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Ce,UOg and Ce;M00g have both been suggested to have significant charge transfer between
the metal ions. To quantify this proposed charge transfer, the valence and coordination of
cerium and uranium in Ce,UQg as well as cerium and molybdenum in Ce,Mo0O¢ were studied
through a combination of K-, L-, and M-edge XAFS (X-ray absorption fine structure). The
results clearly show that these two compounds are not isostructural. Whereas Ce and U in
Ce,UOg are found to disorder on a single site, consistent with the formation of the solid
solution Ceg67Uq 3302, the Ce and Mo coordination is very different. The Mo sits on a site
with tetrahedral coordination. The XANES (X-ray absorption near edge structure) data
show that for Ce,UOg, Ce and U are both tetravalent, whereas for Ce,MoQOs, Ce is trivalent
and Mo is hexavalent. There is no evidence in either compound for any significant charge
transfer or intermediate valence. The unusual physical properties exhibited by these
materials are discussed in light of these findings.

Introduction

Compounds that contain metal ions with variable
oxidation states sometimes exhibit unusual charge-
transfer and conductivity properties that may be of
theoretical interest and technological importance. In
particular, interesting properties arise in mixed-metal
oxides containing both a rare-earth and a transition-
metal ion in which the chemical potential of the fion is
energetically close to the Fermi level of the bands
formed from the transition-metal d states. In situ
charge transfer can occur and, depending on its time
scale, can result in intermediate-valent or heavy-
fermion behaviorl=2 or selective catalytic activity.*5
Usually these types of behaviors are found when the f
ion is a light lanthanide or actinide, notably Ce or U.
This is thought to be because Ce and U have multiple
oxidation states that are readily accessible, and their f
orbitals are extended and available for bonding.

Although there have been numerous reports of Ce and
U exhibiting complex valent behavior in a variety of
oxides, most of the evidence supporting these claims is
indirect, such as the comparisons of lattice constants,
color, or magnetic susceptibility data within a series.
Whereas this information is useful qualitatively, a more
guantitative perspective is essential if the subtleties of
the charge distribution and its dynamics are to be
understood fundamentally. Toward this end, we have
chosen to investigate the details of electronic charge
distribution in two compounds previously reported to
have complex metal ion charge distributions, Ce;Mo0Osg
and Ce,UOQeg.
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Ce;Mo00g is a member of a series of compounds Ln;-
MoOg (Ln = Y, La—Lu).. The assignment of formal
oxidation states is straightforward for most of the
compounds, i.e.,, Ln'"' and MoVY'. These compounds
assume the color of the trivalent rare-earth ion and are
poor conductors, as expected because the MoV'-0 sub-
lattice has no carriers. The exception to this behavior
is CeaMo0Og, which is black. The black color has been
previously used to support the argument that Ce
transfers some of its charge to Mo, to form Ce!''Ce'V-
MoV0e.%7 This hypothesis was supported by magnetic
susceptibility data and preliminary spectroscopic stud-
ies.8 In addition to the unusual physical properties of
CezMo00g when compared with other members of the
Ln,MoOg series, the Ce analogue has also been reported
to crystallize in the space group Fm3mé or in a supercell
of the same space group,® a symmetry higher than the
neighbouring La and Pr analogues, which are tetra-
gonal.®

The solid-solution series CexU;—xO; forms from Ce'VO,
(x =1) to UVO; (x = 0) with the same Fm3m structure.
The lattice constants, magnetic ordering temperatures,
and effective moments have been measured as a func-
tion of x,10 and anomalous behavior has been reported
near the x = 2/3 analogue, Ce,UQg. In addition, whereas
CeO, is white and UOs is brown, the solid solutions with
x =~ 0.6 are a deep blue color. These results have lead
to the conclusion that there is charge transfer from Ce
to U, either of the form

CeyUVO, < Cel'UY'Oq

which is suggested to be a dynamic process, or of the
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which is considered as a simple charge-transfer reaction
that has not necessarily gone to completion.10-14 Ce!Vv
is known to rapidly oxidize U" in solution,® supporting
this hypothesis.

The initial objective of the work reported herein was
to characterize quantitatively the charge distributions
in Ce2Mo00g and Ce,UOg, including the dynamics of the
transfer processes. The differences in bonding and
reduction potentials between U and Mo in isostructural,
high-symmetry environments were expected to aid in
furthering the understanding of the subtle energetics
and bonding requirements necessary to form intermedi-
ate or mixed-valent materials. X-ray absorption spec-
troscopy (XAS) was chosen for initial studies because it
is a single-ion probe that is sensitive to the absorbing
ion’s oxidation state, and it is an established technique
for investigating intermediate valence.’® In addition,
under favorable conditions the fast time scale of XAS
(10716 s) allows a study of the dynamics of the charge
transfer. Unfortunately, we found no evidence, in any
of our data on either of these compounds, for any charge
transfer. All of our results showed only the presence of
Ce"-MoV' and Ce'V-U", respectively. These results
are presented in detail below. Preliminary results on
Ce;Mo0g have been presented elsewhere.l”

Experimental Section

Synthesis. Ce,UOg was prepared according to standard
procedures.’® La;MoOs and Th,MoOs were prepared from
Ln,03 and MoOs as described elsewhere;® Ce;Mo00s was made
slightly differently because of the difficulty of obtaining Ce,Os.
The compound was prepared by mixing the appropriate
starting reagents according to

6CeO, + Mo + 2.05M00; — 3Ce,M00Qq

MoOs; was obtained from Cerac, and CeO, was a REacton
product. These reagents were intimately mixed, sealed in a
thick-walled quartz tube, and heated to 1200 °C. It was
determined that a slight excess of MoO3; was necessary to form
a single-phase material; in its absence there were CeO; lines
that appeared in the X-ray diffraction pattern. The necessity
for excess MoO;s is attributed to the fact that it sublimates at
temperatures less than the reaction temperature of 1200 °C.%®
Four model compounds (MoOs;, CaMo0QO,, La,M0QOs, and Th,-
MoOg) with structurally characterized molybdenum coordina-
tion environments were examined to facilitate comparisons
with Ce;MoOs. The CaMoO, scheelite phase was prepared
according to published procedures.'®
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Powder X-ray Diffraction. All samples were analyzed
by powder X-ray diffraction, using a Scintag diffractometer
equipped with a Cu tube, and operating in the —6 mode with
a flat-plate geometry. Except for Ce;MoOg, the data, and their
analyses for cell constants, all agreed with published results.
The powder pattern obtained from Ce,MoOg was also consis-
tent with published results,® including the presence of several
very weak additional lines that could not be indexed on the
simple fluorite, F-centered, cubic cell.

XAFS. Cerium Lz-edge and uranium M,s-edge XAFS data
were obtained at ambient temperature with an electron-yield
detector (The EXAFS Co.) on SSRL (Stanford Synchrotron
Radiation Laboratory) wiggler beam line 4—1 using a 1 mm
premonochromator slit and Si1110crystals. Mo L,s-edge
XANES was collected with an electron-yield detector at
ambient temperature on beam line X-19A at the NSLS
(National Synchrotron Light Source) with a Sil1110double-
crystal monochromator.?° Using a 2 mm (vertical) monochro-
mator entrance slit provided an energy resolution of ca. 0.5
eV for the Mo Ls-edge energy.?® This instrumental resolution
is 3.6x smaller than the natural width of the L3 core hole,
1.78 eV.2t Therefore, the Mo Lz-edge XANES shown here is
not obviously broadened by instrumental resolution effects.
The Ls-edge region was scanned with a step size of 0.1 eV over
the absorption resonances. Absolute energy calibration was
set with the first absorption peak (2469.2 eV) in the S K-edge
XANES for Na,S,03-5H,0.22 Mo K-edge electron-yield XANES
was collected at ambient temperature on beam line X-23A2
at the NSLS with a Si[3110double-crystal monochromator and
1 mm (vertical) monochromator entrance slit. The approxi-
mate energy resolution at 20 keV was estimated to be about 5
eV, which is 10x larger than that for Mo Ls-edge XANES, and
a little larger than the K-edge natural width, 4.52 eV.?* These
experimental conditions produce an unavoidable broadening
(ca. 50%) of the primary data. The Mo K-edge and U Ls-edge
transmission EXAFS were obtained at 10 K (Oxford Instru-
ments CF1208 cryostat) on wiggler beam line 4—3 at the SSRL
with a Si[2200monochromator and 1 mm (vertical) premono-
chromator entrance slits. The EXAFS analysis was performed
according to conventional methods?3?* using the EXAFSPAK?®
computer programs.

Results

X-ray Powder Diffraction. The diffraction pattern
shown in Figure 1 is not consistent with previous
reports that Ce,Mo0Og forms with the fluorite structure,
in space group Fm3m.8 Whereas the main diffraction
lines have both positions and intensities consistent with
the fluorite structure, there are also numerous very
weak peaks, marked in the inset of Figure 1, that
necessitate a larger unit cell, with lower symmetry. All
the lines can be indexed using a P cubic cell, indicating
that these are not impurity phase lines. In addition,
neutron powder diffraction on the same sample reveals
these lines to be much more intense, leading to the
conclusion that they arise primarily from oxygen-
superlattice ordering.26
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Figure 1. X-ray powder diffraction pattern of Ce;,MoOg, taken
with copper radiation. The most intense peaks can all be
indexed in the Fm3m space group, consistent with the CeO,
structure. However, the weak peaks marked with asterisks
in the inset are not consistent with this space group.
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Figure 2. Ce Ls-edge, electron-yield XANES obtained at 295
K for Ce,Mo0QOs, CesUOg, Cez(C204)3-nH20 and CeO..

Ce XAFS. The valence of Ce is distinguishable by
the X-ray absorption Ls-edge position and features?’
(XANES). Ce'"" is evidenced by a single-line edge
resonance, whereas Ce'V produces a double-peaked
resonance, with a peak separation of about 7.5 eV. The
lower-energy peak of Ce!V is shifted to about 4 eV to
higher energy than the single resonance observed for
Ce'". It is apparent from Figure 2 that the Ce Lz-edge
XANES obtained from Ce;Mo00Og and Ce,UOg are not the
same. As previously reported,’” Ce,MoOg has a spec-
trum consistent with the presence of Ce'''. There is no
evidence in the data for the presence of any Ce'V or any
intermediate-valence in this material. In sharp con-
trast, the double edge-resonance observed from Ce,UOg
is indicative of Ce'V, as exemplified by Ce0,.2” Whereas
there is no evidence of the presence of any intermediate-
valent Ce, a small charge transfer cannot be unambigu-
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Figure 3. Left: Ce Ls- edge electron-yield, k3(k) EXAFS (295
K) for Cel'"M0VI0s and Ce}’U'VOs. The best fits are shown as
dashed lines. Right: Fourler transforms of the experimental
(solid lines) and fitted (dashed lines) k3 (k) Ce EXAFS data of
the left panel for Ce;M00Og and Ce,UOg.

ously ruled out in this case simply from the Ce Ls-edge
XANES.

The different valences suggested for Ce in the
molybdate versus the uranate are also discernible from
the EXAFS data, despite the onset of the Ce L,-edge at
about 440 eV above the Ls-edge, which limits the
resolution. The k3 (k) EXAFS and the corresponding
Fourier transforms (FT) for Ce;MoOg and Ce,UOg are
compared in Figure 3. It is clear from these data alone
that the Ce'"! coordination in CesMoOg is different from
the Ce'V coordination in Ce,UQg. There are two well-
resolved Ce—O interactions in Ce;Mo00g, which, when
fit to the k3 (k) EXAFS shown in Figure 3 (dashed lines),
reveal 4 O at 2.31 A and 4 O at 2.74 A. This Ce
coordination is inconsistent with the symmetry required
for Ce in the Fm3m space group previously assigned
based on powder X-ray diffraction data.® In contrast,
the oxygen coordination of Ce in Ce,UOg (8 O at 2.29-
(3) A) is like that for CeO; (8 O at 2.343 A), which has
the fluorite, Fm3m structure. The peaks observed in
the FTs from both Ce,Mo0Og and Ce,UOg at about 3.4 A
(before phase shift correction) are attributed to Ce—M
(M = Mo, U) interactions. The Ce—M backscattering
was best fit with two terms: 2 Mo at 3.96(3) A and 8
Ce at 3.91(3) A for Ce;MoOg, and 4 U at 3.85(12) A and
8 Ce at 3.81(4) A for Ce;UOs. The results from the
EXAFS analyses are summarized in Table 1.

Mo XAFS. The normalized Mo Ls-edge XANES data
for the standards CaMoO,4 and La,MoOg (MoV'; tetra-
hedral environment) and MoO3 (MoV'; octahedral envi-
ronment) are compared with the data from Ce;MoOg in
Figure 4. As shown in Table 2, the edge position of Mo
in Ce;MoOg is consistent with only the presence of
hexavalent Mo. MoV has an edge-resonance energy that
is shifted 2 eV to lower energy than observed for here
for MoV!,28 and Mo'V is shifted to even lower energies.
Within the detection limits of these experiments of
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F.; Tronc, M. J. Chem. Phys. 1994, 101, 6570—6576.
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Table 1. Curve-Fitting Results for the Unfiltered k3y(k) EXAFS Data of CeO,, UO,, Ce,UOg, and Ce,M00g Shown in
Figures 3, 5, and 72

oxygen cerium uranium molybdenum
cmpd edge N r,A N r,A N r, A N r, A

CeO,° Cels 8 2.35(1) 12 3.82(1)
uoy© ULz 8 2.34(3) 12 3.86(1)
Ce,UOg Cels 8 2.29(3) 8 3.81(4) 4 3.85(12)

ULz 8 2.33(1) 8 3.84(1) 4 3.90(2)
Ce;M00g Cels 4 2.31(5) 8 3.91(3) 2 3.96(3)

4 2.74(3)
Mo K 4 1.79(1) 2 4.00(4) 1 3.88(3)

a All curve fitting was performed using single-scattering theoretical phase and amplitude functions obtained from FEFF 6.01a; see:
Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R. C. 3. Am. Chem. Soc. 1991, 113, 5135—5140. Mustre de Leon, J.; Rehr, J. J,;
Zabinsky, S. I.; Albers, R. C. Phys. Rev. B: Condens. Matter 1991, 44, 4146—4156. Coordination numbers, N, were refined using best
integer fits, see: George, G. N.; Pickering, I. J. EXAFSPAK: A Suite of Computer Programs for Analysis of X-ray Absorption Spectra;
1995; pp 50—51. The estimated error for all values of N is + 20%. Even for the short Ce Lz-edge EXAFS data with Ak = 8 A1 and Ar
=3 A, the number of curve fitting parameters (8—12) was always less than the number of independent data points, Nigp = 2AKAr/x = 15.
The numbers in parentheses represent the estimated 95% confidence limits (30) obtained from the diagonal elements of the covariance
matrix of the least-squares fit. P Crystallographic values are 8 O at 2.343 A and 12 Ce at 3.826 A. The k3y(k) EXAFS data and fit for
CeO; are available as supporting information. ¢ Crystallographic values are 8 O at 2.363 A and 12 U at 3.859 A. The k3y(k) EXAFS data
and fit for UO; are available as supporting information.

Table 2. Mo Ls;-Edge XANES Peak Positions and Intensities for the Normalized, Electron-Yield Data of Figure 4 as Well
as the Principal Inflection Point (IP) Energies of the First Differential XANES?2

first peak second peak 10Dq
sample IP,2 eV posn, eV inten IP.P eV posn, eV inten primary fst diff snd diffc
CaMoO, 2522.6 2523.4 5.16 2524.8 2525.5 8.79 2.1 2.2 2.3
MoO3 2522.8 2523.6 7.63 2525.7 2526.4 6.17 2.8 2.9 3.4
La,MoOg 2522.5 2523.3 5.26 2524.6 2525.3 7.76 2.0 2.1 2.3
CezMo0g 2522.5 2523.4 5.63 2524.7 2525.3 6.83 1.9 2.2 2.2
Tb2MoOg 2522.4 2523.3 5.70 2524.5 2525.3 7.25 2.0 2.1 2.1/3.54

a Also tabulated are the approximate values of 10Dq obtained from the peak separation in the primary, first differential, and second
differential Mo Lsz-edge XANES. Comparison of the tabulated energies for the three lanthanide molybdates, Ln;MoOg, reveals that they
are the same within the average experimental error, 0.2 eV. ? Inflection point energies from first differential Mo Ls-edge XANES. ¢ Peak
splitting obtained from the second differential Mo Lz-edge XANES as in ref 33. 9 The coordination of MoY! in Th,MoOs is unusual. It
consists of a distorted tetrahedron of O atoms at an average distance of 1.803 A with a distant O atom at 2.214 A to form an irregular
square pyramid.®

strength parameter, 10Dq,34~*! the magnitude of which
is diagnostic of the coordination environment. Typical
splittings for MoVY'! have been reported to be 1.8—2.4 eV
for tetrahedral coordination and 2.8—4.5 eV for octahe-
dral coordination.33 Table 2 contains the peak splittings
(in electronvolts) obtained from the normalized Mo
XANES and from the first and second differential
XANES. The splittings obtained from our standards,

LayMoQOg
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Hahn, J. E., Eds.; Springer-Verlag: Berlin 1984; pp 64—66.
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- E.; Kipke, C. A.; Roberts, S. A.; Cramer, S. P. J. Am. Chem. Soc. 1990,
112, 2541—2548.
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Figure 4. Mo Ls-edge, electron-yield XANES obtained at 295
K for CaMo0QO4, MoO3, La,MoOg, and Ce,M0Og.

about 5%, we conclude that there is only MoV! in Ce,-
MoOe. Our Mo K-edge XANES, available as supporting
information, also supports this interpretation.

The double-peak structures observed in the Mo Ls-
edge XANES data presented in Figure 4 are caused by
crystal-field splitting of the 4d orbitals.?8~32 These split-
tings provide an approximate value of the crystal field

Phys. Rev. B: Condens. Matter 1990, 42, 5459—5468.

(38) de Groot, F. M. F.; Fuggle, J. C.; Thole, B. T.; Sawatzky, G. A.
Phys. Rev. B: Condens. Matter 1990, 41, 928—937.

(39) Brydson, R.; Garvie, L. A. J.; Craven, A. J.; Sauer, H.; Hofer,
F.; Cressey, G. J. Phys.: Condens. Matter 1993, 5, 9379—9392.

(40) van der Laan, G.; Kirkman, I. W. J. Phys.: Condens. Matter
1992, 4, 4189—4204.

(41) Choy, J.-H.; Kim, D.-K.; Demazeau, G.; Jung, D.-Y. J. Phys.
Chem. 1994, 98, 6258—6262.
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Figure 5. Left: Transmission k3(k) EXAFS (10 K) for the
Mo K-edge of Ce})'Mo"'Os. The best fit is shown as the dashed
line. Right: Fourier transform of the experimental (solid line)
and fitted (dashed line) k3 (k) Mo EXAFS of the left panel for
CezMOOG_

shown in Table 2, are within the ranges reported for
their coordination environments. For Ce;Mo00Os, the
splitting of the Ls-edge resonance is 2.2 eV and is
consistent with a four-coordinate, tetrahedral-like oxy-
gen environment about molybdenum(V1).

Supporting evidence for this molybdenum stereo-
chemistry in Ce;MoOg is provided by the relative
intensities of the Mo L3 edge resonances. For a tetra-
hedral Mo environment, such as in CaMoO, and La,-
MoOg, the leading resonance is less intense than the
second one,3 as demonstrated in Figure 4. For MoO3
with a distorted octahedral Mo environment, there is a
reversal of intensities, such that the leading resonance
is the more intense. From simple ligand field theory
concepts, these relative intensity differences correlate
with the hole count of the empty electronic states. The
relative edge-resonance intensities for Ce;MoOg are
more like those for CaMoO, and La,MoOg than for
MoOs. This result provides strong support for the
conclusion that MoY! is centered in a tetrahedral-like
coordination of oxygen atoms in Ce;Mo00Os.

A more quantitative description of the immediate
coordination of MoV! in Ce,Mo0Og is provided through
analysis of the Mo K-edge k3y(k) EXAFS, which is shown
in Figure 5. The corresponding FT reveals a single
intense peak, which is due to oxygen backscattering.
Distant peaks beyond ca. 3.5 A, due to Mo—M (M = Ce,
Mo) interactions, are weak yet clearly visible. The Mo
k3y(k) EXAFS was modeled with three components, as
reported in Table 1. The Mo—O interatomic distance
of 1.79(1) A is typical of MoY!'—0 bonds in compounds
with tetrahedral coordination.*?2=44 The independently
refined Mo—Ce and Ce—Mo distances from the Mo and
Ce EXAFS analyses, respectively, are all consistent. The
EXAFS-determined metrical parameters for Ce;Mo0Og
provide confirming evidence of the XANES, for MoV! in
a tetrahedral-like environment.

U XAFS. U Ls- and Ms-edge X-ray absorption data
have been combined to reveal clearly interpretable
differences between U'Y, UY, and UV! oxidation states
and their coordination environments.#>=>3 The U Ls-

(42) Jeitschko, W.; Sleight, A. W.; McClellan, W. R.; Weiher, J. F.
Acta Crystallogr. 1976, B32, 1163—1170.

(43) Abrahams, S. C.; Reddy, J. M. J. Chem. Phys. 1965, 43, 2533—
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275.
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Figure 6. (a) U Ls-edge, transmission XANES obtained at
10 K for Ce;UOQg, UO3, and UO.. (b) U Ms-edge, electron-yield
XANES obtained at 295 K for Ce,UQOg, UO3, and UOs-.
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Figure 7. Left: Transmission k3 (k) EXAFS (10 K) for the U
Ls-edge of Cey’UVOs. The best fit is shown as a dashed line.
Right: Fourier transforms of the experimental (solid line) and
fitted (dashed line) k3y(k) U EXAFS data of Ce,UOs.
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and Ms-edge XANES for Ce,UOg, UO,, and UO3 are
shown in Figure 6a, b. The Ls-edge peaks for U'VO, and
Ce,UOg are similar and ca. 2 eV below the Ls-edge peak
for UV'O3. This edge shift is consistent with the with
presence of U in Ce,UOg. Likewise, the Ms-edge
resonance for Ce,UOg is ca. 1 eV below the correspond-
ing resonance for UO3. This, too, is consistent with the
presence of U in Ce,UQg. There is no evidence in the
XANES data for any UV or UV!, contrary to expectations
based on previous reports,10-12.14.54

The U Ls-edge k3 (k) EXAFS and the corresponding
FT data are shown in Figure 7. Uranium(lV) is
coordinated to 8 O atoms at 2.33(1) A, and the distant
U—M interactions, visible in the FT data at ca. 3.5 A
(before phase shift correction), were modeled by fitting
with 8 Ce at 3.84(1) A and 4 U at 3.90(2) A. The U-0O
and U—M metrical data obtained from the U Ls-edge
EXAFS (Table 1) are in agreement with the correspond-
ing Ce—0O and Ce—M parameters obtained indepen-
dently from the Ce Ls-edge EXAFS.
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Discussion

Our X-ray powder diffraction patterns clearly dem-
onstrate that Ce,UOg and Ce;Mo0QOg are not isostruc-
tural. All the diffraction peaks observed from Ce,UOg
are indexable in the Fm3m space group, and the
structure appears consistent with the same fluorite
structure exhibited by both CeO, and UO,. This result
is consistent with a variety of other reports that the
series CexU;-xO, exists for all values of x.10%5 |n
contrast, the X-ray diffraction pattern observed for Ce,-
MoOgs is inconsistent with that expected from a fluorite
structure. Whereas the major diffraction peaks are
indeed indexable in an F-centered cubic cell, the pres-
ence of weak additional lines rule out this symmetry.
These lines have been previously observed and have
been attributed to superlattice lines because they can
be indexed on a cubic supercell, although the strict
systematic absence requirements for Fm3m are violated.
A comparison of the X-ray results with neutron diffrac-
tion data from the same material reveals that most of
the extra lines have much more intensity in the neutron
data, with some of these lines actually approaching the
intensity of the fluorite lines.?® The X-ray and neutron
data taken together demonstrate that the metal ions
are arranged in an essentially fluorite-like lattice but
that the oxygen atoms destroy the pure Fm3m sym-
metry.

From the arguments presented above, we conclude
that Ce,UOg and Ce;Mo0Og are not isostructural, as
assumed initially. Nevertheless, it would have re-
mained of interest to characterize any intermediate-
valent behavior in these systems. Unfortunately, the
XANES data show no indication of intermediate or
mixed valence in either material. X-ray absorption
experiments have a characteristic time scale of about
10716 s, which is much faster than any dynamic charge-
transfer processes. When it does occur, the appearance
of intermediate valence is clearly discernible by XANES.16

The XANES unequivocally show that both Ce and U
are tetravalent. The Ce and U EXAFS from CesUOg
support the structural conclusions from the diffraction
data. The EXAFS obtained from Ce and U are similar
to each other, as shown in Figures 3 and 7, and both
are consistent with the metals coordinated to 8 oxygens
at 2.3 A. Best integers fits of the Ce and U EXAFS show
that the metal-atom coordinations are best represented
as 8 Ce and 4 U. This fit agrees with the metal-atom
coordination predicted from a binomial analysis of
coordination probabilities based on a statistical distri-
bution of Ce and U in the material. This result supports
the argument that Ce,UOg is a solid solution, in which
the Ce and U atoms are disordered on the same cation
site in the Fm3m structure.

It has been previously argued whether or not Ce,UOg
is a definite compound or a member of the solid-solution
series CeyU;—40,.10111455 The suggestion that a metal-
ion stoichiometry near 2:1 is somehow special arose from
the anomalous color observed for materials near this
stoichiometry and has been supported by magnetic
susceptibility data. Whereas UO; is brown and CeO,
is white, their solid solutions in the range of a 2:1
stoichiometry are deep blue.®> The blue color was

(55) Magneli, A.; Kihlborg, L. Acta Chem. Scand. 1951, 5, 578—
580.
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argued to arise from the charge transfer
CeIZVUIVO6 - CEIZIIUVIOGS’lO’ll

in which U" is a powerful enough reductant to fully
reduce Ce to trivalent. It has also been argued that at
the 2:1 stoichiometry the color should be at its minimum
because intermediate-valent Ce or U concentrations
would be at their minimum.** In other words, the
lowest probability of either a Ce''" to Ce!V or UV to UV!
optical transition would occur exactly at the metal-ion
ratio that corresponds to Ce;UOg. Consequently, it was
proposed that the blue color arises from a charge
transfer of the form

Ce'2VU IVOG P Cel I 'Ce'VUV0614

in which not all the Ce is reduced. This reaction would
result in an intermediate-valent Ce ion.

In addition to the dark color observed for samples
with a Ce:U ratio near to 2:1, the effective moments,
determined by a simple Curie—Weiss analysis of
CexU1-40O> susceptibility data, are seen to change as a
function of x, reaching a broad maximum near x = 0.6.10
The concentration dependence of the effective moment
in the CesU;-xO> series has again been attributed to an
in situ oxidation of U by Ce.l® The fact that similar
behavior is not observed in the corresponding ThyU;—,O,56
in which the Th is unambiguously tetravalent over the
entire concentration range is used to support the argu-
ment.

The results presented herein demonstrate that there
is no significant charge transfer between the metal ions.
Both Ce and U are essentially tetravalent. The similar-
ity in the ionic radii of tetravalent Ce and U, they differ
by about 3%, is consistent with a disordering of these
two ions on a single crystallographic site. A mixture of
Ce''' and UY! would have necessitated a disordering
between ions with ionic radii that differ by more than
30%.5" The absence of any significant charge transfer,
which has been argued to preferentially stabilize the
2:1 metal-ion stoichiometry, weakens the argument that
the 2:1 Ce to U stoichiometry can be distinguished from
the rest of the Ce,U1-xO> solid-solution series.

These results contradict the fundamental argument
that significant Ce—U charge transfer is responsible for
the unusual color, resistivity, and magnetic susceptibil-
ity observed for Ce,UOg relative to the end members of
the CesU;—xO, series, and suggests to us another
alternative. We propose that the energetics of this
series permits significant bonding, or hybridization,
involving Ce, U, and O orbitals, that is optimized at
intermediate values of x. This bonding involves no
charge transfer but would instead be strictly covalent
in nature. The strength of bonding interactions is
known to depend on the degree of orbital overlap,
coincidence of energetics of localized orbitals, and the
orbital symmetries.5®8 Ce, the lightest lanthanide with
f-orbital occupation, has radially extended f orbitals that
are available for bonding. Bonding would result in the

(56) Hinatsu, Y.; Fujino, T. J. Solid State Chem. 1985, 60, 195—
205.

(57) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. Sect. B 1969,
25, 925—-945.

(58) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H. Orbital
Interaction in Chemistry; Wiley: New York, 1985, p 447.
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formation of f-band states, perhaps involving some
oxygen p character. The stabilization energy of these
bands may well result in a bandgap that could account
for both the color and resistivity behavior. In addition,
significantly increased bonding may result in somewhat
itinerant f electrons, which would add an additional
Pauli paramagnetic term to the susceptibility. This
temperature-independent term would change the effec-
tive moment determined from the datal® unless it is
included in the analysis. Whereas all the data pre-
sented here are consistent with the proposed bonding
effects, electronic calculations are necessary to confirm
this hypothesis.

The XANES results obtained from Ce;MoOgs are
irrefutable. Ce is trivalent and Mo is hexavalent to
within the detection limit of our experiment, which is
estimated to be about 5%. We found no evidence for
the presence of pentavalent Mo previously reported from
XANES data obtained from the Mo K-edge (using a
bent-crystal X-ray spectrograph)®>° despite the fact that
the material examined here was prepared in the same
manner and showed the same “fluorite-based” lattice
constant as the material previously examined. There
is no evidence for any charge transfer, either dynamic
or static, or any intermediate valence. The large size
difference between Ce''' and MoV, as well as their
different expected coordination environments are con-
sistent with the cation ordering observed from the
EXAFS results reported herein. The determination of
a tetrahedral coordination about Mo is consistent with
the known structural chemistry of MoV'.

In sharp contrast to the results on Ce,UOg, the Ce
and Mo EXAFS from Ce;Mo0Og look very different from
each other, as well as from those obtained from the
corresponding uranate. The Ce is located in a distorted,
8-coordinate environment, whereas the molybdenum is
4-coordinate and the coordination is closely depicted as
tetrahedral. The EXAFS data provide further evidence
that CesMoOg does not have the Ce—Mo cation disorder
necessary for the fluorite-structure type. This absence
of cation disorder is not surprising when it is considered
that site disordering usually occurs between two ions
that prefer similar coordination environments and
whose ionic radii do not differ by more than about 15%.
Such would not be the case for Ce and Mo in Ce;Mo0QOsg,
irrespective of their oxidation states. These data di-
rectly support the X-ray and neutron diffraction findings
for this material, and taken all together, these results
constitute conclusive evidence that the cations order in
Ce;Mo0Og and that the simple fluorite, Fm3m structure
does not adequately describe the structure of this
material. Furthermore, these results are not inconsis-
tent with the magnetic susceptibility previously re-
ported for this material 817 The nonlinearity of a simple
Curie plot renders problematic any effective moment
analysis of the cation valence in this case.l”

The description of Ce,Mo0Og outlined herein with
trivalent cerium and hexavalent molybdenum is incon-
sistent with previously proposed charge-transfer mod-
els.68680 These results clearly demonstrate that the
reduction of MoV! by Ce''" does not occur to any ap-
preciable extent and is not responsible for the unusual

(59) Manthiram, A.; Sarode, P. R.; Madhusudan, W. H.; Go-
palakrishnan, J.; Rao, C. N. R. J. Phys. Chem. 1980, 84, 2200—2203.
(60) Brixner, L. H. Rev. Chim. Mineral. 1973, 10, 47—61.
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structure, color, or electronic properties of this material.
Again we suggest, as we did for the Ce,UOg material,
that there may be significant bonding (or hybridization)
involving Ce, Mo, and O orbitals. This bonding may
stabilize the oxygen stoichiometry and help to explain
why it has not been possible to make oxygen deficient
compositions such as Ce;Mo00s55%% or Ce,M00s.61-63
Although these grossly oxygen-deficient materials can-
not be prepared, a slight nonstoichiometry, like 1 part
in 103, may be enough to make this material black and
semiconducting. The effect on the cation valences
caused by an oxygen deficiency of this small magnitude
is beyond the limits of detection of the XAFS techniques
employed here.

The present results lead to a quandary about the
structure of Ce;Mo00g. With a Ce!"' and MoY! cation
distribution, it is difficult to rationalize its apparently
unique structure. The other Ln}'MVIOs compounds
(i.e., Ln = La, Pr, Nd, Sm—Lu) crystallize in two
structural modifications: (1) a monoclinic (o) form with
Ln—0Og and Mo—Os coordination, as illustrated by
a-SM;Mo0Og8* and a-Th,M00g,° and (2) a tetragonal (y)
form with Ln—Og and Mo—0Q, coordination, such as
found for y-La,MoOg® and y-Nd2M006.5> Ce,MoOg is the
archetypal example of a third type of structural modi-
fication, which is designated the f structure. It is
thought to be a cubic transitional form with an unknown
fluorite-like structure and unknown Ln and Mo coor-
dination.5* The EXAFS results reported here revealed
a distorted Ce—Og coordination environment with 4 O
atoms at 2.31(5) A and 4 O atoms at 2.74(3) A. This
coordination is typical for La''""-Nd"", such as found for
La"'in y-La;MoOg (4 O at 2.394 A and 4 O at 2.712 A9)
and Nd'"" in y-Nd,MoOg (4 O at 2.33 A and 4 O at 2.65
A%5) as well as Ce''' and La'!" in the perovskites CeTiOs
and LaTiOs; (4 O at 2.47 A and 4 O at 2.73 As667),
Whereas Ce!V is also typically 8-fold coordinated by
oxygen, the coordination polyhedra are less distorted
and the average Ce!V—O interatomic distance (2.33—
2.36 A)®8 is substantially less than that for Ce'''—0. For
example, the average Ce—Og distances in Ce'"'"NbQy,
A-Ce,03, and Ce''"Ta0,, are 2.480, 2.505, and 2.520 A,
respectively.®®70  The observation of distant Mo—M
interactions in the FT data (Figure 5) suggests that the
cation distribution about MoV' in Ce,MoOg is better
ordered than that for Tho,MoOg and probably similar to
that for La,Mo00Qs.°

Insofar as metal oxidation states and structural
environments dictate a wide range of catalytic behavior
for bulk metal oxides,> the remarkable differences
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between the solid-state properties of Ce;MoOg and Ce,-
UOg suggest the possibility of different catalytic behav-
ior. There are a number of industrially important
partial oxidation process that use bismuth molybdate
based catalysts, such as Bi;M00g.571=78 We wonder
what the effects of bismuth(l11) doping of Ce;MoOg to
form Ce,_xBixM00Og might have upon the cation valence
and coordination and, ultimately, the possible catalytic
properties. Furthermore, we feel that in situ XAFS
investigations of Ce,MOg under oxidizing conditions
might reveal the formation of UVV! sites in Ce}’U'VOg
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and Ce!V sites in Ce}'MoV'Os. Likewise, under reduc-
ing conditions, it may be possible to form Ce'" sites in
Ce,UOg and Mo'V'V sites in Ce;Mo0Os. We hope that this
report will stimulate catalytic studies of Ce;M00¢ and
also its crystal structure solution and refinement.
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