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A good correlation between electronic configuration and structural and chemical bonding factors
makes possible the stabilization of unusual oxidation states of transition elements. Such a predictive
approach is illustrated by the synthesis and characterization of the first six-coordinated high-spin

iron(IV) and iron(V) oxides.

The oxidation state of an ion is a formal
number reflecting the average number of d
electrons involved in chemical bonding. Its
stability is not an intrinsic atomic property:
it depends both on structural factors (size
and symmetry of the site, etc.) and on the
nature of the chemical bonding (covalency,
influence of competing bonds, etc.). More-
over, it is related to the adopted electronic
configuration when several are possible.
The purpose of this paper is to point out
how a good agreement between the above-
mentioned factors and a given electronic
configuration may help the stabilization of
an unusual oxidation state. This argument
will be applied to the synthesis of high-spin
iron(IV) and iron(V) oxides.

1. Stabilization of Six-Coordinated
High-Spin Iron(IV): Sr, ;La, ;Li, ;Fe, 0,

Few oxides containing six-coordinated
iron(IV) are so far known. Most of them
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derive from the perovskite structure and
have oxygen vacancies. The first stoi-
chiometric oxides prepared under oxygen
pressure have been SrFeQ, and CaFeO, (7 -
4). In the former, due to the O, symmetry
of the FeQ, octahedra and the strong cova-
lency of the Fe—O bonds, metallic behavior
is observed. In the latter, higher electron
localization leads at low temperature to dis-
proportionation: 2 Fe(IV) — Fe(ll) +
Fe(V). Such a disproportionation has also
been observed in the related ternary phases
La,_,Sr,FeO, and Ca,_,Sr,FeO; (5-8). Its
mechanism would assume a high-spin con-
figuration of iron(IV). As no physical char-
acterization had ever been carried out on
this configuration, it was worthwhile to try
to stabilize high-spin iron(IV) at room tem-
perature in an oxide lattice.

With O, symmetry, the relative energy of
the cubic-field terms of a d* configuration vs
Dq/B may be given roughly by a Tanabe-
Sugano diagram (9). The high-spin configu-
ration (°E, ground term) appears to be sta-
ble for Dg/B < 2.7, the low-spin
configuration (*T', ground term) for Dg/B >
2.7.
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However, we tried to take into account,
in a more general approach, the influence of
an elongation along the ¢ axis of the FeOq
octahedra on the term stability. Such a dis-
tortion leads to lower symmetry (D,,) and
to splitting of the previous ground terms
(Table I). If we neglect the mixing of the
various terms, we may assume a linear vari-
ation of the relative energies with Dy/B,

E/B = a/B + bDq,,/B + ¢Dq,/B,

where Dgq ,, and Dq, are the crystal-field pa-
rameters in the x0y plane and along the ¢
axis and B is the Racah parameter. As Dy is
roughly in inverse ratio to the fifth power of
the cation—anion distance (/0), the crystal-
field anisotropy parameter 8 may be written
as
_ Dq,
Dqzy

5
—_— dcja(.ty) .

]

dg—a(z)

Along the separation curve between the sta-
bility domains of two different terms of E/B
and E'/B energies, E/B = E'/B and therefore

alB + (Dq,,/B)b + c8)
= a'/B + (Dq,/B)Yb’ + c'8),

or,ifk=(a —a'))B,p=b"—b,and g =
¢ —c.
Dq,y k

B _p+q8'

If we define the average crystal-field param-
eter Dqg as

3Dg = Dq, + 2 DG, = Dq.,(2 + 8)
and the distortion parameter as

dc—a(z)
= =,
dc—a(.z'y)
3=67 and the equation of the cross-over
line Dg/B = f(0) is
Dq _ k(26° + 1)

B 3(p6® + q)

Taking the energies of the 4 orbitals in Dg
and Dg, units proposed by Krishnamurthy
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TABLE I

ELECTRONIC CONFIGURATIONS CORRESPONDING TO
THE VARIOUS TERMS IN Dy SYMMETRY

O, Dy, Electronic configuration

5 C: 5B 1o d;rd;;zd.ltudgzd.!rz—yz
Fs 54 dyed oyl 2de_ 2

e
dipdideydpdia_y

345
3TC 3E: (doxd g Py 2d 322

and Schaap (/7), we can express the rela-
tive energies of the A,, and °E, ground
terms corresponding to the high- and low-
spin configurations in D4, symmetry as

5A,,:EIB = —(Dq,,/B)(12.28 — 6.28 §),
3E, E'/B =27 — (Dq,,/B)13.14 + 2.86 8).
Therefore, the equation of the cross-over
line is

— o 2126+ 1)

Da/B = 35566 7 9.18)

Such a curve, represented in Fig. 1,
shows clearly that the high-spin configura-
tion *°A ,, can be stabilized by a large elonga-
tion of the FeOg4 octahedron, in spite of a
strong crystal field or covalency.

The bidimensional K,NiF, structure is
known to be particularly suitable for favor-
ing an elongation of the BOg octahedra. To
increase this distortion and to isolate the Fe
atoms from each other, the presence of rel-
atively ionic Li-O bonds competing with
the Fe—O bonds inside the perovskite lay-
ers also appeared to be appropriate (Fig. 2).

FiG. 1. Sﬁlbility domains of the ground terms 5,
and 35, vs Dy/B and 6.
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TABLE 11

COMPARISON BETWEEN OBSERVED AND EXPECTED PARAMETERS OF IRON(IV)

Average

Isomer shift at
room temperature
(from Mossbauer

oxidation state  Molar Curie spectrosc. data) Quadrupole splitting
(redox titration) constant (mm - sec™!) (mm - sec™!)
Observed values 3.97 3.06 -0.19 1.2
Low-spin 4 14 ~0.0 Weak
Fe(IV) (measured in
SrFeO, (20))
High-spin 4 3e Unknown Unknown, but expected large
Fe(IV) (Jahn-Teller distortion)

@ Calculated assuming a spin-only contribution.

These conditions led to the composition
SrosLay sLigsFey50;4.

Such a phase has been actually prepared
in oxidizing conditions. The X-ray powder
diffractogram characterizes a tetragonal
K, NiF, structure, but the presence of weak
superstructure lines leads to an indexation
with a supercell (¢ = a,2'?, ¢ = c¢,), sug-
gesting Li-Fe ordering in the perovskite
layers (/2). A neutron diffraction study is in
progress to determine this point.

Different physical characterization meth-
ods (structural, magnetic, and Mossbauer
parameters) confirm the high-spin configu-
ration of Fe(IV) in the material (Table II).

® Fe
Ot

FiG. 2. Elongation of the FeOg octahedron in
SrysLa, sFe,5Lip50,.

I1. Stabilization of Six-Coordinated
Iron(V): La,LiFeQ,

Only a few compounds containing Fe(V)
with highly basic character—K3;FeO,, Na,
FeO,, and Rb;FeOQ,—in which iron occu-
pies a tetragonal site have been reported in
the past (/3—-16), but no physical character-
ization has been performed on these oxides.
As mentioned above, Mossbauer investiga-
tions have pointed out the occurrence of the
disproportionation 2 Fe(IV) — Fe(Ill) +
Fe(V) at low temperature in some
perovskite oxides (5-8).

It was worthwhile therefore to attempt to

@ Fe
Ot

FiG. 3. Contraction of the FeOg4 octahedron in La,
LiFeO,.
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TABLE 11

COMPARISON BETWEEN OBSERVED AND EXPECTED PARAMETERS OF IRON(V)

Isomer shift
at room temp.

Average (from Méssbauer Quadrupole
oxidation state Molar Curie spectrosc. data) splitting g value
(redox titration) constant (mm - sec™") {mm - sec™") (EPR)
Observed 5.02 1.93 -0.41 0 2.0135
value
Theor. or 5 1.875¢ Unknown, but probably 0 2.0131
already obs. strongly negative @n
value (Bpe Fe(VD) = 0.9

in T, site (22))

« Calculated assuming a spin-only contribution.

stabilize Fe(V) in order to determine some
characteristic features of this unusual oxi-
dation state.

With a §,e) configuration, six-coordi-
nated iron(V) has a highly isotropic elec-
tronic distribution (*4,, ground term) which
fits with a site of O, symmetry (undistorted
octahedron). The synthesis of such a high
oxidation state requiring high oxygen pres-
sure, the perovskite structure, which may
be stabilized in such conditions and con-
tains almost undistorted octahedral sites,
appeared to be well adapted. Moreover, an
environment of six weak competing Li-O
bonds seemed useful for enhancing the co-
valency of the Fe-O bonds (which has a
highly stabilizing effect in the absence of ¢%
electrons) (Fig. 3).

With respect to these structural and
chemical bonding considerations the La,Li
FeOg stoichiometry appeared to be espe-
cially adapted for stabilizing iron(V).

This phase, which has been prepared un-
der high oxygen pressure (60 kbar), has a
perovskite-type structure with a small
rhombohedral distortion. Some physical
characterization measurements confirm the
existence, for the first time, of six-coordi-
nated iron(V) in an oxide lattice (/7) (Table
II1).

The use of similar arguments led recently
to stabilization of other unusual electronic
configurations in oxides. For the first time,
the low-spin — high-spin transition of nick-
el(111) at rising temperature has been stud-
ied by introducing Ni(II) in an octahedral
site which is large enough in Sr,Nbln,,
Niy ;04 and Bal.aNiO, (/8). On the other
hand, a new electronic medium-spin config-
uration of cobalt(Ill) (d3.d%d}l,dhdd%_,
S = 1), which is intermediate between low-
spin (S = 9) And high-spin (S = 2) states,
has been detected in the strongly elongated
octahedra of the La,Lij sCogsO4 oxide (19).

The predictive character of such investi-
gations must be emphasized. Such an ap-
proach, which leads to the synthesis of new
materials with specific physical properties,
can be quite useful for obtaining more
knowledge of chemical bonding.
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