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The electronic and geometrical structures of the ground and some excited states of thenBekeQ@
clusters § = 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 increasimg and the ground states of Fe@nd Fe@™ are quartets whereas those of FeO

and FeQ 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,,Féfas at least five stationary states that are stable
against electron detachment and fragmentation. Our calculated adiabatic electron affigitiesReO, FeQ,

and FeQ are within 0.2 eV of the experiment. Fg®@as found to be a particularly interesting cluster. Although

its neutral precursor possesses a closed electronic shell structure, itAa®h8.8 eV, which is higher than

the electronic affinity of halogen atoms. The experimental estimate of 3.3 eV fakthed FeQ, is shown

to originate from the detachment of an electron from one of the higher-energy isomers of thecheser.

The energetically preferred dissociation channels of &@Q, FeQ, FeGQ™, and Fe@ correspond to
abstraction of an ©dimer but not to an FeO bond rupture. Fe© and FeQ@ are found to be
thermodynamically more stable than their neutral closed-shell parents, and iBe¢@e most stable of all the
clusters studied. The existence of several low-lying states with different multiplicities ip &®DFeQ@"
indicates that their magnetic properties may strongly depend on temperature.

Introduction containing iron tetraoxide units which are considered to be

The observation of high-temperature suprerconductivity in [FeQu]*~ dianions'? The latter dianion has also been studied
rare earth copper oxides, giant magnetoresistance in complexpy the scattered-wave Xmethod® and local-density ap-
manganese oxidé3 and the recent discovery of resonant proximation of the density-functional theory (LDA-DF¥}15
quantum tunnelingin Mny;0y, has revived an interest in 3d  The neutral iron oxides have received much more attention,
metal oxides. The bulk transition metal oxides are characterized ggpecially iron monoxide, whose properties have been the
by different metat-oxygen bonding, which depends on the metal g hiect of numerous experimeriaP? and theoretical investi-
to oxygen content. Depending on this content, transitions from ¢ - ion1025-27 £or iron dioxide, infrared spectra were recorded

metallic to insulating and from paramagnetic to ferromagnetic by several group8-3! and the infrared spectra of Fe@nd FeQ

behavior are observed. . ;
While bulk oxides exist for certain metal to oxygen ratios, have been measured by Andrews é?alheorgt|cal galculatlons
on FeQ@ for n > 1 are scarce: some configurations of FeO

this ratio can be varied over a wider range in clusters. This has . ) h i .
generated considerable interest in studies of small transition and FeQ were optimized using the generalized-gradient ap-

metal oxygen clusters and their ions. Among these, studies ofProximation for the egchange-correlation potential within the
iron oxide clusters are particularly important not only because DFT theory® Calculations on the ground states of LePeQ,

the interaction of iron with oxygen is of great interest in and FeQand their isomers were performed at different levels
understanding corrosion but also because iron oxide plays a(less accurate for Feand FeQ) to help in the assignment of
central role in the transport of oxygen in biological systems. experimental infrared spectfa.While the ground-state sym-
Recently, Wang and his grotipave obtained the photoelectron metry of FeQ has been found to be the sam@&{, Dsp) in
spectra of a number of transition metal anions including iron both studies!-33different spatial symmetries have been obtained
oxide anions Fe@ (n = 1—4)>® using lasers with 3.49 and  for FeQy: 3B; in ref 32 but3B, in ref 33 with rather different
4.66 eV photon energies. Prior to their measurements, only FeO hond angles.

was studied® by laser photodetachment spectroscopy with 2.52
eV photons. Although features of these spectra have been . . - - o
discussetion the basis of qualitative considerations of oxidation _Of gas-phase iron oxides and' Its anions, ftis usefu_l to have an
tendencies and a simple electrostatic model, no accurate'ns'ght_'mo the nature _of their ggometrlc,_ elect_ronlc, ther_mo-
quantum-mechanical computational studies have been reportedlyn@mic, and magnetic properties obtained in a consistent
on the structure of oxide anions FgO Theoretically, the manner within the same reliable calculational approach. The
geometry and vibrational frequency of the ground state of FeO aim of this work is to perform a detailed Study for iron oxides:
have been studied with the use of nonempirical pseudopoten-FeQy and FeQ@™ (n < 4) within the DFT formalism using the
tials1° The vertical detachment energy of an electron from exchange-correlation functional given by a combination of the
FeQ,~ has been calculatét by the discrete-variationak,, Becke's exchangéand PerdewWangs' correlatiof? gradient-
method assuming a tetrahedral geometry taken from solid saltscorrected functionals. This approach has proven to be successful
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In view of the scarcity of experimental data on the structure
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in explaining optically induced magnetism in cobalt iron N(N — 4
cyanidé® and electron affinities of Mng) n < 4, within 0.2 [B0=— % + [T(r18, 1580015 58) dxy dx, (2)
eV’

In this paper, we have calculated the preferred spin multi- wherex; = (rio;) is the space-spin coordinate of thie electron
plicities and ground-state geometries of both neutral and andT is the two-particle density normalized t(N — 1)/2.
negatively charged iron oxides having made an extensive searctEvaluation of & within post-HF computational methods is
among different geometrical configurations and spin multiplici- relatively straightforward®44 but it is complicated in DFT
ties. Such a search also provides the structure of isomers withinmethods since the two-particle density is not defined. Several
the same spin multiplicity. In addition, we have computed the schemes for approximate estimationsBfJhave been sug-
adiabatic electron affinities for the neutral species and comparegested on the basis of use of one-particle densities combined
them to experimental data. Finally, we estimate the thermody- with correlation hole functions. The simplest way of evaluating

namic stability of both Fe@and FeQ~ series of clusters. [$0is to construct an approximate wave function using one-
electron orbitals obtained from a self-consistent solution to the
Computational Details Kohn—Sham equatiorig (see, e.g., refs. 46 and 47) and then

using standard schemes for evaluating the spin contamination

The calculations are performed USing the molecular orbital for a UHF function. This is imp|emented in the Gaussian94
theory where a linear combination of atomic orbitals centered package and others. Generally, Ketbham orbitals provide
at various atomic sites constitutes the cluster wave function. wave functions with a much smaller spin contamination than
For the atomic orbitals we have used the standard 6-&*1 the UHE ones dd8
basis (Fe [10s7p4d1f]; O [5s4pld]). The many-electron potential  The total magnetic moment in the Russeflaunders scheme
is constructed by using the density-functional theory with the s defined asy = — ﬂB(ﬁ + 2§),49 where ug is the Bohr
generalized gradient approximation for the exchange-correlationmagneton. Within the Heisenberg model, one negldcts
functional. We have used Becke's exchatigend Perdew contributions and defines = qusS whereg is close to the
Wangs' correlatiofP functionals, referred as to BPW91 below, “spin-only” value of 2. To evaluate local magnetic moments at
in the Gaussian94 softwaf&One of the difficulties associated atom cites, one can use the Mulliken scheme for partitioning
with transition metal elements is their open d shell structure. the electron density between atdhsr a natural bond analysis
The d electrons are quasi-localized and a cluster containing(NBO), which is based on the use of localized orbitals
transition metal atoms has many spin-multiplet structures within constructed from the occupancy-weighted symmetric ortho-
a narrow energy range. Thus obtaining the spin multiplicity of gonalized natural atomic orbitaf$The NBO analysis provides
the ground state is a nontrivial problem. effective atomic configurations for each atom in the cluster, and

Originally, Kohn and Sha#{ have formulated the DF theory  one can evaluate the local magnetic moment of a particular atom
for the ground states. It has been proven ft€rthat the DF by subtractingo and 8 natural populations.
theory can be extended also for the lowest energy states in each In the case of iron oxides, both Mulliken and NBO schemes
particular symmetry (spatial and spin) channel. We have provide nearly the same charges and local magnetic moments.
performed extensive optimizations beginning with different As a typical example, let us consider the results for the ground
atomic configurations for each spin multiplicity for both FeO  state of FeO. The magnetic moments calculated using the
and FeQ@™ series. In each case, the geometry optimization was Mulliken population analysis are 3.5 and Qg at the Fe and
carried out by examining the gradient forces at each atomic siteO sites, respectively, and the NBO analysis provides 3.4 and
and moving the atoms along the path of steepest descent until0.6 ug, correspondingly. Experimental magnetic moments at
the forces vanish. We feel confident that we are able to arrive atomic sites are available generally for solids. ZHénuas
at the ground-state configurations. computed local magnetic moments at Ni in NiO using an

Since the spin multiplicity of a cluster and the distribution embedding cluster technique. His calculated value of 191
of the electron spin densities among various atomic sites play agrees well with experimental values that range from 1.64 to
an important role in the ground state of a cluster, we briefly 1.90ug. This agreement as well as the closeness of magnetic
review the difficulties associated with density-functional and moments obtained from the Mulliken and NBO analyses lends
Hartree-Fock based theories in accounting for magnetic mo- credibility to the use of Mulliken analysis for calculating local
ments. In conventional depsity-functional theory, neithqr the magnetic moments.
orbital angular momenturk nor spin angular momenturg We should also mention that recently a hybrid HartrEBeck
operators are defined. The relationship between the spindensity-functional-theory (HFDF¥°¢ method where the
multiplicity M = 2S + 1, and the number of electrons in the exchange-correlation functiof&Pf®is given by
spin-up @) and spin-downr) is given by

ch — (1 _ A)Eflater_i_ AE:”: + BEseCke‘i‘ CEtYP +

25= [[o%(r) — (] dr =n, — 1, (1) (1— QEM™ (3)

wherep® and pf are the electronic densities for electrons with has been used as an alternative approach to the BPW91 method
o (up) andB (down) spins. The total density(r) = p*(r) + described earlier. This hybrid method commonly referred to as
: . A Slater; : HF

pA(r) corresponds to a pure wave function satisfying the B3LYP.Ineq 3,E;*is the classical Slater exchan¥eg, " is

condition ¥ = S+ 1)W. the HF exchangeEZ*™®is a gradient correction to the ex-
Within the unrestricted HartresFock (UHF) formalism,  change introduced by BecR&E."" is the Lee-Yang—Parr

which corresponds to a spin-polarized density-functional variant, correlation potentia® and EXWN is the Voske-Wilk —Nusair

the resulting approximate wave function is generally not an correlation potentidt! A, B, andC are the constants obtained

eigenfunction ofS$ or S, and contains some so-called spin by Becké&” when fitting the theoretical results to the experi-

contamination. It was shoWhthat for theN-electron system mental heats of formations. This method allows a rather good

(N = ny + ng) the following equation holds description of compounds containing main-group elem&ifts,
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but it provides poor estimates for th&,g of such “test’ TABLE 1: Equilibrium Bond Lengths ( R., A), Harmonic
molecules as CN or SFK.64 For example, theAyy of CN Vibrational Frequencies (we, cm™), Total Energies Eu,

computed using the BLYP method is 4.56 %\Wwhile the aiifr%%%rFﬁleiagtri]‘g()tr?s;lggg)éhM;‘rgre‘gtignMAag"niggA?‘fep)‘foms

experimental value is 3.82 e¥.In contrast, using the BPW91  Computed According to the Mulliken Population Analysis
approach, we calculate tifgqof CN to be 3.77 eV in excellent  Scheme, as Well as Dipole Moments (DM, in Debyes) of FeO

agreement with experiment. ar)d FeO C}oyrgsponding to the Lowest Energy States for a
We should point out that we have performed calculations for G1ven Multiplicity M =25+ 1

FeO and FeOusing the B3LYP procedure and 6-3&G* basis FeO

set. The results are disappointing: FeO states with multiplicities M=1 M=3 M = 52 M=7 M=9

5 and 7 are nearly degenerate in energy. Moreover, the latter is 16126 15991 16082 16910 19802

lower by 0.01 eV and should be assigned as the ground state in,,.  go4 936 907 800 463

contradiction with experiment. The spectroscopic constants of E,, —0.96946 —0.98221 —1.01741 —0.977 48 —0.760 79

FeO (B+ 1= 5) computed with this approacR{= 1.668 A ure 0.74 1.54 3.50 5.00 6.38

and we = 808 cnTl) are in rather poor agreement with #o —0.74 0.46 0.50 1.00 1.62

experimerft® (1.616 A and 881 cmt, respectively). Thé\yq of Qre 9-8%5 9-0328 —()(544(,)0 _%33% 6%28

FeO is 2.23 eV, which again is well above the experimental Df\)/l 3.40 415 4.37 1.86 0.37

valu€¢’ of 1.49 eV. A similar trend for B3LYP to favor high-

multiplicity states was observed for Fe@s well3! It is for FeO

this reason, all our following calculations are done at the BPW91 M=2 M = 4p M=6 M=8 M =10

level of theory. Currently, there are no experimental techniques g, 1 6243 1.6323 1.6850 1.6928 2.0060

that can measure the magnetic moments at a given atomic citew, 861 849 792 796 446

in a gas-phase cluster. However, the total energies of the neutralEox:  —1.03307 —1.06321 —1.05590 —0.95794 —0.768 45

and charged clusters corresponding to the ground-state multi-#re 1.14 2.66 4.48 5.98 7.53

plicities can be used to study the electron affinities, ionization :8%2 9'0323 _0(')550 _10'%26 _1'31

potentials, and fragmentation energies for which experimental Qze —0.64 067 ~0.70 034 0.04

data are available. A good agreement between theory andpwm 0.71 0.76 0.45 1.31 2.65

g)iperlmte?t therf1 t\;1al|d71tets ti’1e atccu'racy (?f tlrletcalgula'ilonf and Experimental dataR. = 1.616 A o, — 880.6 cmr’19 DM —

Interpretation or the clusters atomic and electronic Structure. 4 2, g2 pepye? b Calculational data:Re = 1.652 A, we = 846

We have calculated the electronic affinities, vibrational frequen- ¢p-1.10

cies and fragmentation energies of edd FeQ@™ clusters. In ) o . )

the following, we present these results. anion by flipping the spin of # electron-it costs only about
1600 cnt? or two vibrational quanta.

The anionic states witll = 2 and 10 are stable with respect
to the neutral parent states of corresponding multiplicities but
This section is divided into several parts where we discuss are unstable with regard to low-lying neutral states. These states
(@) the equilibrium geometries, (b) charges on atoms and spinshould be considered as metastable, although they can have
distributions, (c) vibrational frequencies, (d) electron affinities, appreciable lifetimes since their decay requires flipping spins.
and (e) thermodynamic stability of neutral and negatively The state witiVl = 8 is higher in total energy than the neutral
charged Fe@clusters. state withM = 7. This state seems to correspond to a resonance
(a) Geometries and Electronic Configurations of Fe@and similar to resonances observedsp system& and could be
FeO,7,n =1—4.FeO and FeO. Table 1 provides a summary studied with special DFT-adjusted methods developed within
of the results of our calculations for FeO and Fe®he ground ab initio theories (see, e.qg., ref 68). Because the dipole moment
state of FeO is found to b&\ (90%472563), in agreement with of FeO is sufficiently large, the FeOanion also possesses
experiment?20.66and previous theoreticd2” calculations. As dipole-bound states, which have been observed experimehtally.
is seen from the table, our computed equilibrium bond length,  According to the NBO analysis, the atomic configurations
harmonic frequency, and dipole moment are in good agreementin the ground state of FeO are Fe{8d-64p’0%) and
with experimengl56 The states with multiplicities\ = 2S + 0(28-92p*83°0Y), There are one bonding orbital in the
1) of 3 and 7 are higher in energy byl eV. Interestingly, representation (30% Fe 4s3d70% O 2s2p) and three bonding
even theM = 9 state is still thermodynamically stable toward MOs in the S representation (the first and the second MOs
dissociation to the ground-state Fe and O atoms. According to contain 30% Fe 3d- 70% O 2p and the third MO is again
the natural bond analysis (NBO), the natural configurations in 30% Fe 4s3dt- 70% O 2s2p, but the admixture of Fe 4s and O
the latter state are Fe(E3d>-64p-09) and O(289%2p*29); i.e., 2s does not exceed 5%).
the 4s electron is promoted to a vacant 4p orbital of Fe. This FeQ, and FeQ~. The results of our computations are
analysis shows two bonding orbitals for minority-spin elec- summarized in Table 2. We found the ground state of FeO
trons: one is of the Fe 4p0 2p type, and the other one is a be 3B; (11a'6b%4b'1a?) followed by two other states$A;
hybrid Fe 4s3e-O 2p molecular orbital (MO). Attachment of  (10a'lla'6b,’4b?18?) and®B; (10allla'6b,?4b 281, which
an extra electron to the ground-state of FeO can result in bothare above the ground state by 0.03 eV (0.7 kcal/mol) only. All
high- and low-spin state${ = 6 or 4, respectively) of the FeO these three states have similar bond lengths,38adchnd3A;
anion. The quartet*(\, 95%47263) anionic state is more stable states have similar bond angles. Andrews €t &lave found
(by 0.2 eV) than the sextet statéA( 901100472163 and that the®B; state is lower than théB; state by 2.4 kcal/mol at

Results and Discussion

corresponds to attachment of an extra electron to ¢thil9Q of the B3LYP level, which is in disagreement with their experi-
FeO in agreement with previous assignmértsMagnetic mental findings. In a later papétthe authors found the correct
moments of Fe in the quartet and sextet states of Fdifer ordering of the states when they used the BP86 method. The

by 2 us. Since the bond lengths are rather similar, it means that A, is above the grounB; state by 4.05 eV, and tHB, state
it is energetically easy to increase the magnetic moment of theby 2.63 eV.
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TABLE 2: Equilibrium Bond Lengths ( Re, A), Equilibrium Bond Angles (0OFeQ°, Degrees), Harmonic Vibrational
Frequencies (, cm™1), Total Energies E, Hartrees, Relative to —1414), Magnetic Moments of Atoms ga:, Bohr Magnetons),
and Charges on Atoms Qa:, €), Computed According to the Mulliken Population Analysis Scheme, as Well as Dipole Moments
(DM, Debyes) of FeQ and FeO,~ Corresponding to the Lowest Energy States for a Given MultiplicityM = 2S + 1

FeQ
M=1 M=3 M=5 M=7 M=9
l'A1 381 3A1 582 SAl 7B2 QB1
Re 1.5771 1.5867 1.5900 1.6128 1.8284 1.7341 1.8859
[JOFeO 1425 137.9 142.0 117.1 47.6 120.5 69.7
w(a) 199 197 212 296 425 140 313
w(a) 928 910 899 895 838 719 611
w(by) 1033 1019 1003 932 320 475 358
= —0.258 34 —-0.270 77 ~0.269 78 —0.268 98 —0.1768 6 —0.208 39 —0.098 35
Ure —0.02 2.08 2.16 3.06 3.18 3.78 5.02
Lo 0.01 —0.04 —0.08 0.47 0.41 1.11 1.49
Qre 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
FeQ™
M=2 M=4 M=6 M=8 M=10
2A2 281 482 GAl BBZ 10A1
Re 1.8308 1.6228 1.6422 1.7119 1.7953 1.9198
JOFeO 46.1 148.0 129.8 141.6 90.0 67.4
w(a) 551 177 173 200 218 309
w(ay) 913 843 834 751 681 574
w(by) 349 972 890 797 524 371
Ewot —0.209 51 —0.349 84 —0.354 22 —0.341 34 —0.254 58 —0.085 84
lire 1.06 1.24 2.66 3.94 478 6.24
Lo —-0.03 —0.12 0.17 0.53 1.11 1.38
Ore —-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

Similar to FeO, the FeQ~ anion has three closely spaced

FeO; and FeQ~. The results on these clusters are sum-

states, all of which have their total energies lower than the total marized in Table 3. The ground state of Ré®a singlet A7,
energy of the neutral ground state; i.e., these states are stablé¢7a')3(6e')*(3a")3(1&')%(1€")¥ possessingDa, symmetry,
with respect to autodetachment. The ground state of,F&D which in agreement with previous theoretical resédt® This
‘B, (11al6b?4b 12t followed by the 2B; (+0.12 eV, implies that iron in the ground state of Fe@as no unpaired
11a26b,24l11a?%) and®A; (+0.35 eV, 1Q'11a'7bM4b 1251 electrons and no permanent magnetic moment can be found in
states. Other anionic states displayed in Table 2 are eitherthis cluster. The first excited state of Fe@ith M = 3 presents
metastable with respect to detachment of an extra electron ora slightly distorted equilateral triangle @, symmetry with
unstable 1 = 10). Using a CAS-PT2 approach, Sctieo et the electronic configuration (1g&b,%°4b,22a?) and is separated
al %% have found the ground state of F€Qo be a quartet as  from the ground state by 0.37 eV. This energy separation is
well, which is close in energy to the sextet state. The magnetic somewhat larger than the corresponding energy differences
moment at Fe is 2g in the ground state of FePwhich means between low-lying states in FeO and Fe@\ subsequent
that the magnetic moment is quenched upon attachment of theincrease in the multiplicity leads to a lowering in symmetry
second oxygen atom to FeO. Interestingly, the Mie= 5 states from Dan (M = 1) to Cs (M = 7). The latter state, which is
with different spatial symmetries of Fe@ave nearly the same  higher in energy by 3 eV with respect to the ground state, has
magnetic moments at Fe (see Table 2), although they areelongated bond lengths and is still stable toward the dissociation
separated by an energy gap of 2.5 eV. to FeQ + O. Optimized structures of different configurations
The atomic electronic configurations in the ground state of are presented in Figure 1.
FeQ are Fe(4$3Bd5UpP0%%) and O(2892p*5Bp0Y. There Attachment of an extra electron to the ground state of#eO
are two and four bonding MOs in tleeand representations, results in the 3A,, C,,) state of Fe@ . Note that the lowest
respectively. The atomic configurations in the ground-state unoccupied MO in the ground state of Fel@as € symmetry;
anion are Fe(49BdP>H4p 115202 4005001 and therefore, spatial symmetry of the doublet anion is reduced due
0(28-92p>08B<>013pP-0%). The anion has one and three bonding  to the Jahr Teller effect. Attachment of an extra electron into
MOs in thea and 3 representations, respectively. the a MO of the FeQ triplet state produces the doublet anion
Following the work of Andrews et afl we have also state Cy,, 2A,), whereas attachment to a vacaptO results
optimized cyclic (or peroxide, ow?-complex) Fe(@) and in the (A1, Dan) state. Both these anion states have similar
superoxide (omi-complex) FeOO configurations in addition geometries and the quartet state is only marginally (by 0.015
to the OFeO configuration presented above. The lowest in total eV) lower than the doublet state. Thus, one can surmise that
energy are states of FefCand FeOO with the multiplicity of attachment of an additional electron leads to the appearance of
5, and they are placed above the OFeO ground state by 2.56a permanent magnetic moment at Fe, which (statistically) equals
and 2.97 eV, respectively. A detailed report on the structure of 1.5ug. The next anion state witM = 6, although being well
OMO, M(0O), and MOO configurations in the series of 3d- separated from two lowest states, is still stable with respect to
metal dioxides (M= Sc—2Zn) will be presented elsewhefg. autodetachment to the neutral ground state. So, thg Fa@on
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TABLE 3: Equilibrium Bond Lengths ( R(Fe—0,,) and
R(Fe—0¢g), A),2 Harmonic Vibrational Frequencies (o,

cm™1), Zero-Point Energies (in kcal/mol), Total Energies
(Etwt, Hartrees, Relative to—1489), Magnetic Moments of
Atoms (ua;, in Bohr Magnetons), and Charges on Atoms
(Qat, €), Computed According to the Mulliken Population
Analysis Scheme, as Well as Dipole Moments (DM, Debyes)
of FeO; and FeO;~ Corresponding to the Lowest Energy
States for a Given Multiplicity M = 2S + 1

FeQ
M=1 M=3 M=5 M=7
Dan, *A'y Cau *A2 Ca, °A2 Cs A"
R(Fe—0a) 1.5770 1.5878 1.6364 1.6591
R(Fe—0¢9) 1.5770 1.6041 1.6364 1.7654
w(@'") =155 w(b) =111 w(a) =89 w(d)=101
w(€) =329 w() =197 w(e)=211 w(@') =137
w(€) =329 w(a)=343 w(e)=211 w(d)=210
o(a') =915 w(by) =858 w(e)=599 w(d') =505
w(€)=1018 w(a) =858 w(e)=599 w(d)=1618
w(€)=1018 w(a)) =989 w(a) =827 w(d) =802
z 5.38 4.80 3.63 3.39
Eot —0.51505 —0.50125 -—0.46964 —0.40402
lire 0.0 1.58 1.95 2.79
U0g 0.0 —0.28 0.68 0.98
UOeq 0.0 0.35 0.68 111
Fe 0.45 0.49 0.44 0.43
Qo,, —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
FeG
M=2 M=4 M=6 M=8
Ca, 2A; Dan, %A’y Ca,, A1 Cs BA"
R(Fe—0.) 1.6037 1.6423 1.6887 1.8387
R(Fe-0Oep 1.6258 1.6423 1.7306 1.8218
w(b) =191 w(b) =176 w(b,) =109 w(d') =101
w(b) =252 w(by) =307 w() =137 w(@)=119
w(a) = 333 w(a) =308 w(a) =218 w(d)=133
w(b) =805 w(a) =806 w(by) =677 w(@')=480
w(a) =846 w(by) =899 w(a) =720 w(d)= 486
w(a) =961 w(a) =900 w(a) =795 w(d) =609
z 4.85 4.86 3.80 2.76
Eot —0.63656 —0.63596 —0.57076 —0.49059
UFe 0.68 2.24 2.92 3.79
Lo, -0.14 0.25 0.43 1.21
UOgq 0.23 0.25 0.82 1.00
Qre 0.34 0.41 0.34 0.33
Qo,, —0.43 -0.47 —0.55 -0.41
Qog, —0.45 —0.47 —0.39 —0.46
DM 0.61 0.0 0.03 2.13

2 The subscripts “ax” and “eq” designate one nonequivalent and two
equivalent oxygen atoms, respectivelys,, is the sum of magnetic
moments on two equivalent oxygen atoms.
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Energy Spacings and Symmetry of Iron Trioxides

AEgot

-3.3
D3p

Figure 1. Geometrical configurations of the ground and excited states
of Fe and Fe@ . Bond angle$10,FeQqand0:feQyq(in degrees)
between equivalent pairs of oxygen atoms are as followszF&20.0

and 120.0 = 1); 123.0 and 113.9y = 3); 118.0 and 118.0M =

5); 96.4 and 159.8M = 7); FeQ: 122.7 and 114.6M = 2);120.0
and 120.0 = 4); 135.1 and 89.8M = 6); 98.7 and 149.5M = 8).

the following electronic configurations of the FgOanion:
Fe(4843d5-64p009), O, »(28-92p*79), and Q(28-92p*679). The
anion has seven bonding orbitals and seven lone pairs ia the
configuration and nine bonding orbitals and four lone pairs in
the 3 configuration. Thus, the extra electron is delocalized over
oxygens, which results in a relatively highq of FeG; (about

3.3 eV). Attachment of an extra electron transforms a lone pair
of FeQ; into two bonding orbitals in Fef), which results in a
higher thermodynamic stability of the latter.

FeO, and FeQ™. The results on these clusters are given in
Table 4, and geometrical configurations are displayed in Figure
2. Iron in FeQ has fully saturated its formal valenck € 8),
and the ground state of Fg{3 expected to be totally symmetric.
Indeed, according to the results of our computations,
equilibrium configuration ha$y symmetry {A;, 6a26t,61e*1t,5),
which is in contradiction with the result of Chertihin et3al.
who predicted a configuration FFeQ with C,, symmetry to
be the lowest in energy. This configuration is followed by a
configuration ofTy symmetry that lies 7.5 kcal/mol higher. On
the contrary, we found the @FeQ configuration {A, 14a2-
7h26:223,%) denoted in Table 4 ah,, A1) to be higher in

its

has at least three states stable toward autodetachment of thenergy by 4.7 kcal/mol with respect to tfig configuration.

extra electron. The anion state with = 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
FeQ; and Fe@™ presented in Figure 1 are either planar or nearly
planar. For ordinargpcompounds it is not so: spin excitations

There are no experimental data on the gas-phase geometry
of FeQ,; however, isoelectronic RuQand OsQ are experi-
mentally found to havéy symmetry’2 Taking this into account
and keeping in mind that our computations are performed with
a somewhat bettespdf basis than that used by Chertihin et
al. 32 we expect the ground state of the gas-phase,feh@ter

result generally in dramatic changes in geometry, which usually to possess &; configuration. Experimental confirmation of our

are described in terms sp hybridization. Also, attachment of

prediction is eagerly awaited.

an extra electron leads typically to rather appreciable changes To understand the internal structure of these two closely

in the geometry of a neutrasp parent. On the contrary,

spaced isomers of FeQwe discuss in the following the results

attachment of an extra electron does not lead to a considerableof our NBO analysis for botfiy andC,, singlet states of Fe

change of either bond lengths or bond angles in iron oxides.

According to the NBO analysis, iron has a{38d%6%4p°-039
configuration and each oxygen has a{Z&p*39 configuration
in the ground state of Feand there are seven bonding orbitals
(plus six lone pairs). Attachment of an extra electron results in

The electronic configurations of atoms in Fe&e as follows:

Ty Fe(48273c0-684 0024 0.015¢0.0 and O(2%92p*39, and there

are eleven bonding orbitals and five lone pafts; Fe(482%
366650009 O; A25-92p*39), and Q 4(2s-82p*29, where Q »
refers to oxygens with shorter bond lengths and a larger bond
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TABLE 4: Equilibrium Bond Lengths, Harmonic Vibrational Frequencies, Magnetic Moments of Atoms, and Dipole Moments
of FeO, FeQ, for Different Multiplicites M = 2S + 12

FeQy
M=1 M=3 M=5 M=7
(Ta, A1) (Ca, *AY) (Ca,*B2) (Ca, 5B) (D2d, "A2)
Ri2 1.5961 1.5691 1.5843 1.6172 1.7095
Rs.4 1.5961 1.7805 1.6714 1.6974 1.7095
w(e)= 361 w(by) = 255 w(ay) =271 w(by) = 89 w(e)=177
w(e)= 361 (b)) = 259 w(a) = 284 w(a) = 153 w(e)=77
o(ty) = 412 o(a) =317 o(by) =317 o(by) = 157 w(by) = 168
o(t) = 412 o(a) = 320 o(by) = 343 (a) = 191 (a) = 248
o(ty) = 412 w(by) =577 w(a) = 363 w(ay) = 320 w(by) = 273
o(a) = 881 o(ay) =592 o(by) = 692 o(by) = 656 w(e)=537
o(ty) = 955 w(a) =972 w(a,) = 807 w(by) = 684 w(e)=537
o(ts) = 955 o(a)) = 1005 o(a)) = 945 w(ay) =739 w(by) = 732
o(ty) = 955 w(bs) = 1018 w(bs) = 984 o(a) = 832 w(as) = 738
Z 8.15 7.60 7.16 5.46 4.84
Ecot —0.71065 —0.703 08 —0.681 37 —0.647 87 —0.601 57
UFe 0.0 0.0 0.43 0.84 1.66
lo, 0.0 0.0 —0.06 0.48 1.085
103, 0.0 0.0 0.84 1.10 1.085
Qre 0.15 0.39 0.15 0.12 0.18
Qo,, —0.04 —-0.17 —0.07 —0.08 —0.045
Qos, —-0.04 —0.03 -0.0 0.025 —0.045
DM 0.0 0.0 0.28 0.24 0.0
FeQ~
M=2 M=4 M=6 M=8
(Da2g, ?A1) (Ca, 2A2) (Ca, *B2) (D2g, °B2) (D2n, 8A2)
Ri2 1.6312 1.6121 1.6276 1.7134 1.7833
Rs.4 1.6312 1.8132 1.6983 1.7134 1.7833
o(a) = 314 w(bp) = 219 o(ay) = 230 o(a) = 160 o(by) = 113
o(by) =317 w(by) = 223 w(a0) = 242 w(by) = 167 w(ay) = 153
o(by) = 364 o(a) = 235 o(bs) = 250 o(by) = 167 o(bs) = 182
w(e)=378 o(a) = 318 w(by) = 272 o(ay) = 266 w(ay) = 235
w(e)=378 o(by) = 418 w(ag) = 347 w(ay) = 314 o(ay) = 290
w(a) = 825 w(as) =576 w(br) = 620 w(br) = 546 o(bs) = 595
o(by) = 848 w(as) = 891 w(ay) = 768 w(by) = 547 w(ay) = 601
w(e)= 880 (b)) = 908 o(by) = 830 w(a) = 728 (by) = 604
w(e)= 880 o(ay) = 925 w(ay) = 862 w(a)) = 824 w(ay) = 660
Z 7.41 6.74 6.32 5.32 491
Etot —0.84886 —0.814546 —0.82299 —0.77231 —0.72115
Ure 0.55 0.65 1.01 1.80 2.82
1oy, 0.11 0.17 0.26 0.80 1.04
Uoss 0.11 0.01 0.735 0.80 1.04
Qre 0.20 0.36 0.20 0.22 0.33
Qo,, —-0.30 —0.435 —-0.34 —0.305 —-0.33
Qos, —0.30 —0.245 —0.26 —0.305 —-0.33
DM 0.00 0.54 0.18 0.0 0.0

aBond lengths R(Fe-0))] are in A, harmonic vibrational frequencies) are in cnT, zero-point vibrational energieg)are in kcal/mol, total
energies o, relative to—1564) are in hartrees, magnetic moments are in Bohr magnetons, and charges on ato@s, (in €), computed
according to the Mulliken population analysis scheme, as well as dipole moments (in Débiesexperimental FeO bond length measured for
a [FeQ]? unit in salts is 1.65@= 0.010 (see ref 71).

angle. In the latter case, one sees an increase in the donation oéV. In this state, the magnetic moments of oxygen atoms are
O 2s into the bonding due to a shorter-O distance. Thi€,, localized at the sites forming a longer bond (see Table 4). This
isomer has 10 bonding orbitals and five lone pairs; i.e., formally, could indicate that the latter oxygens behave as monovalent
it is less preferable with respect to thgisomer, whose structure  ligands, having one unpaired electron each. Let us recall that
seems to provide a better opportunity for bonding. It is worth the ground state of the oxygen molecule is a tripf&y().
mentioning that although the iron atomic configurations are Further excitations up té1 = 7 lead to equalizing all bond
nearly the same in both cases, the individual 3d atomic orbitals distances irD,y symmetry, where all oxygen atoms have the
have different populations. In thgy case, 3d populations are  same formal valences = 1.

the following: 3<i)',4.° _30&2'40 3d 3¢}_'229 3 z'igyz_ (a classic The lowest unoccupied MO of Fq@n its ground state has
example of e-t; splitting of an atomic d manifold by &4 E symmetry and filling of an extra electron into this MO should
crystalline field), whereas in the,, case, they are 3d°3d;> lead to a JahnTeller distortion of the resulting anion. Indeed,

3d,;*3d;° 3. Another view is to consider the,, isomer  the ground state of FeQ is a doublet ofD,g symmetry fAs,

as “FeQ’, where one oxygen is replaced by a single-bonded 8a'6€'7b,?2b°1a!) and its geometry represents a slightly

molecular dioxygen. distorted tetrahedron. The optimized bond length of 1.631 A is
According to our calculations, the triplet state of Retas close to the value of 1.656 0.010 obtained in an X-ray study

C,, symmetry and is separated from the ground state by 0.8 of salts formed by organic ligands and [F2Q.7! The
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M=8
R -0.3 eV
k M=5 M=6
; 1.7 eV -1.7 eV
‘ M=2
L b -2.8 eV
&
M=1 M=4
b 0.2 eV -3.1 eV
¢ i i
E M=1 M=2
0.0 eV A -3.8 eV
FeO4 FeOy4-

Figure 2. Geometrical configurations of the ground and excited states
of FeQ,and FeQ@ . Bond angles (in degrees) between equivalent pairs
of oxygen atoms are as follows. FgQ09.47 M = 1, Ty); 119.1 and
45.8 M =1, Cy) 115.9 and 88.5M = 3); 116.2 and 88.7M = 5);
81.7 and 81.7Nl = 7). FeQ~. 110.0 M = 2, Dy); 116.2 and 47.2N

= 2); 113.7 and 91.1M = 4); 86.0 and 86.0M = 6); 103.0 and
103.0 M = 8, D).

anion has the second doublet state @f symmetry £A,,
14a%7,%6b,23aY), whose geometry is similar to that of tHe\(,
Cy,) neutral state (see Table 4 and Figure 2). TAg state is

Gutsev et al.

(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 Tabids 1
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 FgQ@lusters.

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 Fe(hus, 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 FeQ) thus making Fe@ clusters
more thermodynamically stable than neutral Fé&D n = 2—4.

The magnetic coupling between Fe and oxygen atoms ip FeO
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 dengifig¢s
= o%(r) — pf(r) after separating it into partial atomic contribu-
tions.

One can see from Tables-2 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 approchingglor 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

separated from the ground anion state by 0.93 eV (21.5 kcal/ distributed over ligand atoms as well.

mol), i.e., the anion appears to be more rigid than its neutral
parent, and we will see below that the ReOanion is
thermodynamically more stable than Fe@ccording to the

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-

NBO analysis, the ground-state anion has seven bonding orbitalshased molecular spirorbital. The latter leads to an increase

and ten lone pairs in thet representation and ten bonding
orbitals and six lone pairs in therepresentation. It€,, isomer

is less bound, having five bonding orbitals and twelve lone pairs
in the a representation and six bonding orbitals and ten lone
pairs in thef representation. In the ground-state anion, the
atomic configurations are Fe@&¥3d-6%Up° o409 and
0(28-92p*%9; i.e., the additional electron is delocalized over
four oxygen atoms. More specifically, the highest occupied MO
of FeQ is a linear combinationdy(Fe) + px(01,05) —
p«(02,04) 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 Fefrepresents a closed-shell system
with fully saturated formal valences, one could anticipate, by
analogy withsp compounds, that attachment of an additional
electron to Fe@will lead to a weakly bound anion. Surprisingly,
the FeQ™ anion is not only rather stable with respect to its

in the number ofx electrons with respect to the number/f
electrons on oxygens and, consequently, to an increase in the
magnetic moments on oxygens.

(c) Vibrational Frequencies. Andrews et aP32 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’*

OFeQ Two sharp bands at 945 and 797 ¢rwhich should
correspond to the jantisymmetric mode active in infrared
spectra, were attributed to the bent OFeO mole&ulss seen
from Table 2, the peak at 945 crhcould correspond to the

ground-state parent but also possesses several excited stateFeQ, ground statedy(b,) = 1003 cntl]. At the same time, one
all of which are stable with respect to autodetachment. Even can attribute this peak to th#8; state of the aniond(b,) =

the exited state withvi = 8, whose configuration can be
described as [Fe()], is still bound by 0.3 eV compared to
the neutral ground state. Actually, two different types of
[FeO,"][Na'] centers have been observed in a silica gléss.

972 cnt!] and the peak at 797 crh to the 6A; state of the
anion fw(by) = 797 cnl]. The presence of several closely
spaced states in both neutral and negatively charged species
with unknown concentrations together with the lack of informa-
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tion on symmetric stretching modes makes precise assignmenfTABLE 5: Adiabatic Electron Affinities ( Asg) of Neutral

of experimental findings rather difficult. Species and Vertical Detachment Energiek.q) of the
FeOs. Andrews et aP! assigned the 975.8 crhband to the Corresponding Anions Calculated According to eqs 4 and 5
antisymmetric stretching fundamental of the ground state;FeO o Fe Q FeO Fe@ FeQ FeQ

species. Our computed frequency for the ground-state o FeO A, 163 061 047 126 229 3.34 3.79
w(€) = 1018 cnt! is in reasonable agreement with this  Eux 163 061 096 129 252 3.47 3.90
experiment. exp 1.46 0.16 0.44 1.49 2.36 3.26 3.30
FeQ,. The experimental assignment of bands for singlet and = aj values are in eV® Experimental values for atoms are from ref
triplet states of Fe@was based on results of calculations 80; for O; are from ref 81: for FeO are from ref 7; for FereQ,
performed in the same wofk.Assignment of the 968.9 cm and FeQ are from ref 6.
band to the (@FeQ isomer, corresponding to th&€4,,'A1)
configuration in Table 4 does not contradict our results, since FeO4
the most intense mode(by) is at 1008 cm*. No assignment Rt 0.2 eV W\
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 Re@nion, which are =
getting close to experimental fundamentals measured for
[FeQy]?~ units in salts’® namely,v(E) = 322, v(T,) = 340, 3.9eV
(A1) = 790,v(T2) = 832 cnrl,
(d) Electron Affinities. The adiabatic electron affinity2;)
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 thg as FeOgq
Figure 3. Scheme of detachment of an extra electron from two states
Ad= BE(NR) + Zy = E(AR ) — Zy = of Fey”.
ad
AEg + AE (4) have been calculated according to eqs 4 and 5, respectively.

The results are compared with experimental data in Table 5.
whereRe andRe™ denote equilibrium bond lengths of a neutral \we have also calculated electron affinities of O, Fe, and O
molecule (N) and its anion (A), respectively. The zero-point since there are available experimental 4. With the
vibration energies4) are computed usually within the harmonic  exception of the Fe atom, our results agree well with experiment
approximation. (note that the experimental value for, @orresponds to the
Another useful quantity that characterizes a “sudden” detach- adiabatic electron affinity). The poor agreement in the case of
ment of an extra electron from an anion, i.e., when clusters hadthe Fe atom is easily understandable, as one needs to use
not enough time to relax after removal of the extra electron, is suyfficiently diffuse basis functions, which are lacking in the
the so-called vertical detachment energyg). TheEvs can be  standard 6-31+G* basis set for Fe, to describe loosely bound
calculated as electrons. This becomes a less severe problem in clusters as
bonding makes electrons less diffuse. Pagof FeO has been
E¢=Eu(NR) — E(AR.) (5) measured by two experimental grodp$,and our value is
somewhat underestimated compared to experiment (by 0.23 eV).
In many cases, thd&,q corresponds to a feature with the As one can notice from Table 5, the adiabatic corrections,
maximum (or near-maximum) intensity in the corresponding defined as the differences between fhgs andE,4's of each
envelope of a photoelectron spectréfComparing the com- FeQ,—FeQ,~ pair, are rather small, which is indicative that
puted Aqq and E,y for a particular aniofrneutral pair allows attachment of an extra electron does not lead to significant
one to evaluate “nonadiabatic” correcti6hselated to the changes in the geometry of neutral ground-state parents. This
difference between equilibrium geometries of an anion and its is unlike the situation in the majority of th&p clusters, where
neutral parent. If such corrections are large, the origin of the attachment of an extra electron, especially to closed-shell
photodetached electron envelope cannot be resolved accuratelgpecies, results in considerable geometric changes. In many
because corresponding features will have small intensities (of casessp anions have geometrical shapes different from those
the same order of magnitude as the background) due toof their neutral parent&82:83
vanishingly small FranckCondon factors. This is definitely ExperimentalA,q estimate3® for FeQ, and FeQ are within
the case for such molecules as,@8 SF. In the first case, the 0.1 eV from our values, whereas a discrepancy of 0.5 eV is
experimental photoelectron spectrum “disappears” at about 0.8observed for Feg)see Table 5). On the basis of previous results,
eV, whereas thé\,q of CS; is computed to be 0.3 e¥?. This we expect the accuracy of our calculations not to be worse than
“discrepancy” is related to large changes in the geometry of 0.1-0.2 eV; therefore, such a discrepancy appears to indicate
CS (from linear to angular) upon attachment of an extra that either an electron is detached from some excited anion state
electron. In the second case, the attachment of an extra electroror from an isomer of the ground-state Fe@nion. As a matter
leads to a rather large increase in the bond length without of fact, the A,y of FeQ; with respect to the?A,, C,,) anion
changing the octahedral symmetry. Again, FranClondon state is 3.07 eV and the vertical attachment energy from this
factors for the 6-0 transitions appears to be too small and the anion isomer is 3.24 eV, which corresponds to the location of
peak with highest intensity is observed at about 3.2 eV, whereasthe first low-energy peak in photodetachment spectra of Wang
the Ayq is about 1.0 eV? et al® Figure 3 presents a schematic picture of the energies
Adiabatic electron affinities of the neutral Fg®eries and needed for detachment from the ground-state anion and its
the vertical detachment energies of the corresponding anionsisomer.
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TABLE 6: Energies of Vertical Electron Detachment from TABLE 7: Fragmentation Energies [Do(De), V] of FeO,
Low-Lying FeO,~ States (See Texf) and FeQ,~, Computed According to Eq 6
FeQy FeQy FeQ~
FeQ 25t1 channel Do (De) channel Do (De)
25+l symm AEo 1 3 5 0,—20 583(572) @ —O+0- 4.64 (4.57)
2 Dag 0.0 3.9 4.9 FeO— Fe+ O 5.32(5.22) FeO—Fe+ O~ 4.94 (4.89)
Ca 0.9 3.2 4.2 —Fe +0 5.96 (5.91)
TS By, B, 1.4 2.8 3.8 FeQ—Fe+ 0O, 4.30(4.27) Fe@ —FeO+ O~ 5.44 (5.39)
4 Co 0.7 4.9 4.9 —FeO+ 0 4.80 (4.73) — FeO + O 5.83 (5.78)
. . —Fe +0; 5.96 (5.95)
All values are in eV. —Fe+ 0Oy 6.13 (6.09)
To check if additional anion states may be responsible for Ea%ea ieg +0 igg ((2'38 f?:geyq_: ieg + 0 g:gg ((ggg))
the appearance of low-energy features in the photodetachment —FeQ+ O 6.23 (6.16)
spectra, we have optimized the anion geometry witBip — FeO+ Oy~ 6.40 (6.33)
constraints for all four types of irreducible representations of Fe(':la ieg +0; é-gg (éﬁ% F?:GTO:’ ieg' +0; g-‘ég ((33’23
this point-group symmetry starting with tHé, geometrical —re : L) Trety : :
p group sy y g 29 —FeQ + O~ 5.28 (5.16)

parameters. The geometry and total energy offhestate have —FeQ,+ 0O 5.36 (5.27)
converged to the ground-state geometry and the total energy, ) ]
respectively, wherea®; and 2B, states were found to have * Experimental bonsd rupture energies are 5.12 :md 4.1 eV for O
the same geometrical parameters which are close to those of"d Q . respectively’’ and 4.03+ 0.13 eV for FeC:
the neutralM = 3 state and are energetically degenerate.
Frequency calculations have yielded one imaginary mode of
the @ symmetry, which couples these two transition states
B1*a,*B2 = Aj). Coupling through a mode of correspondin ) .
gy;nrrﬁetr; canl)lead ?o g transﬁion into the groung o g Altho.ugh larger basis sets_(and better _exghange-correlatlon
stationary states. functionals) seem to be required for quantitative agreement, we
Summary of our calculations of the vertical detachment believe that our results reproduce qualitative trends in both series

energies of different states of FgGare presented in Table 6. 'ather correctly. _
As is seen, detachment of an extra electron from the isomer (We note two novel results from Table 7. First, the lowest
= 2, Cy,) anion state could explain the appearance of low-energy dissociation channel corresponds to the abstraction ofdirer
features at 3.23.3 eV, which have essentially lower intensities DUt notan oxygen atom, as is usually the casefmompounds
than the features aroune4.0 eV in the photodetachment spectra  and titaniun®® vanadiunt® or chromiunt” oxides. The only
obtained by Wang et &lThis isomer, which could be produced ~xception is noted for FeO where the lowest dissociation
by vibrational excitations of the ground-state anion (in case it channel corresponds to the loss of .Orhis is because the
is not already present in the initial anion flow), should have a difference in the EAs of Fe and O is larger than the difference
relatively large lifetime, since the computed barrier to its in the bond rupture energies in FeO ang Second, the anions
interconversion to the ground state~€.6 eV. FeQ, FeQy, and FeQ™ are thermodynamically more stable
The Aqq of FeQ; is close to the EA of F atom (3.40 eV) and  than their neutral precursors. FgQs the most stable cluster
the Aqq Of FeQ, exceeds the EA of Cl (3.62 eV), the most agdainst fragmentation among this series.

and compared with the only available experiment on FeQ;,
and Q.56 Our theoretical values are overestimated~b§.5
eV (11.5 kcal/mol) for @ and @~ and by 1 eV for FeO.

electronegative atom in the Periodic TaBleThus, FeQ can In the neutral clusters, we can see a gradual decrease in bond
be attributed to the class of superhalogéuiespite its closed-  rupture energies with increasimg The difference between the
shell structure. This is in sharp contrast with compounds,  energies of decay channels with evolution efadd O increases

where superhalogens of the M@pe (e.g., AIQ, PO;, CIOy4) from FeO to Fe@ The same trends do not hold for the anion
do satisfy the relation® = k + 1, wherek is the maximum series, which is lacking a gradual decrease in the dissociation
formal valence of the central atom M, and an extra electron energies with the increase mand energy differences between
fills in the MO, which does not contain contributions from the two uppermost decay channels tg @nd O are rather small.
central atom by symmetsf. The higher thermodynamic stability of FeCand FeQ with

(e) Thermodynamic Stability. The thermodynamic stability ~ respect to their closed-shell neutral parents is again in contradic-
of clusters can be studied by analyzing their fragmentation tion with the usual trends ispcompounds, where, usually, only
energies that correspond to the differences in total energiesclosed-shell anions are more stable than their parent radicals.
between the parent and clusters formed in a particular decayln the case opsuperhalogens, the neutral MX systems are

channel, namely, either barely stable (Lif LiCl,, NaR, and NaC},%8 BF, and
AIF 489 or even dissociative (R®?Y, but the anions are very
Do(M) = > [Ei(F)) + Ze] = E(M) = Zy = stable against the emission of F
1

DM) + AZ, (6) Summary

The zero-point energiegZ, are calculated, as before, by using Our self-consistent calculations of the electronic and geo-
the harmonic approximation. For iron oxides considered in the metrical structure of FeQand FeQ@~ series =1—4) reveal
present work, major fragmentation channels involve @, @D many interesting features. First, iron oxides with lower coor-
their anions as products. dination numbers possess several stationary states that are very
Energetics of various fragmentation channels of both4~eO close in energy to their corresponding ground states. This means
and FeQ series are calculated according to eq 6, which that a change in magnetization (i.e., spin realignment) in the
includes the energy of nuclear motions determined in the clusters is easy to achieve. The ground-state multiplicity of these
harmonic approximation. The results are presented in Table 7clusters decreases gradually from 5 in FeO to 3 inf&@l to
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of FeQ, are in good agreement with recent experimental data.  (33) Lyne, P. D.; Mingos, D. M. P.; Ziegler, T.; Downs, A.ldorg.
This suggests that density-functional theory at the BPW91 level Ch(e3r2)-1%93k32 :735% Re. A 1988 38, 3098

- . . ecke, A. D.Phys. Re. , .

can quant]tatlvely account for the properties of transition metal (35) Perdew, J. P.. Wang, Phys. Re. B 1991, 45, 13244.
oxides. It is found that théfad of the closed-shell Feﬂ:lgster (36) Gutsev, G. L.; Reddy, B. V.; Khanna, S. N.; Rao, B. K.; Jena, P.
exceeds the electron affinity of the most electronegative atomsPhys. Re. B 1998 58, 14131.

Cl. Thus, FeQ presents a new type of superhalogen. o 37 Sutsev, G. L., Rao, B. K.; Jena, P.; Wang, X. B.; Wang, L. S.
The preferred dissociation channels (i.e., channels requiring ~ (3g) Frisch’pM. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
the least energy for fragmentation) in FeBeQ;, FeQ, FeG, Johnson, B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G.

and FeQ@ correspond to abstraction of the @imer rather than C-? g/'onég?me?’v \3 A#? Raghava%hag, KC All"—ah?_mvj M. éAt.;fZakrzeévsls,
o _ . . rz, J. V., roresman, J. b.; 10SIOWSKI, J.; eranov, b. b.;
a r_Upture of an FeO bond. Surpr!smgly, the FeOand F_eQ Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
anions are more thermodynamically stable than their neutral wong, m. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L;
parents. This is in a sharp contrast to what is known for a Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

1 in FeQ. Additional oxygen decoration (i.e., in Fghas no
further effect.

majority of sp clusters.
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