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The XANES (X-ray absorption near-edge structure) gives
information on the coordination geometry as well as that of
the electronic configuration around the Fermi level of ab-
sorbing atoms. Several research groups have reported that
the XANES spectra show various features according to the
coordination number by study on the XANES spectra of Fe
ions existing in various complexes."™ Though the iron ions
exist at various sites with nearly the same local symmetry
and in the same valence state, they exhibit significantly dif-
ferent XANES features.

Insofar as both structural and electronic changes are in-
timately correlated, the origin of the strong XANES mod-
ification at the iron K-edge is not obvious. Therefore, to
understand the nature of the modifications, we have studied
XANES of the Fe ions located at various sites. We present
various Fe K-edge XANES features for spinel, perovskite,
and K,NiF, type compounds, and try to explain the various
XANES features by using muitiple scattering.

The crystallographic structures of ZnFe,0, and GeFe,0, are
assigned to cubic spinel type structure with the space group
of Fd3m identified by analysis of XRD patterns. For the spi-
nel structure, the cubic close packed oxygen ions form two
different sites such as tetrahedra and octahedra which can
be filled by the metal ions.” It is confirmed by the Mossbau-
er spectroscopic analyses that the valence states of Fe ions
in ZnFe,0, and GeFe,O, are 3+ and 2+, respectively, and
all of the Fe ions exist in octahedral site.

The LaFeO; and LaSrFeO, compounds are identified as per-
ovskite and K,NiF, type structures, respectively. The oxida-
tion state of Fe ions for the LaFeO; and LaSrFeO, is tri-
valent and the ions are octahedrally coordinated with six ox-

ygens. The representative K,NiF,-type compound shows tet-
ragonal system with the I4/mmm space group which is com-
posed of rock salt and perovskite layers alternately.*” The Dy,
distortion of FeO, octahedra takes place due to the relative-
ly weak interplannar interaction along the crystallographic c
axis between the magnetic ions in K,NiF,-type LaSrFeO,
compounds. Lattice parameters of the LaSrFeO, compound
are a=3.851(2) and c=12.65(4) A and thus the tetragonality
(c/a) is 3.29. Ca,Fe,Os is a brownmillerite type structure
and its space group is Pcmn. Mossbauer spectrum of Ca,Fe,-
Os shows that the unit cell consists of alternating sheets of
octahedra (FeO,) and tetrahedra (FeO,) in the crystallo-
graphic b direction.®! The crystallographic data for the sam-
ples in this study are summarized in Table 1.

The Fe K-edge XANES spectra of the compounds have
been recorded at the BL-6B of Photon Factory, National La-
boratory for the High Energy Physics (KEK-PF) in Japan.
Synchrotron radiation from the storage ring has been mono-
chromatized with a Si(1 1 1) channel-cut monochromator.
The spectra were calibrated with respect to the first inflec-
tion point of a Fe-foil. The data were monitored with a step
size of < 0.3 eV in the XANES region.

Figure 1 shows the normalized Fe K-edge XANES spec-
tra for ZnFe,0,, GeFe,0,, LaFeQ,, LaSrFeO,, and Ca,Fe,0s.
The pre-edge peak denoted as P around 7110 eV is assign-
ed to the formally dipole-forbidden 1s — 3d transition.®"?
Since the peak gains its intensity from the quadrupole allow-
ed transition in the octahedral symmetry, the observed pre-
edge intensity for the compounds except Ca,Fe,Os is very
weak. However, the pre-edge peak of Ca,Fe,Os with tetrahe-
drally coordinated iron ions gains strong intensity due to mix-
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Table 1. Crystallographic data for the iron oxide samples prepared in this study

crystal system

oxidation state

compounds (space group) lattice parameters (A) Fe-O bond length (A)" of Fe ions

GeFe,0, cubic (Fd3m) a=8.356(6) 2.031 (2.117%) Fe” (HS)

ZnFe,0, cubic (Fd3m) a=8.376(9) 2.063 (2.008%) Fe** (HS)

LaFeO, orthorhombic (Pbnm) a=5.588(0), b=5.587(7), c=7.892(9) 1.974° Fe** (HS)

LaSrFeO, tetragonal (I4/mmm) a=3.851(2), c=12.65 (4) 1.925 (in plane) Fe** (HS)
2.109 (axial)

Ca,Fe,0;s orthorhombic (Pcmm) a=5.431(8), b=14.76(3), ¢=5.606(1) 1.963-1.977 (Oh) Fe** (HS)

1.884-1.858 (Td)

“The Fe-O bond lengths are calculated from the lattice parameter. * The Fe-O bond lengths are resulted from the EXAFS analysis for the
compounds GeFe,0, and ZnFe,0,. “ The Fe-O bond lengths in LaFeO, is calculated from averaging of a/2N2, b/2\2, and c/4.

ing of p- and d-orbitals in tetrahedra symmetry.

The shoulder near A-position in Fe K-edge XANES spec-
trum of GeFe,O, is very weak and those of compounds
ZnFe,0,, LaFeO,, and LaSrFeO, do not appear. However,
the A-position shoulder is strong in the spectrum of brown-
millerite type Ca,Fe,O5 compound which consists of alternat-
ing sheets of FeO¢ and FeO,. The shoulder is assigned to a
1s — 4p transition with a simultaneous ligand-to-metal charge
transfer (LMCT) shakedown process."!*

We proceed to discuss on the evolution of bands at the
top of the absorption edge. The strong resonance B in Fig-
ure 1 are attributed to transitions from 1s core level to con-
tinuum p states for the Fe ions.'” The observed variation of
the XANES can be investigated by considering the effect of
small structural variations. The resonance B on Fe K-edge in
the perovskite type LaFeO; and the K,NiF, type LaSrFeO, is
a singlet while the transition peak in the spinel type com-
pounds is split into two. In general, the XANES features de-
pend on the coordination geometry'? or on the spin states of
absorption atoms.**"® The local structure around Fe ions can
be approximated to octahedra and the Fe ions are high spin
states in ZnFe,0,, GeFe,0,, LaFeO;, and LaSrFeO,.

Although the Fe ions in ZnFe,O, and GeFe,0, are differ-
ent in oxidation states, they are similar in the XANES fea-
ture. The peaks of B position for Fe** ions in ZnFe,0, are
shifted by 2.1+0.05 eV to higher energy relative to those
for Fe** in GeFe,0,. Bianconi et al. have reported that the
shift of edge peak from Fe" to Fe™ with low spin states is
1+0.2 eV for the Fe K-edge XANES spectra of [Fe(CN)J*
and [Fe(CN)J>~ complexes.'® The shift by 1+0.2 eV is as-
sociated with a different binding energy of the 1s core in-
itial state between Fe" and Fe™ ions since the Fe-C bond dis-
tance are the same in both the Fe" and Fe™ complexes. The
muffin-tin radii of the ground and excited states are known
as 1.152 and 1.152 for low spin state Fe ion and 1.230 and
1.262(A) for high spin state ones, respectively, which are
calculated using the Norman criterium.* If we assume that
all the shift of the absorption edge is due to shift of the mul-
tiple scattering resonances, the shift of the absorption edge
for high spin Fe ion can be affected by the final continuum
state due to different muffin-tin radii between ground and
excite states as well as the 1s core inintial state for the high
spin state Fe ions. From the EXAFS analysis of Fe K-edge,
the bond distances of Fe-O are 2.117 and 2.008 for GeFe,O,
and ZnFe,0,, respectively. The shift of peaks B by 2.1+£0.05
eV can be due to the enlongation Fe-O bond distance in the

Fe* by 0.109 A as well as a different binding energy of the
1s core initial state for the spinel type GeFe,0, and ZnFe,O,.

The Fe ions coordinate octahedrally with six oxygen ions
and the FeO, share corners with tetrahedra ZnO,/GeO, in the
spinel ZnFe,0, and GeFe,0,."" In spinel oxides, the separa-
tion between the octahedral sites is rather short: dg.p ~2.98
and 2.97 A resulted from EXAFS analysis of the ZnFe,0O,
and GeFe,0,, respectively. The character of spinels is mo-
dulated by the magnitude of Fep-Fep separation and the
valence state of Fe ions on the octahedral site. Two peaks at
the top of the absorption edge clearly correspond to the mul-
tiple scattering in spinel type structure which consists of the
first coordination shell of Fe-O and the second coordination
shell of Feg-Feg with short distance.

In the perovskite type LaFeO,, the Fe ions are octahedr-
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Figure 1. Normalized iron K-edge XANES spectra of (a) GeFe,0,,
(b) ZnF62O4, (C) CazFezos, (d) IﬁSIFeO4, and (C) LaFeO;.
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Figure 2. Second derivative of the iron K-edge XANES spectra
of (a) ZnFe,0,, (b) Ca,Fe,0;, (c) LaStFeO,, and (d) LaFeO;.

ally coordinated by six oxygens forming regular octahedra
FeO, which share corners with the nearest octahedra.” When
the FeO, in LaFeO; forms nearly regular octahedral sym-
metry, a single and strong 1s — 4p o* absorption peak B is
observed in XANES region of LaFeO;.

In the K;NiF, type LaSrFeO,, interplannar interactions are
relatively weak and thus FeOq are elongated along the crys-
tallographic ¢ axis to form two dimensional structure with
the Dy, distortion of FeO, octahedra.® Actually, the length
of axial Fe-O bond is longer about 1.10 times than that of
in-plane Fe-O bond in LaSrFeO,. The E; given by multiple
scattering along the axial Fe-O bond shifts to lower energy
range than that of in-plane Fe-O bond due to the longer
bond length of the axial Fe-O. The second-derivative spec-
tra allow us to confirm that the dipole allowed 1s — 4p
transition of the Fe** ion in LaSrFeO, exhibits broad one by
overlapping of two absorption edge which correspond to the
multiple scatterings of the axial Fe-O bond and the in plane
Fe-O bond as shown in Figure 2.

The second-derivative XANES spectra in Figure 2 show
that the absorption edge of the compound Ca,Fe,O; splits
into two peak. As for the compound Ca,Fe,O5 containing al-
ternating layers of octahedral and tetrahedral Fe* ions, the
Fe-O bond lengths are 1.963-1.977 A and 1.884-1.858 A in
FeO, and FeO,, respectively. The E, given by the multiple
scattering of FeOy shifts to higher energy range since the
bond Fe-O in FeOq is longer than that of FeQ,. Therefore,
the compound Ca,Fe,O5 with Fe ions in tetrahedral site and
octahedral site shows broad peak in the top of the absorp-
tion edge due to overlapping of two absorption resonances.
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Finally, the B strong resonance in Figure 1 -are attributed
to transitions from 1s core level to continuum p states for the
high spin Fe* ions. We can assume that the binding energy
of 1s core electron may be same in the high spin Fe** ion
since’ the outer 3d electron density can not shield the 1s
electron. Since the muffin-tin radius of excited state is dif-
ferent from that of ground state for high spin state Fe ions,
the continuum p states are affected by the bond length when
the photo-electron is multiple scattered. If all the shift of the
absorption edge is due to shift of the multiple scattering, the
shift of the B resonance are associated with both of a dif-
ferent binding energy of the 1s core initial state and different
distances between the absorbing atom and back-scattering
atoms. When the absorbing atoms are surrounded by back-
scattering atoms with different bond length due to distortion
of local structures around Fe ions, the white line of Fe K-
edge XANES is broaden by overlapping of peaks which are
induced by shifting the multiple scattering resonances.
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Calixarenes' have received much attention recently as a in-
teresting class of cyclophanes possessing ionic and molecular
binding properties.” Their potential as enzyme mimics has
been suggested and appropriate functionalization of the phen-
olic units could extend this comparison to redox-switching en-
zyme.?

Calixarene esters have shown the remarkable ionophoric
properties* toward the alkali metals. For example, the tetram-
er ester display selectivity for the sodium ion, on the other
hand the hexamer ester display selectivity for the potassium,
rubidium and cesium over sodium ion’ and Beer e al.® re-
ported the cation binding properties of diester calix{4]qui-
none. This stimulated us to design a new ester group con-
taining calixquinone. In pursuit of redox switchable recep-
tors we prepared a series of triester calix[4]arene and their
corresponding quinone and investigated their cation binding
properties.

Triester calix[4]arenes and their corresponding quinones
were prepared by the selective trialkylation followed by the
oxidation of free phenolic unit (Scheme). Trialkylation was
carried out with ethyl bromoacetate in the presence of CaH,
in DMF according to the reported procedure.” The oxidation
of 2a with thallium(III) nitrate (TTN)® produced the new tri-
ester calix[4]quinone 3a as a pale yellow powder in 34%
yields. On the other hand, the oxidation of 2b was succe-
eded only with T({OCOCEF;) in trifluoroacetic acid solution,’
which produced 3b in 40% yields. For comparison of ca-
tion binding properties among the triester calix[4]arenes,
their alkyl derivatives 4a and 4b were prepared by the reac-
tion of 2 with the corresponding alkyl halides in the pres-
ence of K,CO;. The methyl derivative 4b was prepared by
the reaction of 2b and methyl iodide in the presence of
NaH because benzylation reaction between 2b and benzyl
bromide in the presence of K,CO, failed probably due to the
steric factor of 2b.

The '"H NMR spectra of triester calix[4]quinone 3a show-
ed three doublets at 7.13, 6.81, and 6.20 ppm and two tri-
plets at 6.96 and 6.48 for the nine aromatic protons and a
singlet at 6.82 for the two quinone protons. The bridge me-

thylene protons appear as two pair of doublets between 3.2
to 4.6 ppm region and a complicated multiplet at around 4.2
ppm region represents the -OCH,CO,- and -OCH,- protons.
The “C NMR spectra 3a showed two peaks at 32.41 and
31.06 ppm for the bridge methylene carbons, indicating that
3a exists as a cone conformation.’®! The stepwise addition
of a solid NaClO, to CD,CN solution of 3a resulted in large
significant downfield shifts'® of the ligand protons correspon-
ding to the complexed species as shown in Figure 1. Most
notable down field shifts were observed for a doublet at 6.20
ppm and a triplet at 6.48 ppm which represent six aromatic
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