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FeO,: A unique example of a closed-shell cluster mimicking a superhalogen
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First-principles calculations based on the generalized gradient corrected density-functional theory reveal that
iron tetraoxide (Feg), 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.
[S1050-294{@9)01505-X

PACS numbdps): 36.40—c, 03.65.Ge, 31.18.z, 31.15.Ar

That atomic clusters with specific size and compositionhighest occupied molecular orbitalMO) (Mn has an
can mimic the chemistry of atoms and thus be regarded gsAr](3d°4s?) configuration and thus the maximal valence of
“superatoms” has opened a new line of investigation in re-seven should have a high electron affinity. We have studied
cent years. Consider, for example, compounds such ag LiFthe equilibrium geometries and energetics of Fa@d MnQ,
LiCl,, NaR, NaCh, BF,, AlF,, PR, AlO,, PO, and CIQ. in neutral and anionic forms using the generalized gradient
These clusters consist ep elements and have one common @pproximation within the density-functional theory. While
characteristic feature: they can all be represented by a foMnNO; is found to be a superhalogen with an adiabatic elec-
mula unitM X, where the coordination numberfulfills the ~ tron affinity of 5.0 eV, which is consistent with the charac-
requiremenmn=k+ 1: nis the normal valence of the ligand teristics ofsp superhalogens, the eIec_tron_ affinity of closed-
atom, X, while k is the maximal valence of the central atom, She" FeQ is found_tq he 3.8 eV, which is larger than the
M. An extra electron in thé1 X,,” anion fills in the molecu- highest e'eCtFO” affinity of any.ha!ogen atom, namely, of Cl
lar orbital (MO) which does not contain contributions from (3.62 eV). This unusual behavior is shown to be due to the

the central atom by symmetry. Thus, these compounds havié;eual bonding characteristics dfelectron systems and

very high electron affinities that can reach values as high aéoens up new possibilities for designing superhalogens in-

hile in th | h d Iving transition-metal elements.
9 eV [1]. While in the neutral state these compounds are o ca|culations are based on the molecular orbital theory
weakly bound[2,3], and in some cases, like PRhey are

) . i ‘ where the molecular orbitals are constructed from linear
even thermodynamically unstaljk,5], their negative anions  compinations of atomic orbitals centered at the individual
are very stable. These compounds play important roles iyclear sites. We represent the atomic orbitals by a Gaussian
chemical synthesis. basis(6-311+G*) which consists of 10s7p4d1f] for Fe
While studies ofsp superhalogens have been carried outand Mn, and[5s4p1d] for O. The geometries were opti-
for over a decade, not much emphasis has been placed @fized without symmetry constraints for all allowable spin
similar investigations involving transition-metal elements. muyltiplicities using the steepest descent method in the
Earlier theoretical efforts were concentrated at evaluating theaussianogs code [10]. The exchange-correlation potential
vertical detachment energies from the anions of transitionwas treated within the generalized gradient approximation
metal oxides and fluorides at geometries taken from X-raywith Becke'’s exchangé]_]_] and Perdew-Wangs’ correlation
diffraction data on salt§1]. These studies were performed [12] referred as to BPW91 below.
with the discrete-variationaX, method [6,7], which is The adiabatic electron affinityX,) of a neutral system is
known to bias towards underestimating binding energies oflefined as the difference in the ground-state total energies of
extra electron$8,9]. In particular, no data are available on the system and its anion. Within the Born-Oppenheimer

the thermodynamic stability ofi superhalogens. This is (BO) approximation employed in the present work, one may
rather surprising as transition-metal oxide clusters such agyaluate theA,4 as

MnO, and FeQ play important roles not only in physical
chemistry but also in biological processes. For example,
manganese 0xo-compounds are important in photosynthesis
and iron serves as an oxygen carrier in biological systems. A,=E(N,Rs)+Zny—Eio A,RS) —Zo=AE2+ AE 0,

An iron atom with its eight valence electronsd®s?) (1)
interacting with four divalent oxygen atomsg$2p*) has to
be expected to have a closed-shell ground state. Indeed, we
performed optimizations for Fe(states with higher multi-
plicities (2S+1=3,5,7) and found them to be higher in en- whereR, andR_ denote equilibrium geometries of the neu-
ergy at least by 0.7 eV compared to the singlet ground statdral system(N) and its anior{A), respectively. The zero-point
Consequently, iron tetraoxide should possess a low electrovibration energie$Z) are computed within the harmonic ap-
affinity (=1 eV). On the other hand, MnQwith a hole in the  proximation.
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FIG. 2. Ground-state, transition states, and stable isomer geom-
etries of FeQ™ corresponding to a multiplicity of 2.
(¢ Fe0g4 (d)

other one binds associatively. Recently, Chertigtiral. [14]

FIG. 1. Geometries of the ground states and isomers of thédentified theC,, structure as the ground state of ReO

neutral @,b,2S+1=1) and anion ¢,d,2S+1=2) FeQ clusters. However, since the difference in total energies of Theand
C,, configurations of Fe@is small, the assignment of the

The vertical detachment energl(;) of an extra electron ground-state symmetry of Fg@ strongly dependent on the
from an anion can be defined within the BO approximationcomputational method used. The anion is more rigid, and the
as difference in total energies betweenlsy andC,, configu-

rations is about 1 eV. We will show in the following that

both configurations play an important role in explaining the

Eva=EiwtN,Rg )+ Zy—Eo A,R, ) — Za=AE} +AEnuc. recent photodetachment spectra of feO
2 In order to check if there are additional anion states of

C,, symmetry, we have optimized the anion geometry for all

four types of irreducible representations©§, point group
Since one can anticipate a rather small change in the nuclegf symmetry. The geometries and the total energies of the
energy due to low-amplitude displacements around the equia, and 2A, states have converged to the ground-state ge-
librium geometry, one can use tig andZ, evaluated from  ometry and the total energy, respectively, wherégs and
harmonic frequency calculationsRt andR, , respectively. 2B, states were found to have the same geometrical param-
Thus, we consideAE, . to be the same in Eq¢l) and(2).  eters and to be energetically degenerate.

First, we have optimized the ground states of fe@d Frequency calculations have revealed an imaginary mode
FeQ, . Iron in FeQ has fully saturated its formal valence of a, symmetry for both?B, and ?B, states, which couples
(k=8) and the wave function is totally symmetric: Alg these two transition states, since the direct product
within T4 symmetry of the nucleus. Since the lowest unoc-B,*a,*B,=A, for the (®;,| v|®g,) matrix element, i.e., it
cupied MO in FeQ is degenerate and hds symmetry, a contains the totally symmetric representation and cannot
distortion of T4 symmetry is expected upon attachment of anvanish by symmetry. Coupling through a mode of a corre-
extra electron due to the Jahn-Teller effect. Indeed, th&ponding symmetry can lead to a transition into the ground
ground state of the FeO anion hasD,4 symmetry although or (C,, ,A,) states. TheséB, and 2B, states are above the
the distortion from a tetrahedron is insignificdisee Figs. anion ground state by 1.4 eV, which provides an estimate for
1(a) and Xc)]. Here, the O-O bonds are broken and all thethe barrier height between two stationary anion states,of
four oxygens bind atomically to Fe. The distances betweesymmetry(see Fig. 2
equivalent pairs of oxygens are 2.61 and 2.71 A compared to A direct search for the barrier height between the FeO
1.22 A in the gas-phase,@nolecule. D,q andC,, states(both haveA, symmetry with the syn-

The bond length in Feis 1.596 A, which is close to chronous transit method stopped at the barrier height of 0.7
those in the ground states of FéD608 A), FeQ, (1.588 A, eV and the geometry close to that of th@, and 2B, states.
and FeQ (1.577 A. Thus, one can surmise that the Fe-O Apparently, the nonconvergence is related to mixing of three
bonds in FeQmay be attributed to as double bonds. Accord-energy-degenerate statesfof, 2B, and 2B, symmetries at
ing to the natural bond analysis3] the electronic configu- that point.
rations of atoms in Fep are Fe(4%%3d®") and Optimized anion configurations for multiplicitidd =2S
0(2s%2p*?¥), and the bonding can be considered as+1 up to 8 are presented in Fig. 3. Surprisingly, the total
“ionic.” In the FeOQ,~ anion, the atomic configurations are energies of these configurations, which are stationary accord-
Fe(4s%33d%®) and O(x%2p*9), i.e., the additional electron ing to frequency calculations, are lower than the total energy
is delocalized over four oxygen atoms. of the neutral ground state by 3.15, 1.8, and 0.4 eVMNbr

We have also searched for other isomers of fa®d =4, 6, and 8, respectively. This means that all these excited
FeQ,” where the O-O distance could be shorter and closer tgtates are stable against autodetachment of an extra electron.
the G bond length. SuclC,, configurations with a spin The adiabatic electron affinity of Fg@omputed accord-
multiplicity of 1 and 2 for FeQ and FeQ™, respectively, ing to Eq. (1) is 3.8 eV, which is larger than the electron
have been foundsee Figs. (b) and Xd)]. Here, the long affinity of any of the halogen atoms. Note that Cl has the
0-O bond lengths are 2.71 and 2.74 A while the short bondargest EA, namely, 3.62 eV, whereas O and Fe have EA’s of
lengths are 1.39 and 1.45 A, in Fg@nd FeQ , respec- 1.46 and 0.16 eV, respectivelg5]. The highA,q of FeQ, is
tively. Thus, while one @molecule binds dissociatively, the rather surprising because Fe@ a cluster with a closed
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TABLE I. Energies corresponding to vertical electron detach-
ment from low-lying FeQ™ states to neutral FeGtates with vari-
ous allowable spin multiplicitiegFor description, see the texall
values are in eV.

M=2 M=4 FeQ,~ FeQ,
2S+1
2S+1 Symm. AE 1 3 5
2 Dg 0.0 3.9 4.9
_ Co 0.9 3.2 4.2
M=6 M=8 4 C,, 0.7 4.9 4.9

FIG. 3. Geometrical configurations of grounM &2) and ex-
cited statesi1=4, 6, and 8 of FeQ,".

electronic shell, and it is known from a large number ofSPectra. Detachment of an extra electron from the anion

examples obp-closed shell systenfd 6,17 that closed-shell states withM =6 and 8 provides energies hlgher than 5 eV.
systems possess low electron affinitiggically about 1 ey~ 1he detachment energy of 3.9 eV for the anion ground state
or less. The vertical detachment energies of an extra elecfits _the origin of the second high-intensity feature in the ex-
tron in FeQ~ and MnQ~ computed according to E¢R) are  Perimental spectra. Therefore, one can conclude that the
higher than the\,4s of FeQ, and MnQ, by 0.1 eV only, i.e., value of 3.3 eV attributed to the EA of Fg@ccording to
3.9 and 5.1 eV in the ground state FeCand MnQ, re-  experimental measurements corresponds to an electron de-
spectively. We note that a previous estimgt8] of 3.4 eV tachment from the =2, C,,) state of FeQ", while the
for the E, 4 of FeQ,”, obtained within theX,, approximation, A,q defined by Eq(1) corresponds to detachment from the
is somewhat underestimated compared to our present resuffround M =2, D,,) state.
whereas theX, E,q of 5.0 eV for MnQ, matches the value Because theA,4 of FeQ, exceeds the EA of the most
computed in the present work. electronegative atom Cl, iron tetraoxide should be attributed
In order to find a reason for the higk,q of FeQ,, we have  to the class of superhalogef], in spite of its closed-shell
examined the nature of the highest occupied molecular orstructure. This is in sharp contrast withcompounds, where
bital (HOMO) in the FeQ"™ anion which accommodates the MO, superhalogens fulfill the requirememt=(k+1)/2,
extra electron. This MO has, symmetry and stems from the \yherek is the maximal formal valence of the central atom,
E irreducible representation ofy point-group symmetry ang the extra electron fills in the MO which does not contain
upon reduction td,y symmetry. The MO is a linear com-  contributions from the central atom by symmetry.
bination of dyy(Fe)+ py(01,03) —px(0,,0,) and is of a The second important characteristic of superhalogens is
bonding type with respect to oxygen-oxygen interaction angelated to their thermodynamic stability. In the casespf
is slightly antibonding with respect to Fe-O interactions be'superhalogens, the neutX,, systems are either weakly
cause the contribution of Fed3orbitals is about 10% only. pound[2,3] or even thermodynamically unstable.g., Pk
Note that the HOMO of Mn@™ has a pure ligand character [4 5] or SiF; [20]) but their anions are very stable. According
and does not contain any Mnd3orbitals by symmetry. o our computations, the first fragmentation channel in both
Therefore, the difference betweesp and d superhalogens FeQ, and FeQ~ corresponds to emission of,OThe frag-
could be related to a larger number and different types ofnentation energy Fe@-FeQ,+0, is 1.74 eV, versus 3.34
molecular orbitals which can be formed from the atomic gy for the FeQ —FeO,” +0, channel. A more stable char-

manifold with respect to the manifold. In particular, even  acter of the Fe@ anion is consistent with a higher stability
closed-shell neutral clusters can have bonding HOMO’s angs 5nions formed bysp superhalogens.

provide rather high binding energies for an extra electron | conclusion, we have shown that the electron affinity of
upon its filling into such a HOMO. The Fg(appears 10 ransition-metal oxide clusters may not follow the same
present the first example of such a cluster. . trends as observed earlier fgp-bonded systems. The unique
We now compare our results with available experimentsgpatial distribution ofd electrons renders novel electronic
Recently, Wang and co-workefd9] have obtained laser properties to transition-metal oxides. It is argued that even a
photodetachment spectra of FgO(n=<4). They found the  ¢josed-shell cluster could exhibit a superhalogen behavior. In
Aqqto increase almost linearly with oxygen content and satuzqgition, we have shown that, contrary to earlier specula-
rate atn=4. In the spectra of FeQ obtained with photons tjons, the low-energy peak in the photodetachment spectra of
of different energies, they have observed a weak-intensity-eq,~ does not arise from detachment of an extra electron
feature beginning at=3.2 eV and a high-intensity peak be- from the ground state of the anion, but from a higher-energy
ginning at 3.9 eV. In order to compare our results with thejsomer. The adiabatic electron affinity of FeQherefore, is
experiment, we have computed vertical detachment energigg;sociated with the higher-energy peak, namely 3.9 eV.
from the anion states into neutral states of permitted multi-thys the statement of Waref al. [19] that the electron

plicities according to Eq(2). The results are given in Table jffinity of FeQ, clusters saturates at=4 needs to be modi-
I. As seen, detachment energies of an extra electron fromeq.

both doublet and quartet anion states resulting in the forma-
tion of triplet neutral states are larger than 4 eV and cannot This work was supported in part by a grant from the U.S.
be responsible for the low-energy features in experimentaDepartment of EnergyGrant No. DE-FG02-96ER4557.9
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