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Density functional theory (DFT) and multiconfiguration self-consistent field (MCSCF) calculations on the oxo
FeQ?~ (Fe'") and the hypothetical oxo FeO(Fe'""), and FeQ (Fe'") and peroxo Fe@O—Oy [z= —2 (FeV),
z=—1(F¢),z=0 (F&")], Fe(0O-0)2[z= -2 (Fé"), z= —1 (F€"), z= 0 (F&V)], and FeO(G-0O)? [z= —2
(Fév), z= —1 (F¢), z= 0 (F&")] clusters are presented and discussed. The results show the potential of stabilizing

Fe'l and F&'! in tetrahedral oxo coordination.

On the basis of absolute electronegativities calculated using DFT,

it is predicted that Fewill be rather oxidizing, even stronger than,@nd Q. On the basis of a comparison
between total bonding energies ofiMFe"'O4 (M1, M = Li, K), MFeV" O, (M = Li, K), and F&''Oy clusters,

possible synthetic routes for electrochemical

I. Introduction

The stabilization of the high oxidation states of the 3d
transition metals (TM) is an important problem in inorganic
chemistry. Examples are the high-copper(lll) oxides and the

materials for energy storage, such as the rechargeable Li batteries

based on oxides of Ni/Ni'V, Cd"/CdV, and MA'/ Mn'V.1
Iron in oxidation states VII (§ and VIl (d° is not known

yet, despite the fact that tetrahedral tetraoxo anions of the

corresponding isoelectronic™/ CrV, and MY' (dY) and VW,
CM, and M (d° do exist? and have been thoroughly
characterized by spectroscopic mea@n the other hand Fé
(d® in the red compound #eQ, has been known for a long
time.

The oxidation states of TM ions in complexes can be

unambiguously identified by spectroscopic methods and can be

interpreted in terms of molecular orbitals (MOs) and their
ground-state occupancies (electronic configuratfohpt us
consider the metalligand bonding starting from an ap-
propriately charged TM ion and the required number of anionic
ligands, each in its closed shell configuration. Fof @M cation

in tetrahedral coordination, the ground-state configuration is
characterized by fully occupied bonding,(&, t) and non-
bonding (i, t;) MOs andn-electrons in the antibonding /e
and b(sr+0) orbitals. While orbital contributions from 3d (TM)
and ligand (L) 2p functions to the bonding and antibonding
orbitals may vary in a wide range, depending on the-Tliigand
covalency and ionicity, transfer of electrons from the nonbond-
ing (L, 2p) to the antibonding.tand e orbitals can take place
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preparation of,Fe@d FeQ species are discussed.
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Figure 1. Lowest (1t — 2e) LMCT energies for the?dMnO,~, CrOs?~

and VQ? tetrahedral oxo anions calculated using DFT (points
connected with lines) and experimental (black circles). The DFT energy
of the hypothetical FeQis also indicated. The plotted experimental
values are taken from the following: Borromei, R.; Ingletto,Ghem.
Phys. Lett1981 81, 62 (for VO#7). Murthy, T. S. N.; Ramalingaiah,S.;
Reddy, K. N.; Salagram, MSolid State Commuri986 60, 715 (for
CrO#). Holt, S. L.; Ballhausen, C. Theor. Chim. Actd 967, 7, 313

(for MnOy47).

either in the ground or in the excited state and reduce by one
the TM oxidation staté.In a recent study using charge-transfer
(CT) spectra, we have been able to recognize many peculiarities
of the electronic and geometric structures of the lower oxidation
states of TM such as'V, CrV, and MrY! (d!) by analyzing the
ligand-to-metal charge-transfer (LMCT) spectra of the corre-
sponding V', C!, and MA"" (d° TM tetrahedral oxo aniorfs.
The electron flow from fully occupied nonbonding (ligand) MOs
to empty or partly occupied antibonding orbitals is enhanced
by interelectronic repulsion, which destabilizes these orbitals
to a larger extent than the energetically close lying antibonding
MOs. This effect is strongly counteracted by the Madelung
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Table 1. Total Bonding Energies|, eV, Spin-Unrestricted DFT Calculations), Ground-State Sgjndnd “d” Configurations of Fe@ Oxo
(O) and Peroxo (©0) [FeQ(O—0)J% [Fe(O-0).)%4 and FeO(G-0)% z= —2, —1, 0. Clusters at Ground-State Equilibrium Geometry

FeQ? (Fe'', ) FeQ~ (Fe, db FeQ (Fe, d°)
E(Ty) = —31.657 E(Ty) = —34.314 E(Tq) = —30.455
S=1,2¢ S=1/2,2é S=0,2¢
FeQy(O—0) (F&Y, df) FeQy(O—0)~ (Fe/, F) FeQy(O—0) (F&, i)
E(Ca) = —29.544 E(Ca,) = —33.548 E(Ca,) = —30.447
S=1, 9a%3a!10a’ S=1/2, 93%3a* S=0, 9a2
Fe(O-0O)*> (F€', &) Fe(O-O)!(Fé", &f) Fe(O-0), (F&V, )
E(D2g) = —26.665 E(Dag) = —31.453 E(D2g) = —28.975
S=1, 5a%,?2b;'5e S=1/2, 5a%5b,%2by* S=0, 5h?5a?
FeO(0O-0)* (FeV, d)? FeO(0-0), (Fe', d®)P FeO(0O-0), (Fe", d?¥)°
E(Cy) = —34.561 E(Cp) = —38.042 E(C) = —34.490
S=0, 23&24& S=1/2, 123121 S=0, 12&

2 Saddle point&(C,) = —34.151 eV,S= 0, 12&1217, E(C,,) = —33.871 eV,S= 0; 9a?7h?  Saddle point&£(Cy,) = —38.024 eV,S= 1/2,
9a?7lyt. © Saddle pointd(Cy,) = —34.394 eV,S= 0, 932

Table 2. Fundamental Vibrational Frequencies (¢mDFT, Spin-Unrestricted Calculations) for Ground-State Equilibrium Geometry of Oxo
(O) and Peroxo (©0) Fe Clusters

Ty a € 72(1) 72(2)
FeOQ4%~ 765 264 360 783
FeO4~ 840 296 395 895
FeOq 884 352 408 965
Gy, a a, e8] o3} B B2 o8} B B
FeO,(0—0)* 866 304« 140¢ 537¢ 211¢ 162¢ 806¢ 752¢ 263¢
FeO,(0—0)~ 945 319 245 589 248 124 9209 930 430
FeO,(0—-0) 1026 320 298 599 275 295 980 1033 574
Doy (3] a, Bi iz € Jo5) €
Fe(0O—0),2~ 815 399 186 524 34 826 225
Fe(O—0);" 934 508 258 692 131 948 388
Fe(O—Q), 1062 528 366 723 121 1064 530
C ¢
FeO(0—0)2~ 128 135 180 214 253 299 361 530 637 804 844 850
G, « p
FeO(0—0)," 127 198 349 560 924 942 167 208 233 335 657 898
FeO(0—0), 172 248 390 609 989 1016 52 220 251 334 642 978

aResult from a spin-restricted DFT calculation with a?8a? configuration.

energy, which shifts nonbonding ligand and partly occupied (or ask the question under what conditions the missing members

empty) orbitals apart from each other, and thus increases theFeQ, (d° and FeQ~ (d%) might be stabilized and what properties

LMCT energy gap. these species are expected to display on the basis of first
The nearest cationic coordination of oxygen has been found principle calculations. In answering this question, approximate

to play a crucial role in stabilizing the higher oxidation states density functional theory (DFT), which is found to reproduce

of TM in oxides and oxo anionsThe change in the Madelung  experimental LMCT energies astonishingly well (Figure 1),

potential via variations in the cationic coordination of oxygen might be helpful.

(chemical constitution) leads to large changes in the redox In this paper | report DFT calculations on the hypothetical

properties of the TM. Thus, the oxidation potential of F&O FeQ,~ (Fe"") and FeQ (Fe'") species and compare them with

is considerably reduced in lattices such aS&; and K;CrOq4 those of the existing Fe from one side and with the

and in concentrated (proton-withdrawing) KOH solutions; corresponding mono- [FefD—O), z= -2 (F&Y), z= -1
however, it increases in acidic water solutions upon formation (Fe’), z= 0 (F€’)] and di-peroxo [Fe(G-0)7, z= —2 (Fd"),
of Fe—O—H bonds. z=—1 (Fd"), z= 0 (F&V) and FeO(G-0)% z= —2 (F€V),

The variation of the cationic surrounding of oxygen leads to z= —1 (F€’), z= 0 (Fe")] species from the other side. It is
changes in the TMoxygen bond and to spectacular effects in hoped that the results will stimulate work on the preparation
the visible and UV LMCT spectraOne can conclude from  and more systematic search offfeand F&"' compounds.
the studies thus far that the lowest-energy LMCT transitions ] )
and their variation with chemical constitution can provide !l- Computational Details
essential insight into the stabilizatior! of oxidation states which Spin-restricted and spin-unrestricted DFT calculations have
are not known yet. The LMCT energies of TM tetraoxo anions peen carried out with the Amsterdam density functional (ADF)

shift to lower energies across the series #0 CrO42~, and program package (version 23)12 The Voske-Wilk —Nusair
MnO*~ (d° and VO, CrO2~, MnO42~ (db), and one may

(8) Baerends, E. J.; Ellis, D. E.; Ros, €hem. Phys1973 2, 41.
(7) Reinen, D.; Atanasov, M.; Lee, S.-Coord. Chem. Re 1998 175 (9) Baerends, E. J.; Ros, lt. J. Quantum Chenl973 2, 42.
91. (10) Baerends, E. J.; RoB, Chem. Phys1973 2, 51.
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Fe'o,” Fel0,(0-0) 2 Fe'(0-0),” Table 3. Total EnergiesK;, eV), Spin §), lonization Potentialsl},
Electronic Affinities @), Absolute Electronegativitieg[= (I +
A)/2], and Absolute Hardnesseg £ (I — A)/2] of Iron Oxo and
Peroxo Clusters, of Some Strongly Oxidizing Agents éxd X, X
= Cl, O, F), and of LiAsk (AsFs")?

species E (9 | A b4 n
Li,Fe"'Oq4 —39.48 (1) 8.27 0.99 463 3.64
Folo.  a12a(l)) 5 065 531 204
2FE€' Oy —3f. . . . .
Day KFe/'O4 —34.34 (1/2) 8.30 1.83 5.06 3.24
‘ LiKFeO. —38.50 (1 7.13 0.91 402 311
z() r z() n o, nn 6 & 2z o, 6 |:eVIllo44 —30.46 Eog 12.41 3.77 8.09 4.32
2(VDh) 168 2(1V) 191 1.70 147 452 1065 -2(I) 1.91 1.51 46.4 Vi ' ' ' ' ’
-I(VID) 1.64 -I(V) 1.81 1.62 146 474 1164  -1(I) 1.81 145 47.1 FeVO(O—O)z —34.39(0) 11.65 3.38 752 414
O(VII) 1.60 O(VDL.78 1.58 139 459 1192  0(IV) 1.77 1.38 457 (leé (0-0). _zg-gg ((]?}2) 13?3 ;23,22 ggg gzg
i} ' (13.01) (3.62) (8.31) (4.70)
c, Fe'O(0-0): Cl, —3.23(0) 11.35 121 6.28 5.07
(11.6) (2.4) (7.0) (4.6)
o —1.53 (1) 17.68 151 9.60 8.08
(13.62) (1.46) (7.54) (6.08)
0O, —-9.73 (1) 12.92 0.37 6.64  6.28
(12.2) (0.4) 6.3) (5.9
F —0.41(1/2) 20.16 3.66 1191 825
(17.42) (3.40) (10.41) (7.01)
F2 —3.64(0) 15.78 0.84 831 7.47
AsFs~ —33.07(0) 745 —-3.77 184 561
LiAsFg —33.53(0) 12.70 1.73 7.22 5.48
z(i) 1 2 3 4 0, 0, . . . ) -
_1(\‘/) 1_;5 ;87 ;57 1540 12456 1121 2‘5_4 & Total energies from spin-restricted DFT calculations refer to spin
O(V) 176 1.93 1.6] 1.44 117.6 108.5 45.8 unpolarized atomic fragments. Data from experiment are given in
parentheses.

FeVO(0-0),”

culated (10 958 and 17 674 ciyrespectively) and experimental
(12 900 and 19 000 cnd ?) transition energies. Good agreement
between calculated (using basis sets of the same quality) and
experimental LMCT transition energies was also reported in
u-1,2 peroxide-bridged Fe(lll) complexé&sln addition, the
calculated ionization potential (55.74 eV) and electronic affinity
(31.566 eV) of F&" compare nicely with literature data (54.81

¢ and 30.65 e\l respectively).
Figure 2. Cluster geometries and geometrical parameters (bond For the sake of comparison, Hartreleock(HF) and multi-
distances, A; bond angles, (deg) of (a, top row) PeBeQ(O—OY, configurational self-consistent field (MCSCF) calculations on

and Fe(G-0)% (z= —2, —1, 0) and (b, bottom two rows) FeO{©
0)2(z= —2,—1, 0) iron oxo and peroxo clusters obtained from DFT
geometry optimizations.

FeQ, have been performed using the following procedure. First
using tripleg-basis and natural orbitals obtained in a simple Cl
calculation, a geometry optimization on FeBas been per-
parametrizatiot? of the electron gas data has been used for the formed. This has led to an F®© bond distance of 1.634 A and
exchange correlation energy and potential. Density gradient ground-state energy of1561.097 079 eV. In the next step a
corrections were included for the exchatfgend for the MCSCF procedure has been adopted using as active space the
correlation!® Triple ¢ Slater type orbitals (STOs) extended by doubly occupied (O, 2p:1t+ 2t + a + e) and the empty
one polarization function (TZP) are used for Fe and O, where antibonding (Fe, 3d: ,t+ e) orbitals. A multireference ClI
core orbitals of Fe up to 2p were kept frozen. To simulate the calculation, including all single and double excitations from the
Madelung field and to counterbalance the excess negativereference, has been included. This has led to significant
charges in the case of FgOand Fe@~ clusters, four stabilization of the ground state-(561.574 806 eV). The HF
compensating charges of 0.25 and 0.5, respectively, were placedand MCSCF calculations were performed using the ab initio
behind the metatoxygen bonds at a distance of 1.78 A from program GAMESS developed by Schmidt etl.
oxygen.

To check the reliability of the basis sets for Fe, supplied by [Il. Results and Discussion
the ADF 2.3 package and their effect on the Kel@ham orbital

energies, spin-unrestricte & 1) calculations of the total On the basis of the total bonding energies for Fe oxo and
bonding energies of Fe® in its ground state (Ze 3A,, peroxo clusters at equilibrium ground-state geometry (Table 1),
—50.4946 eV) and the lowest excited ligand field (2e5t,, one can conclude that the FgQz = —2, —1, 0) clusters are

—49.1358 eV) and LMCT (4t— 2e,—48.3031 eV) states have more stable than the respective four-coordinate X8©0)
been performed. There is reasonable agreement between cal-
(16) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon,

(11) Boerrigter, P. M.; te Velde, G.; Baerends, Bni. J. Quantum Chem. E.l. J. Am. Chem. S0d.998 120, 5674 and references therein.

1988 33, 87. (17) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
(12) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84 and Molecules Oxford University Press: New York, 1989.

references therein. (18) Schmidt, M. W.; Baldridge, K. K., Boatz, J. A.; Elbert, S. T.;Gordon,
(13) Vosko, S. H.; Wilk, L.; Nusair, NCan. J. Phys198Q 58, 1200. M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, M.; Nguyen, K.; Su, S.
(14) Becke, A. DPhys. Re. A 1988 38, 3098. J.; Windus, T. L.; Dupius, M.; Montgomery, J. &. Comput. Chem.

(15) Perdew, J. PPhys. Re. B 1986 33, 8822. 1993 14, 1347.
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Table 4. Total Bonding EnergiesE) and Their Decomposition into Closed Shell Repulsi&p) Electrostatic (&) and Orbital Eqrm)
Interaction Energies for an Fe@luster with Respect to the Free Atoms (Fe and O) and with Respect to lonic Fragméntar{§fed )2

E(FeQ) Ep Ee Eor E(a) E(e) E(ty) E(t2)
Fe+ 40 —30.455 68.346 —27.141 —71.660 -13.797 —1.402 —19.548 —36.883
Fet + 40> —-616.822 80.012  —430.100 —266.733 —-1.872 —-99.912 —7.308 -156.197

aE(FeQ) = Ep + Eei + Eon. Eow = E(ar) + E(e) + E(t) + E(t).
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Figure 3. Total energy curves for the ground and the lowestdfor

d! and &) and ligand-to-metal CT configurations of tetrahedral FeO
[z=0 ("), —1 (d"), —2 (P)] model clusters as a function of the metal
oxygen bond distancBy .
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Figure 4. MO-level schemes vs O, 2p, 2s (solid lines) and M, 3d

(dotted lines) orbital percentages obtained from ground-state DFT

geometry optimized¥ MO#Z (M, z = Fe, 0; Mn,—1; Cr,—2; V, —3)
clusters.

and Fe(G-0),% species. The difference in energy between the

Table 5. Orbital Energies (eV) and Metal Orbital Percentages (in
Parentheses) o0 (M,z =V, 3—; Cr, —2; Mn, —1)
Tetrahedral Oxo Anions and the Hypothetical Fdfom Geometry
OptimizEd DFT Calculations for th&A; Ground State

FeQ, MnO4~ CrO42‘ VO43_
orbital energy energy energy energy
(occupancy) (% M) (% M) (% M) (% M)
5t, (0) —5.585(41) —2.993(49) 0.363(58) 3.719(67)
2e (0) —7.207 (38) —4.523(48) —1.082 (59) 2.452 (71)
1y (6) —8.778 (0) —6.679(0) —4.109 (0) —1.789 (0)
4, (6) —10.232(5) —8.060(5) —5.445(6) —3.030 (7)
3a(2) —11.126(4) —8.978(5) —6.502 (3) —4.304 (3)
le(4) —13.011(64)—10.248 (57)—7.041 (45) —4.135 (33)
3, (6) —13.172(53) —10.509 (47) —7.538 (38) —4.874 (29)

a QOrbital energies for Mn@y, CrO2~, and VQ?~ are calculated using
compensating positive charges, 0.25, 0.5, and 0.75, respectively (see
ref 6).

Table 6. MO Energy (eV) Levels of the Free, & Peroxo Anion
and of Their Change (Their Average Energwnd SplittingAe Due
to O—0 and Fe-O Interactions) on Coordination in Fet),

log loy 204 Ly 1mg
e(0%7) -84 -03 75 8.6 13.4
e[Fe(0-0)j] -300 -09 -—-129 -120 -6.8
Ae[Fe(G-0)] 0.5 0.0 0.1 0.2 35

oxygen. DFT calculations show that FeG{O),? might be
stabilized as well (cf. Table 1). Calculated vibrational energies
(Table 2) show stable ground-state minima for all clusters. DFT
energy diagrams including tHé\,(2€%), 2E(2€"), and3A,(2€?)
term energies for the F¥, Fe/!', and Fé&' tetraoxo clusters,
the d—d ligand field (2e— 5t,, for d' and &), and the 1t —
2e,1f — 5tp, 4t — 2e and 4t — 5t, CT configurations as a
function of the Fe-O bond distanceRyu.) are presented in
Figure 3.Well-developed minima with positive lowest 1+

2e LMCT energies for d(Fe'"), dt (Fe'"), and & (Fe"') are
calculated. The DFT results predict that''eand F&" might

be stabilized in tetrahedral oxo coordination, similar t8'©g?.
FeQy is predicted to be gaseous, while KFe® expected to

be analogous to the well-known KMnCHowever, our results
indicate that Fe@should be strongly oxidizing. A list of values
for the absolute electronegativitieg) @nd hardnesseg) of a
series of Fe clusters and some strongly oxidizing agents (X
and X, X=ClI, O, F) are presented in Table 3. They have been
calculated from the first ionization potentid) @nd electronic
affinity (A) using DFT and the relations

7=+ A)2
n=(—-A)2

@)

oxo and peroxo clusters decreases, however, with increasingon the basis of the resulting-.q, value (8.09 eV), we expect

Fe oxidation state from FEO,2~ to Fe'O,~ and F&" Oq. Thus,
Fe'"O, and F&'O,(O—0) are comparable in energy, FeO
being slightly more stable than Fg@—0). Ground-state

FeQ, to be more strongly oxidizing than £{yci, = 6.28 eV)
and Q (yo0, = 6.64 eV; however, compare to Cl and O). On
this basis it is conceivable that Fg@nd FeQ™ could only be

equilibrium geometries for all clusters are illustrated in Figure prepared by electrochemical methods (see the discussion below).
2. Because of the increase of the ionic radius (size) of Fe going  valence orbital energies for thé ¢FeQ,, MnO,~, CrO;2",

from the higher (oxo, Fef) to the lower [peroxo, Fe(60)4
oxidation states (compare theF® bond lengths in Figure 2),
it is expected that Fe(©0),? will tend to accept one additional

and VO2) oxo clusters in theitA;(d°) ground state obtained

(19) Pearson, R.@norg. Chem.1988 27, 734.
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3ty(c+Hm)(65%M)

Le(m)(39%M)

Figure 5. Contour plot diagrams for the bonding@t+) and lefr)
natural orbitals as obtained for the Fe(ypothetical)*A; ground-
state MCSCEF calculation.
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Figure 6. Energy diagram showing the correlation between DFT MOs
of the hypothetical peroxo Fe@D), and FeQ(O—0) and the oxo
FeQ clusters. The percentages of the Fe (3d) orbitals only [for,FeO
and FeQ(O—O0)] are given in parentheses, while percentages of both
Fe(3d) and the free £~ MOs are given for Fe(©0),. The energy
separation between the HOMO and the LUMO is indicated by a vertical
double-headed arrow.

from DFT calculations along with their metal (3d) and oxygen

Atanasov
M M,FeOy(Dag) MFe04(C2.)
M; M, I rn rn 06 M 1 rh I3 I 6, 0,
K K 1.67 2.60 3.21 107.9 K 1.61 1.66 2.65 3.31 113.2 105.2
Li Li 1.67 1.89 2.41 102.5 Li 1.60 1.67 1.902.48 1143 994
Li KLi:1.69 1.85 2.40 100.8

K:1.65 2.64 322 109.6

Figure 7. Geometries and geometrical parameters (bond distances,
A; bond angles, deg) of M,F€"' O, (M1, M, = Li, K) and MFe'O,
(M = Li, K) clusters obtained from DFT geometry optimizations.
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Figure 8. Voltage parameters for electrochemical oxidation of Fe in
MiMoFe'04 (M, My = Li, K) to MFeV"O, (M = Li, K) and FeQ
resulting from cluster DFT calculations.

covalency is solely due to L&l and 3t(o+) bonding orbitals.
We analyzed the total bonding energy in terms of an energy
decomposition into Pauli (closed shell) repulsid@)( electro-
static Eey), and covalent (orbitalE,,) bonding energie¥:2!
The components of the total bonding energy for an fe@ster
calculated with respect to atomic fragments (Fe and O) and with
respect to F& and & ions are listed in Table 4. The latter
choice, i.e., taking & closed shell instead of atomic fragments,
allows O-0 interactions to be excluded from tl&g, energy
and thus pure FeO covalent bonding to be studied. The results
show again that interactions between Fe (3d) and O (2s, 2p)
orbitals of e andztsymmetry dominate ikon. The comparison
between two sets of calculations shows, however, thaDO
coupling is rather significant. As is seen from Table 5 and Figure
4, the bonding le and Borbitals are dominated by ligand
functions for VQ23~ and CrQ?-, but by Fe 3d orbitals in Fe
showing that with increasing formal charge the metal 3d orbitals
become lower in energy than the oxygen 2p orbitals. This results
in an inverted bonding scheme for Feglt still an appreciable
mixing between the Fe (3d) and O (2s,2p) orbitals. Thus, the
stabilizing factor in the case of Fe@ the pronounced reduction

of the cationic charge by electron donation for oxygen. Unlike
the more ionic V@~ and CrQ2-, oxygen atoms in Fef"

and FeQ are involved in a stronger covalent bonding to the

(2s, 2p) percentages are plotted in Figure 4. The MO schemesTM. An inverted bonding scheme is reflected also by the orbital

obtained represent the well-known pattern for TM ions in
tetrahedral coordination with the typical level ordering
3, < le<3g <4t, <1t < 2e<5t, (2)
The 4% and 1i are approximately and strictly MO nonbonding,
and the same is also valid for the Rabital, reflecting negligible
(4s) contributions to the MO bonding. As seen from the
contributions from Fe and O to the e andarbitals, M—O

contour plot diagram for the gorbital obtained by our MCSCF
calculations (Figure 5), which shows an admixture of ligand
functions to 3t of 35% [but note the much higher ligand
contribution (61%) to le].

A MO energy diagram giving the correlation between the
MOs of FeQ with those of Fe@O—0) and Fe(G-0), (Figure

(20) Ziegler, T.; Rauk, ATheor. Chim. Acta (Berlin1977, 46, 1.
(21) Ziegler, T.; Rauk, Alnorg. Chem.1979 18, 1558, 1755.
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Table 7. Ground-State and Lowest Excited-State Energies, cm™1), Equilibrium Fe-O Bond DistancesRuo, A) and Vibrational Energies
for the Fe-O Breathing Modelfr, cm™?) in FeQ? (z= 0, —1, —2) Tetrahedral Oxo Clusters

FeQ FeQ!~ FeQ?

state (configuration) AE Rwio hvea AE Rvo hvea AE Rvio hvea
ground state 0 1.604 884 0 1.640 840 0 1.680 765
2e— 5t 11543 1.654 784 9 756 1.681 769
1, — 2e 13920 1.630 836 14 434 1.660 807 15754 1.693 765
1t — 5t 27 489 1.656 792 26 190 1.682 835 25573 1.715 731
4, — 2e 25452 1.643 849 26 351 1.675 758 27 939 1.712 731
4, — 5, 38277 1.667 738 37924 1.698 753 37 605 1.733 765
3a—2e 33439 1.630 794 36212 1.664 797 39 860 1.699 686
3a — 56 46 287 1.657 769 47 216 1.686 759 49 233 1.723 714

6) shows that the ground state of ReC€orrelates with an metals from F¥ solids such as bFeQi, KLiFeO, and Ko-
electronically 2-fold [1{62€° (FeQ;) — 1t,*2€? (FeQ,(0O—0))] FeQ, is the only method which may probably lead to Fe in
and 4-fold [1152€"5t,° (FeQy) — 1,22€?5t,2(Fe(O—-0),)] excited oxidation states VIl and VIIF3

state going to Fe@O—0) and Fe(G-O),, respectively. It A rough estimate of the voltages of electrochemical cells
follows that an interconversion from Fe@® FeQ(O—0) and needed to deintercalate the alkaline metal is possible on the basis
Fe(O-0), and vice versa is electronically strongly forbidden; of DFT calculations of MM FeQ, (M1, M, = Li, K) and MFeQ,

it can proceed neither photochemically nor by thermal activation. (M = Li, K) model clusters. Adopted cluster geometries and
However, this may change for-@D when two metal centers  geometrical parameters from DFT geometry optimizations are
are bridged. It seems that, once formed, single-nucleous four-depicted in Figure 7. From a comparison of the total bonding
coordinate iron peroxides will be stabilized kinetically against energies and their changes fromMLFe''O, to MFe”"' O, and
further transformation to the thermodynamically more stable Fe'"'O,, average electrochemical cell voltages for a consecutive
oxide species and they will further tend to increase their extraction of one and two alkaline metals are calculated (Figure

coordination number, forming FeO(D),* speciesf= —1,0, 8). Before one tries to apply these results to real systems, one
but compare ta = —2, Figure 2b and Table 1). Very probably  should keep in mind that the cluster DFT calculations (Figure
peroxo species are formed (beside§&Q;) when using KNG 8) neglect the crystal Madelung potential and the actual lattice
KOH melts with an excess of KNgF2 e.g. topology. Moreover, if one considers conventional Li-coin-type
cells, composed of oxide cathodes and a Li sheet as an anode,
Fe,0; + 5KNO; + 4KOH — calculated voltages (Figure 8) have to be reduced by the

2K, FeQ, + 5KNO, + 2H,0 (3) cohesion energies of metallic Li and K [Li (1.22 eV), K (0.5
eV) 4. As follows from Figure 8, the cell voltage is expected

The geometry of the FeO@0),2~ cluster deduced by our DFT  to decrease from K to Li and from Fe— Fe/!' to Fe/ll —
calculation (Figure 2b) serves as a candidate for the coordinationFe’""" oxidations of Fe?
of Fe in the green K¥FeG; compound, whose structure is not
known yet. Metat-peroxo bonds play a central role in the
function of a variety of metalloenzymé%As follows by our
calculations, the main contributions to the covalency of the Fe )
peroxo bond originate from ther antibonding MOs of the \(/%) On the basis of the DFT results, one can conclude that
0.% ligand and include- andz-bonding interactions between Ee and F&'"" might be stabilized in tetrahedral 0X0 coorqma-
these orbitals and the Fe (3d) orbitals pgmmetry T). This tion, a result of strong FeO covalency. The energetic stabiliza-

is nicely illustrated by Figure 6 and Table 6 which compares tion of the d orbitals, yield_ing main contributions to bqn_ding
the energy levels of one separatgQunit with the correspond- MOs, leads to small effective metal charges and to shifting of

ing MOs in Fe(G-O),. The MOs of the two coordinating & the.metal 3d orbitals from the antibo.nding to the borjding energy
groups shift and split in Fe(©0), due to Fe-O and O-O region (inverted bonding scheme) with a still appreciable amount
interactions. of covalent mixing between Fe (3d) and O (2s,2p) orbitals,
A comparison of DFT energies for various configurations, however. Clegrly, the stgbiliza_tio_n of higher oxidation states of
equilibrium bond lengths, and F®© breathing mode vibrational e TM by this mechanism will increase as metal 3d orbitals
energies for Fe@ FeQ~ and Fe@® (Table 7) shows that the get deepe_r in energy from left to right of th_e transition series
lowest 1§ — 1e LMCT energy increases in the sequence £eO and on going fr(_)m more to less electronegative ligands. A good
FeQr, and Fe@* (13 920, 14 434, and 15 754 cA). Lowest example is Cll in the stable_sqgare p!anar cqmplex Cu(ﬂ*tc)_
LMCT energies seem to be considerably overestimated at the(dtc = dithiocarbamate), which is easily obtainable under mild
MCSCEF level, however (compare the 13 920 ¢érenergy for

IV. Conclusions

(23) See for example: Nishijima, M.; Takeda, Y.; Imanishi, N.; Yamamoto,

FeQ with the MCSCF value, 58 220 cm). The increase of 0.J. Solid State Chen994 113 205,
equilibrium bond lengths upon i1t~ 2e,5¢ excitation reflects (24) Gmelin Handbook of Inorganic Chemistrgth ed.; Berlin-Verlag
the weakening of the FeO bond due to the extra electron in Chemie: Weinheim/Bergstr. und Berlin, 1927; Volume Lithium, p
H ; ; B 33; 1936; Volume Kalium, p 94. (in German).

the antibonding 2e() and 5(o-+) orbitals, the effect being (25) A high ionization potential and low electronic affinity of the electrolyte
more pronounced for the+n-type 56 compared to ther-type will guarantee that no processes, such as oxidation of electrolyte anions,
2e orbital. will concur with the electrochemical extraction of Li. According to

On the basis of the calculatedvalues of Fe@ and FeQ our DFT calculation (see Table 3) a good candidate would be LgAsF

. . . in 2-methyltetrahydrofuran. Host lattices of the phenacite type such
(Table 3), we expect that electrochemical extraction of alkaline as LbCrO; and LbWO, (see: Muller, O.; Roy, RThe Major Ternary
Structural FamiliesSpringer-Verlag: Berlin, Heidelberg, New York,
(22) Gmelin Handbook of Inorganic Chemistrth ed.; Berlin-Verlag 1974; pp 38-39) doped with F¢ are expected to provide a good
Chemie: Weinheim/Bergstr. und Berlin, 1932; Volume Iron B, p 916 interstitial network for diffusion of Li, assuming there is a way of
and references therein (in German). providing electronic mobilities in these insulating oxides.
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oxidation conditions from the corresponding neutral"Cu alkaline metals from iron(VI) oxides would be the only method
complex?8 The same trend is also expected when the oxidation which may lead to Fe in oxidation states VII and VIII.
state of a given TM is increased, since the metal 3d energy . .
decreases with increasing formal charge. In this respe#, Fe ~ Acknowledgment. This work has been performed with the
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becomes strongly reducéd.

(2) The calculated high oxidation potentials for the hypotheti- : : - -
cal FeQ and FeQ@ clusters and the possibility that using KNO @7) ;ﬁﬂ,ﬁ’g”j{fs%eig ‘f;%'ﬁfﬁ?ﬁ,#:geﬁﬁgﬁgefgcﬁ;Lf §§SN;§";pCeﬂ§fe'd in
KOH as oxidation agent, metastable species containing Fe section II) are, respectively; 26 .4736(28, —22.1830 (28, —14.8603
peroxo bonds, rather than eand F oxo anions, willbe 63,86 D28 B9 o) Conpet s e
formed lead one to expect that electrochemical extraction of atomic fragmegnts). galculated-M:) equilibriupm bond distar?ces are
1.604, 1.624, 1.657, 1.707, and 1.804 A for Fe, Co, Ni, Cu, and Zn.

(26) Willemse, J.; Cras, J. A.; Steggerda, J.J.; Keijzers, &tfiact. Bonding They reflect the weakening of theMD bond across the series from
(Berlin) 1976 28, 83—126. Fe to Zn.




