which is
known to bias towards underestimating binding energies
extra electrons@8,9#. In particular, no data are available o
the thermodynamic stability ofd superhalogens. This i
rather surprising as transition-metal oxide clusters such
MnOx and FeOx play important roles not only in physica
chemistry but also in biological processes. For exam
manganese oxo-compounds are important in photosynth
and iron serves as an oxygen carrier in biological system

An iron atom with its eight valence electrons (3d64s2)
interacting with four divalent oxygen atoms (2s22p4) has to
be expected to have a closed-shell ground state. Indeed
performed optimizations for FeO4 states with higher multi-
plicities (2S1153,5,7) and found them to be higher in e
ergy at least by 0.7 eV compared to the singlet ground st
Consequently, iron tetraoxide should possess a low elec
affinity ~'1 eV!. On the other hand, MnO4 with a hole in the
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highest occupied molecular orbital~MO! „Mn has an
@Ar#(3d54s2) configuration and thus the maximal valence
seven… should have a high electron affinity. We have studi
the equilibrium geometries and energetics of FeO4 and MnO4
in neutral and anionic forms using the generalized grad
approximation within the density-functional theory. Whi
MnO4 is found to be a superhalogen with an adiabatic el
tron affinity of 5.0 eV, which is consistent with the chara
teristics ofsp superhalogens, the electron affinity of close
shell FeO4 is found to be 3.8 eV, which is larger than th
highest electron affinity of any halogen atom, namely, of
~3.62 eV!. This unusual behavior is shown to be due to t
special bonding characteristics ofd-electron systems and
opens up new possibilities for designing superhalogens
volving transition-metal elements.

Our calculations are based on the molecular orbital the
where the molecular orbitals are constructed from lin
combinations of atomic orbitals centered at the individu
nuclear sites. We represent the atomic orbitals by a Gaus
basis(6-3111G* ) which consists of@10s7p4d1 f # for Fe
and Mn, and@5s4p1d# for O. The geometries were opti
mized without symmetry constraints for all allowable sp
multiplicities using the steepest descent method in
GAUSSIAN94 code @10#. The exchange-correlation potenti
was treated within the generalized gradient approximat
with Becke’s exchange@11# and Perdew-Wangs’ correlatio
@12# referred as to BPW91 below.

The adiabatic electron affinity (Aad) of a neutral system is
defined as the difference in the ground-state total energie
the system and its anion. Within the Born-Oppenheim
~BO! approximation employed in the present work, one m
evaluate theAad as

Aad5Etot~N,Re!1ZN2Etot~A,Re
2!2ZA5DEel

ad1DEnuc,
~1!

whereRe andRe
2 denote equilibrium geometries of the ne

tral system~N! and its anion~A!, respectively. The zero-poin
vibration energies~Z! are computed within the harmonic ap
proximation.
3681 ©1999 The American Physical Society
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The vertical detachment energy (Evd) of an extra electron
from an anion can be defined within the BO approximat
as

Evd5Etot~N,Re
2!1ZN2Etot~A,Re

2!2ZA5DEel
vd1DEnuc.

~2!

Since one can anticipate a rather small change in the nuc
energy due to low-amplitude displacements around the e
librium geometry, one can use theZN andZA evaluated from
harmonic frequency calculations atRe andRe

2 , respectively.
Thus, we considerDEnuc to be the same in Eqs.~1! and~2!.

First, we have optimized the ground states of FeO4 and
FeO4

2. Iron in FeO4 has fully saturated its formal valenc
(k58) and the wave function is totally symmetric:1A1g
within Td symmetry of the nucleus. Since the lowest uno
cupied MO in FeO4 is degenerate and hasE symmetry, a
distortion ofTd symmetry is expected upon attachment of
extra electron due to the Jahn-Teller effect. Indeed,
ground state of the FeO4

2 anion hasD2d symmetry although
the distortion from a tetrahedron is insignificant@see Figs.
1~a! and 1~c!#. Here, the O-O bonds are broken and all t
four oxygens bind atomically to Fe. The distances betw
equivalent pairs of oxygens are 2.61 and 2.71 Å compare
1.22 Å in the gas-phase O2 molecule.

The bond length in FeO4 is 1.596 Å, which is close to
those in the ground states of FeO~1.608 Å!, FeO2 ~1.588 Å!,
and FeO3 ~1.577 Å!. Thus, one can surmise that the Fe
bonds in FeO4 may be attributed to as double bonds. Acco
ing to the natural bond analysis@13# the electronic configu-
rations of atoms in FeO4 are Fe(4s0.33d6.7) and
O(2s1.92p4.3), and the bonding can be considered
‘‘ionic.’’ In the FeO4

2 anion, the atomic configurations ar
Fe(4s0.33d6.6) and O(2s1.92p4.6), i.e., the additional electron
is delocalized over four oxygen atoms.

We have also searched for other isomers of FeO4 and
FeO4

2 where the O-O distance could be shorter and close
the O2 bond length. SuchC2v configurations with a spin
multiplicity of 1 and 2 for FeO4 and FeO4

2, respectively,
have been found@see Figs. 1~b! and 1~d!#. Here, the long
O-O bond lengths are 2.71 and 2.74 Å while the short bo
lengths are 1.39 and 1.45 Å, in FeO4 and FeO4

2, respec-
tively. Thus, while one O2 molecule binds dissociatively, th

FIG. 1. Geometries of the ground states and isomers of
neutral (a,b,2S1151) and anion (c,d,2S1152) FeO4 clusters.
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other one binds associatively. Recently, Chertihinet al. @14#
identified theC2v structure as the ground state of FeO4.
However, since the difference in total energies of theTd and
C2v configurations of FeO4 is small, the assignment of th
ground-state symmetry of FeO4 is strongly dependent on th
computational method used. The anion is more rigid, and
difference in total energies between itsD2d andC2v configu-
rations is about 1 eV. We will show in the following tha
both configurations play an important role in explaining t
recent photodetachment spectra of FeO4

2.
In order to check if there are additional anion states

C2v symmetry, we have optimized the anion geometry for
four types of irreducible representations ofC2v point group
of symmetry. The geometries and the total energies of
2A1 and 2A2 states have converged to the ground-state
ometry and the total energy, respectively, whereas2B1 and
2B2 states were found to have the same geometrical par
eters and to be energetically degenerate.

Frequency calculations have revealed an imaginary m
of a2 symmetry for both2B1 and 2B2 states, which couples
these two transition states, since the direct prod
B1* a2* B25A1 for the ^F inunuFfin& matrix element, i.e., it
contains the totally symmetric representation and can
vanish by symmetry. Coupling through a mode of a cor
sponding symmetry can lead to a transition into the grou
or (C2v ,A2) states. These2B1 and 2B2 states are above th
anion ground state by 1.4 eV, which provides an estimate
the barrier height between two stationary anion states ofA2
symmetry~see Fig. 2!.

A direct search for the barrier height between the FeO4
2

D2d andC2v states~both haveA2 symmetry! with the syn-
chronous transit method stopped at the barrier height of
eV and the geometry close to that of the2B1 and 2B2 states.
Apparently, the nonconvergence is related to mixing of th
energy-degenerate states ofA2 , 2B1 , and 2B2 symmetries at
that point.

Optimized anion configurations for multiplicitiesM52S
11 up to 8 are presented in Fig. 3. Surprisingly, the to
energies of these configurations, which are stationary acc
ing to frequency calculations, are lower than the total ene
of the neutral ground state by 3.15, 1.8, and 0.4 eV forM
54, 6, and 8, respectively. This means that all these exc
states are stable against autodetachment of an extra elec

The adiabatic electron affinity of FeO4 computed accord-
ing to Eq. ~1! is 3.8 eV, which is larger than the electro
affinity of any of the halogen atoms. Note that Cl has t
largest EA, namely, 3.62 eV, whereas O and Fe have EA’
1.46 and 0.16 eV, respectively@15#. The highAad of FeO4 is
rather surprising because FeO4 is a cluster with a closed

e

FIG. 2. Ground-state, transition states, and stable isomer ge
etries of FeO4

2 corresponding to a multiplicity of 2.
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electronic shell, and it is known from a large number
examples ofsp-closed shell systems@16,17# that closed-shell
systems possess low electron affinities~typically about 1 eV
or less!. The vertical detachment energies of an extra el
tron in FeO4

2 and MnO4
2 computed according to Eq.~2! are

higher than theAad’s of FeO4 and MnO4 by 0.1 eV only, i.e.,
3.9 and 5.1 eV in the ground state FeO4

2 and MnO4
2, re-

spectively. We note that a previous estimate@18# of 3.4 eV
for theEvd of FeO4

2, obtained within theXa approximation,
is somewhat underestimated compared to our present re
whereas theXa Evd of 5.0 eV for MnO4 matches the value
computed in the present work.

In order to find a reason for the highAad of FeO4, we have
examined the nature of the highest occupied molecular
bital ~HOMO! in the FeO4

2 anion which accommodates th
extra electron. This MO hasa2 symmetry and stems from th
E irreducible representation ofTd point-group symmetry
upon reduction toD2d symmetry. The MO is a linear com
bination of dxy(Fe)1px(O1,O3)2px(O2,O4) and is of a
bonding type with respect to oxygen-oxygen interaction a
is slightly antibonding with respect to Fe-O interactions b
cause the contribution of Fe 3d orbitals is about 10% only
Note that the HOMO of MnO4

2 has a pure ligand characte
and does not contain any Mn 3d orbitals by symmetry.
Therefore, the difference betweensp and d superhalogens
could be related to a larger number and different types
molecular orbitals which can be formed from the atomicd
manifold with respect to thep manifold. In particular, even
closed-shell neutral clusters can have bonding HOMO’s
provide rather high binding energies for an extra elect
upon its filling into such a HOMO. The FeO4 appears to
present the first example of such a cluster.

We now compare our results with available experimen
Recently, Wang and co-workers@19# have obtained lase
photodetachment spectra of FeOn

2 (n<4). They found the
Aad to increase almost linearly with oxygen content and sa
rate atn54. In the spectra of FeO4

2 obtained with photons
of different energies, they have observed a weak-inten
feature beginning at'3.2 eV and a high-intensity peak be
ginning at 3.9 eV. In order to compare our results with t
experiment, we have computed vertical detachment ener
from the anion states into neutral states of permitted mu
plicities according to Eq.~2!. The results are given in Tabl
I. As seen, detachment energies of an extra electron f
both doublet and quartet anion states resulting in the for
tion of triplet neutral states are larger than 4 eV and can
be responsible for the low-energy features in experime

FIG. 3. Geometrical configurations of ground (M52) and ex-
cited states (M54, 6, and 8! of FeO4

2.
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spectra. Detachment of an extra electron from the an
states withM56 and 8 provides energies higher than 5 e
The detachment energy of 3.9 eV for the anion ground s
fits the origin of the second high-intensity feature in the e
perimental spectra. Therefore, one can conclude that
value of 3.3 eV attributed to the EA of FeO4 according to
experimental measurements corresponds to an electron
tachment from the (M52, C2v) state of FeO4

2, while the
Aad defined by Eq.~1! corresponds to detachment from th
ground (M52, D2d) state.

Because theAad of FeO4 exceeds the EA of the mos
electronegative atom Cl, iron tetraoxide should be attribu
to the class of superhalogens@1#, in spite of its closed-shel
structure. This is in sharp contrast withspcompounds, where
MOn superhalogens fulfill the requirementn5(k11)/2,
wherek is the maximal formal valence of the central atom
and the extra electron fills in the MO which does not cont
contributions from the central atom by symmetry.

The second important characteristic of superhalogen
related to their thermodynamic stability. In the case ofsp
superhalogens, the neutralMXm systems are either weakl
bound @2,3# or even thermodynamically unstable~e.g., PF6
@4,5# or SiF5 @20#! but their anions are very stable. Accordin
to our computations, the first fragmentation channel in b
FeO4 and FeO4

2 corresponds to emission of O2. The frag-
mentation energy FeO4→FeO21O2 is 1.74 eV, versus 3.34
eV for the FeO4

2→FeO2
21O2 channel. A more stable char

acter of the FeO4
2 anion is consistent with a higher stabilit

of anions formed bysp superhalogens.
In conclusion, we have shown that the electron affinity

transition-metal oxide clusters may not follow the sam
trends as observed earlier forsp-bonded systems. The uniqu
spatial distribution ofd electrons renders novel electron
properties to transition-metal oxides. It is argued that eve
closed-shell cluster could exhibit a superhalogen behavio
addition, we have shown that, contrary to earlier specu
tions, the low-energy peak in the photodetachment spectr
FeO4

2 does not arise from detachment of an extra elect
from the ground state of the anion, but from a higher-ene
isomer. The adiabatic electron affinity of FeO4, therefore, is
associated with the higher-energy peak, namely 3.9
Thus, the statement of Wanget al. @19# that the electron
affinity of FeOn clusters saturates atn54 needs to be modi-
fied.

This work was supported in part by a grant from the U
Department of Energy~Grant No. DE-FG02-96ER45579!.

TABLE I. Energies corresponding to vertical electron detac
ment from low-lying FeO4

2 states to neutral FeO4 states with vari-
ous allowable spin multiplicities.~For description, see the text.! All
values are in eV.

FeO4
2 FeO4

2S11
2S11 Symm. DEtot 1 3 5

2 D2d 0.0 3.9 4.9
C2v 0.9 3.2 4.2

4 C2v 0.7 4.9 4.9
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