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MTi07/M00.3M05010 (M = Sr, Eu), First Evidence of Mono- and Bicapped Bioctahedral Maq;
and Mo, Clusters: Synthesis, Crystal Structures, and Physical Properties

Introduction

A wide array of Mo-Mo bonded cluster types are found in
the reduced oxides of molybdenun\ common structural unit
is the Mg octahedron that occurs quasi-isolated injdsa
Mo13£04¢%? and LaMaOs? or fused through edges to other such
clusters to form larger entities of general formula Mo in
the serieM,—xM0on+206n+4 (N = 2,432 48 and 5). The range
of clusters can also be extended by capping the faces of the
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The novel quaternary reduced molybdenum oxides Wby sM0os010 (M = Sr, Eu) have been synthesized by
solid-state reaction at 140C for 48 h in sealed molybdenum crucibles. Their crystal structures were determined
on single crystals by X-ray diffraction. Both compounds crystallize in the orthorhombic space Rjooamvith

8 formula units per cell and the following lattice parametegs= 9.1085 (7) bs;= 11.418 (1), ands, = 15.092

(3) A; agy = 9.1069 (7) bey = 11.421 (2), ande, = 15.075 (1) A. The Mo network is dominated by bioctahedral

Mo1p clusters, which coexist randomly with Mpand Ma_ clusters (monocapped and bicapped;pdusters).

The Mo—Mo distances within the clusters range from 2.62 to 2.92 A and the ®distances from 1.99 to 2.17

A as usually observed in the reduced molybdenum oxides. Thea®d E@* ions occupy large cavities, which

result from the fusion of two cubooctahedra and thus are surrounded by 11 oxygen atoms—-Thdidthnces

range from 2.50 to 3.23 A for the Sr compound and from 2.49 to 3.24 A for the Eu analogue. Single-crystal
resistivity measurements indicate that both materials are poor metals with transitions to semiconducting states
below 50 and 40 K and room temperature resistivity values af 803 and 5x 103 Q-cm for the Sr and Eu
compounds, respectively. The magnetic susceptibility data indicate paramagnetic behavior due 4o thentent

at high temperatures for the Eu compound and do not reveal the existence of localized moments on the Mo and
Ti sublattice in the Sr compound. An XPS study clearly suggests that the isolated Ti ions are tetravalent. Theoretical
considerations preclude the existence of heterometallie Malusters.

Mog octahedron to produce Mand Mg; clusters. The existence
of the latter two clusters was first mentioned by Leligny et al.
in the compound LaMg;0:48 in which both clusters coexist
randomly. Subsequently, both types of clusters were found in
well-ordered structures. Thus, the monocapped octahedral Mo
has been observed up to now either forming infinite chains with
bioctahedral Mg, or quasi-isolated in the series of compounds
M4M’'3M02¢048 (M = Sr, Eu, M = Al, Ga, Fe)? The bicapped
octahedral Mg cluster was encountered in the two isomeric
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cis and trans forms in the series of polymorphic compounds Table 1. X-ray Crystallographic and Experimental Data for
RMogO14 (R = La, Ce, Pr, Nd, Smy compounds that were ~ M(Tio7M00.)M0sO10 (M = Sr, Eu)

prepared by high-temperature solid-state reaction. Thus, in  formula EUuTh.c083MO00.302(3 SrTio 7014y
NdMogO141%2and SmM@O14,1°¢ only cis-edge-sharing bi-face MosO1o Moo 2994010
capped Mg clusters are observed, while in Laly@g,10 fw, g mol™* 853.97 789.63
CeMaO14,1% and PrM@0141%¢ well-ordered mixtures of cis- szce group 9.1069 (7 Pbca(No. 61% 1085 (7)
edge-sharing and trans bi-face capped octahedrgldilisters . g: A 11.421 EZ; 11.418 (1)
occur in equal proportion for the La and Ce compounds and in = ¢ A 15.075 (1) 15.092 (3)
the ratio 2:1 for PrMgO14. Another crystalline form of the v, A3 1567.9 (3) 1569.6 (4)
stoichiometric LaM@O14!* compound was also synthesized by  Z 8

fused salt electrolysis. Its crystal structure is more complex due q_caj,ccd: gem? 7.235 20 6.683

to a one-dimensional commensurate modulation and consists LA 0.71073 (Mo k)

of cis-edge-sharing and trans bi-face capped Mosters with " emrt 16.800 15.661

an average probability distribution of approximately 65 and 35%, R (I > 20(1)) 0.0347 0.0357
respectively. In addition to their fascinating structural aspects, WR:"(on all data) 0.0868 0.0771

the RMaO14 compounds present different magnetic behaviors .5 _ _ b _ 2 _ 2 221 172

resulting from the coexistence of two magnetic sublattices, one lell[gzﬁlzg DLL (alggzlJlizon\lA-lhg\r/Sz p z{[i[‘\;v)(('(:,é’z O)Ffzglzzz%(';‘g;]; _

due to the rare-earth ions and the other one due to the cld3ters. ¢ 0163 and 0.0297, antl = 43.4046 and 0.0 for the Eu and Sr
In this work, we show how the face-capping principle can compounds, respectively.

be extended to bioctahedral Maunits formed by fusing two

Mos clusters with the synthesis, crystal structures, and physical We have summarized in Table 1 the lattice parameters of the MTi

properties of the new compounds Mo sMos010 (M = Sr Moo aM0s010 compounds. The latter were determined by least squares
and Eu) that contain the first examples of mono- and bicapped refinement of the setting angles of 25 reflections in the@hge 16-
bioctahedral Mg, and Ma,, clusters. 34° that had been automatically cgntgred on a Nonius .CAD4 diffrac-
tometer. Both compounds crystallize in the orthorhombic space group
Experimental Section Pbcawith 8 formulae per unit cell.
Single-Crystal Structure Determinations. The crystal structure was
Synthesis.The starting reagents were SrMpOr EwO; (Rhtne- first established from intensity data collected on a single crystal of

Poulenc, 99.999%), Mo©(Strem Chemicals, 99.9%), TiqStrem EuTio.7/M00.aM0s010. A black single crystal of approximate dimensions
Chemicals, 99.99%), and Mo (Cime Bocuze, 99.99%), all in powder 0.2 x 0.16 x 0.14 mn? with irregular shape was selected for data
form. Before being used, the Mo powder was heated under a hydrogencollection. Intensity data were recorded upfte= 45° with the w—20
flow at 1000°C for 6 h and the rare-earth oxide was prefired at 1000 scan method on a CAD4 Nonius diffractometer using graphite-
°C overnight and left at 608C before weighing it. Strontium molybdate  monochromatized MoK radiation ¢ = 0.71073 A) at room temper-
was prepared by heating a stoichiometric mixture of strontium carbonate ature. The intensities of three standard reflections showed no significant
(Prolabo, 99%) and molybdenum trioxide in an open porcelain crucible variations over the data collection. The data set was corrected for
at 800°C overnight. All reactions were carried out in molybdenum  Lorentz and polarization effects and for absorption by employing the
crucibles which were previously cleaned by heating at about 2800 W scan methot on six reflections. Analysis of the data revealed that
for 15 min under a dynamic vacuum of about 2T orr. Single crystals the systematic absenceki)ok = 2n + 1, (h0l) | = 2n + 1, and [kO)
of EuTio./M00.dVl0s010 Were first obtained in an attempt to prepare-Eu  h = 2n + 1 were consistent with the orthorhombic space grBbpa
TisM026048 which would lead to a compound isostructural withs/Eu  The initial positions for all the molybdenum and some of the oxygen
GaM026048° The exact composition was first determined by single-  atoms as well as for the europium atom were determined with the direct
crystal X-ray structure investigations. Subsequently, X-ray pure powders methods program SHELXSin the Pbcaspace group. A subsequent
of EuTip /Moo sM0sO10 and SrTh Moo aMosOyo could be obtained. For  difference Fourier synthesis revealed the remaining oxygen atoms and
all syntheses, the mixtures of the starting materials were pressed intotwo peaks M1 and M2 at 0.36 A from each other, which we assigned
pellets and loaded into molybdenum crucibles which were sealed underto titanium atoms. Refinement of this model including the isotropic
a low argon pressure using an arc welding system. The crucibles weredisplacement parameters and the site occupancy factors for the titanium
heated at 1500C for 48 h and then cooled at 10C/h down to 1100 atoms showed that the latter ones were greater than unity. In the
°C, the temperature at which the furnace was shut off. Reactions carriedfollowing step of the refinement, the occupation of the M1 and M2
out with different ratios Mo/Ti were also tested and did not lead to sites by titanium and molybdenum atoms was taken into account. These
single-phase products. By substituting Ca for Sr and Eu, an isotructural refinements revealed that the M1 site= 0.3618,y = 0.1810,z =
compound could be observed. However single-phase preparation of thisp.7036] was only partially occupied by the titanium and the M2 site [
latter compound has not been achieved and only twinned single crystals= 0.3844,y = 0.2949,z = 0.1960] by the molybdenum. A calculation
of CaTi.7M0o.3M0s010 were obtained. On the other hand, attempts to of the two Mo6 and Ti probability density functions shows that they
synthesize isotructural compounds by substituting Ba, Sn, Pb, La, or do not overlap and that for both atoms the position of the density
Yb for Sr or Eu as well as Sc, V, Cr, Fe, Co, Ge, Zr, Al, and Si for Ti  maximum coincides with the refined position. The final full-matrix least
were not successful over a range of temperatures and times;-1400 squares refinement df? which was based on a model including the
1600°C and 24-48 h, respectively. positional and anisotropic displacement parameters for all atoms and
The purity of the Sr and Eu compounds was checked on the basis site occupancy factors for Ti and Mo6 led to the valueRef 0.0347
of their X-ray powder diffraction patterns carried out on an Inel position and wR = 0.0843 for 5286 reflections with > 2¢(l) and to the

sensitive detector wita 0 to 120 26 aperture and Cu &; radiation. stoichiometry EuTdeos3M00.3023M0sO10. As some atoms (Mo2 and
Mo3) showed relatively high maximum and minimum main axis atomic
(10) (a) Gougeon, P.; McCarley, R. Ecta Crystallogr.1991, C47, 241. displacement parameter (ADP) ratios of about 4, attempts were made
(b) Kerihuel, G.; Gougeon, RActa Crystallogr.1995 C51, 787. (c) to split the positions of the Mo2 and Mo3 atoms. Refinements of the
Kerihuel, G.; Gougeon, PActa Crystallogr.1995 C51, 1475. (d) latter model did not improve the results and led to a higher ratio for

Kerihuel, G.; Tortelier, J.; Gougeon, Rcta Crystallogr.1996 C52

2389. (e) Tortelier, J.; Gougeon, Rcta Crystallogr.1997 C53 668.
(11) Leligny, H.; Labbe Ph.; Ledesert, M.; Hervieu, M.; Raveau, B;

McCarroll, W. H. Acta Crystallogr.1993 B49, 444. (13) North, A. C. T.; Phillips, D. C.; Mathews, F. #&cta Crystallogr.
(12) Gautier, R.; Andersen, O. K.; Gougeon, P.; Halet, J.-F.; Canadell, E. 1968 A24, 351.

Unpublished results. (14) Sheldrick, G. MActa Crystallogr.199Q A46, 467.

the Mo2 atoms. On the other hand, refinements in the four possible
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Table 2. Positional Parameters and Equivalent Isotropic Table 3. Selected Me-Mo, Mo—0O, Ti—0O, and MO (A) for

Displacement Parameters3&or M(TiM0o3)MosO10 (M = Sr, M(Tio./M00.3M0s010 (M = Sr, Eu)

Eu) Eu Sr Eu Sr

atom X Y z i ’ Mol-Mo2 2.6967(5) 2.6956(5) MoiO3 1.994(3) 1.997(3)
M = Sr Mol—-Mo6 2.715(2) 2.710(2) Mo:O4 2.000(4) 2.005(3)

Sr 0.49231(4) 0.58819(4) 0.10031(3)  0.00903(7)
Mol 0.62235(3) 0.17780(3) 0.13465(2)  0.00531(5)
Mo2 0.38613(3) 0.05384(3) 0.18738(2) 0.00559(5)
Mo3 0.37347(3) 0.17186(3) 0.02651(2) 0.00393(5)
Mo4 0.63259(3) 0.93730(3) 0.12598(2) 0.00398(5) Mo2—-06 1.990(3) 1.998(3)
Mo5 0.12555(3) 0.43492(3) 0.02739(2)  0.00340(5) Mo2-Mo6 2.761(2) 2.755(2) Mo204 2.002(4) 2.002(3)
Mo6 0.3844(2) 0.29487(18) 0.19601(15) 0.0040(3) 0.299(4) Mo2—Mo4 2.7666(5) 2.7692(5) Mo208 2.012(3) 2.008(3)

Mol—-Mo4 2.7502(7) 2.7507(5) MoiO2 2.017(4) 2.016(3)
Mol—-Mo5 2.7611(5) 2.7636(6) MoiO1 2.032(3) 2.030(3)
Mol—-Mo3 2.7926(5) 2.7941(5) MoiO5 2.098(3) 2.095(3)
Mol-Ti  3.055(2) 3.052(2)

PR RRERR

Ti 03618(2) 0.18101(17) 0.70365(13) 0.0043(2) 0.701(4) Mo2-Mo5 2.7700(5) 2.7722(6) Mo207 2.028(3) 2.026(3)
Ol 0.2633(3)  0.4394(2)  0.81056(18) 0.0053(4) 1 Mo2—Mo3 2.7786(5) 2.7792(6) Mo201 2.162(3) 2.171(3)
02 0.9907(3) 0.1945(3) 09122(2)  0.0095(5) 1 Mo2—Ti  3.050(2) 3.046(2)
03 0.2560(3) 0.3089(2) 0.96976(19) 0.0065(4) 1 M03-09 2.039(3) 2.034(3)
8;" g-ggiggg 8%22% 8-;822(72()18) %-%%%%((j)) 11 Mo3—Mo4 2.6178(5) 2.6178(6) Mo307 2.054(3) 2.055(3)
08 00880(3) 008713 0745623  00089(s 1 Mo3—Mo5 2.7073(7) 2.7054(5) Mo302 2.074(3) 2.079(3)
07 02537(3 0182903 0.1416119) 00069 1 M03—Mo5 2.7220(5) 2.7240(4) Mo3010 2.083(3) 2.089(3)
08  02570(3) 04357(2) 0.14006(19) 0.0064() 1 Mo3—Mo6 2.920(2) 2.920(2) Mo303 2.084(3) 2.080(3)
00 05031(3) 01938(2) 001801(18) 00048(4) 1 Mo3-Ti  3.154(2) 3.159(2) Mo409 2.057(3) 2.052(3)
' ' ' ' Mo4—09 2.057(3) 2.052(3)
010 0.2190(3) 0.0519(3) 0.97933(18) 0.0052(4) 1

Mo4—Mo3 2.6178(5) 2.6178(6) Mo405 2.076(3) 2.079(3)
M=Eu Mo4—Mo5 2.7358(5) 2.7368(6) Mc4010 2.078(3) 2.090(3)

Eu  0.49232(2) 0.58821(2) 0.099944(16) 0.00675(4) Mo4—Mol 2.7502(7) 2.7507(5) Mo401 2.078(3) 2.077(3)

Mol 0.62262(4) 0.17763(3) 0.13469(2) 0.00276(5) Mo4—Mo2 2.7666(5) 2.7692(5) Mo406 2.108(3) 2.114(3)

Mo2 0.38616(4) 0.05371(3) 0.18744(2) 0.00309(5) Mo4—Mo5 2.7799(5) 2.7827(5)

Mo3 g-ggg;ggg 8323238 823282% 8-881@88 Mo4—Ti  2.903(2) 2.905(2) Mo509 2.023(3) 2.021(3)

[e] . . . .

Mo5 0.12546(4) 0.43497(3) 0.02737(2)  0.00096(5) Mo4-Mob 3.136(2)  3.144(2) M’X'gfgio %‘lgiig %‘lgigg

Mo6 0.3843(2) 0.29522(18) 0.19614(9)  0.00200(12) 0.302(3) -
T 036167(17) 0.18079(16) 0.70342(8) 0.00200(12) 0.698(3) Moo Mg g;g;gggg g';giggig Mo508  2.077(3) 2.080(3)
i 8'3888&3 8"1132383 g'gigggg 8'8838223 Mo5—Mo4 2.7358(5) 2.7368(6) Mo6O4 1.844(5) 1.852(4)
05 025613 030043 0.9607 0008004 Mo5—Mol 2.7611(5) 2.7636(6) Mo6O2 1.906(4) 1.903(4)
01 000228 031873 075448 000976 Mo5-Mo2 2.7700(5) 2.7722(6) MoSO7 1.934(4) 1.930(3)

Mo5—Mo4 2.7799(5) 2.7827(5) Mo6O6 2.041(3) 2.038(3)

O5 02547(4) 0.1933(3) 0.8067(2)  0.0039(4)
06 09879(3) 00663(3) 07455(2)  0.0032(4) Mo5—Mo5 2.8475(7) 2.8501(6) MoO5 2.046(4) 2.052(3)
Mo6-08 2.148(4) 2.155(3)

O7 0.2536(4) 0.1829(3) 0.1416(2)  0.0044(4)
08 0.2569(4) 0.4350(3) 0.1399(2)  0.0042(4)
09 05038(3) 0.1943(3) 0.91776(19) 0.0025(4)
010 0.2205(3) 0.0521(3) 0.9790(2) ~ 0.0033(4)

RPRRP PP

Mo6-Ti  0.360(2) 0.363(2)
Mo6—Mol 2.715(2) 2.710(2) TO5  1.842(3) 1.843(3)
Mo6—Mo2 2.761(2) 2.755(2) TO8  1.891(3) 1.899(3)
Mo6—Mo3 2.920(2) 2.920(2) TiO6  1.903(3) 1.898(3)

orthorhombic subgroupBbc2;, Pb2;a, andP2;ca, andP2,2,2; were Mo6-Mo4 3.136(2)  3.144(2) TE 8; gg?igig gg?ggg

also unsuccessful. These Sllghtly hlgh values of the maximum and Ti—Mo6 0360(2) 0363(2) FO4 2126(5) 2133(4)
minimum main axis ADP ratios probably result from the disorder on Tj_pMo4  2.903(2)  2.905(2)

the capping site Mo6. Refinements of the occupancy factors for the Tji—Mo2 3.050(2) 3.046(2) MO9 2.498(3) 2.504(3)
Eu cationic site yielded a value of 0.99 (2) and showed that itis fully Ti—Mol  3.055(2) 3.052(2) MO4 2.561(4) 2.548(4)
occupied. Fractional coordinates of the Eu compound were used asTi—Mo3 3.154(2) 3.159(2) MO7 2.565(3) 2.565(3)

RPRrRRRRRRRER

starting values for the refinement of the Sr analogue. The final M—-01 2.629(3) 2.620(3)
refinement R = 0.0357 and wR= 0.0682 for 3493 reflections with M—010  2.693(3) 2.685(3)
> 20(1)) led to the chemical formula Srdio1(aM0o 209@M0sO10. FOr M-03 2.778(3) 2.784(3)
the Sr compound, the stoichiometry found from the refinement was M-08 2.832(3) 2.826(3)
consistent with that obtained by chemical analysis using a Bair Atomic M-010 2.881(3) 2.875(3)

M—06  2.923(3) 2.925(3)
M—02  3.082(4) 3.091(3)
M-02  3.241(3) 3.233(3)

inductively coupled plasma emission spectrometer (ICP) on a batch of
20 mg of crystals that yielded §&Js)Tio.72(aM0s 284010 Because of
the disordering of the Mo6 and Ti atoms and the absence of a solid

solution Mo/Ti, we made long-exposure rotation photographs along . . .
the three crystallographic axes on a single crystal of EM®os technique between 290 and 4.2 K with a current amplitude of 1 mA

MosOxo. The latter did not reveal any superiattice reflection. Calcula- @Nd @ frequency of 80 Hz. Ohmic contacts were made by attaching
tions were performed on a Pentium Il 450 for SHELXS and SHELXL- molten indium ultrasonically. The voltage drops across the sample were
9315 and on a Digital microVAX 3100 for the MolEN programs (data recorded as a function of temperature. The temperature readings were
reduction and absorption corrections). The crystallographic and ex- Provided by platinum resistance thermometers. o
perimental data are summarized in Table 1. The final atomic coordinates ~Magnetic Susceptibility Measurements Magnetic susceptibility

and temperature factors are reported in Table 2 and selected interatomidata were collected on a SHE-906 SQUID magnetosusceptometer in
distances in Table 3. the temperature range-800 K under a magnetic field of 4 kGauss.

The measurements were carried out on cold pressed powder samples
(ca. 150 mg). Data were corrected from the diamagnetism of the sample
holder prior to analysis.

1 heldrick. G. M. SHELXL for theRefi P | XPS Study. The oxide samples were analyzed by XPS experiments

(15) Sheldrick, G. M. S| 93program for theRefinement of Crystal -\ ich \vere done in a CAMECA RIBER model SIA 200 electron
Structures University of Gdtingen, Germany, 1993. . . . .

(16) Fair, C. K. MoIEN, An Interactie Intelligent System for Crystal spectrometer for multitechnique surface analysis. This system was
Structure AnalysisEnraf-Nonius, Delft Instruments X-ray Diffraction ~ equipped with a MAC 2 CAMECA RIBER double stage cylindrical
BV, Rontgenweg 1, 2624 BD Delft, The Netherlands, 1990. mirror electron energy analyzer. The photon source was a CAMECA

Electrical Resistivity Measurements.The ac resistivity measure-
ment was carried out on a single crystal using a standard four-probe
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Figure 1. Perspective view of the crystal structure of MIVI00dM0s010 (M = Sr, Eu) along thé axis.

SCX 700 dual anode X-ray source. A nonmonochromatized &l K
X-ray source iy = 1486.6 eV) was used as the excitation source in
all cases. Spectrometer energy calibration was carried out by use of
the Au 4f,, and the Cu 2g, photoelectron lines. The oxide samples
were analyzed either without ion sputtering or after ion sputtering with
0.6 keV Ar* ions for 10 min. The oxidation state for titanium was
examined from the Ti 2p core level binding energy chemical shift
observed before and after ion sputtering.

Extended Huckel Calculations.Calculations have been carried out
within the extended Fekel formalisnt” using the weighteét formula®
with the program CACAG? The exponentsg) and the valence shell
ionization potentialsHi; in eV) were (respectively) as follows: 2.275,
—32.3 for O 2s; 2.275;-14.8 for O 2p; 1.075;-8.97 for Ti 4s; 0.675,
—5.44 for Ti 4p; 1.956;-8.34 for Mo 5s; 1.921;-5.24 for Mo 5p.Hi

(C)

values for Ti 3d and Mo 4d were set equal+d0.81 and—10.50, Figure 2. Four possible configurations for the Mo and Ti arrangement:
respectively. A linear combination of two Slater-type orbitals of (a) MoyOys unit, (b) and (c) M@Osg unit, and (d) M@,Oss unit.
exponents;; = 4.550 andZ, = 1.400 with the weighting coefficients

¢ = 0.4206 andc, = 0.7839, and;; = 4.542 andi, = 1.901 with interesting to note that the vacancies in the A layers correspond
equal weighting coefficients, was used to represent the Ti 3d and Mo tg the center of the octahedra forming the Malusters.
4d atomic orbitals, respectively. Obviously, because the Mo6 and Ti sites cannot be occupied

simultaneously since they are separated only by 0.36 A, only
four different configurations which are described in Figure 2
A perspective view of the crystal structure of iMoo 5 are plausible. An examination of the distances between the Mo
MosOso along theb axis is shown in Figure 1. The oxygen atoms forming the Mg clusters and the Mo6 atoms revealed
framework derives from a stacking along thedirection of that they agree well with the existence of metallic bonds: 2.71
close-packed layers with the sequence ...ABAC.... While the B A for Mo6—Mo1, 2.76 A for Mo6-Mo2, and 2.92 A for Mo6-
(y =~ 0.25) and C Y ~ 0.75) layers are entirely occupied by Mo3 (see Figure 4). The latter long Md/o distance corre-
oxygen atoms and have the composition4Qin the A layers sponds to a weak bond and is explained by the alternating
(y ~ 0.0 and 0.5) one-third of the oxygen atoms are missing or short and long distances that are always observed between the
substituted by the Sr or Eu ions in an ordered way. The latter apical Mo atoms in the polyoctahedral Mo, clusters?! This
layers can be thus formulated [016 4] where M stands for leads to the formation of monocapped and bicapped bioctahedral
Eu or Sr andd for the oxygen vacancies. Within the O network, Mo;; and May clusters (Figures 2bd). Both clusters which
half of the octahedral interstices are occupied by the Mol, Mo2, are new to solid-state chemistry coexist randomly with thedvio
Mo3, Mo4, and Mo5 atoms which form bioctahedral o  clusters in the MTj7Mog 3M0s010 compounds. Moreover, the
clusters and one-tenth statistically by the Mo6 and Ti atoms. distances between the Ivoclusters and the Ti atoms, which
The bioctahedral Mg clusters occurring in these new mixed are greater than 2.9 A, preclude the presence of heteronuclear
titanium molybdates result from the metal-edge condensation clusters such as MgTi or Mo1oTi,. Recent theoretical calcula-
of two octahedral Mgtype clusters and are similar to those tions performed on the bioctahedral Maluster occurring in
previously observed in the series of compounds M®OWp(M the LagM02105¢2°¢ and MMosOg?2 compounds have shown that
= Ca, Sr, Lato Gd, Sn, and Piyhere they form infinite chains ~ the maximum of electrons that the Mocluster can accom-
and in the RgM0210s6 (R = La, Ce, Pr, and Ndf compounds ~ modate is 30 and that higher electron counts peg\tuster
where they coexist with single MaQoctahedra. It is also  lead to the formation of short intercluster Mo bonds of

Results and Discussion
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Figure 3. Different possible distributions of the Mg Mo11, and Ma.
clusters in the M(Tg/M0g3)M0sO10 (M = Eu. Sr) compounds. The
percentage of each cluster type is given by the intersection of the
corresponding curve with a given line parallel to yrexis. For example,

we have 45, 50, and 5% of Mg Moi1, and Maq; clusters, respectively,

for the line a.

(o7
Figure 6. Environment of the titanium in the M(diM0o.3M05010
(M = Eu, Sr) compounds.

of Mo1; and 70% of Mao and 30% of Ma,. It is also interesting
to mention that the random combination of Mo clusters of

Figure 4. Numbering scheme used for the M® clusters. different sizes has already been observed for Laides® in
which monocapped Moand bicapped Mgoctahedral clusters
about 2.7 A as observed in the series Mj®g (32 e per Moy coexist. Figure 4 shows the numbering scheme used for the
cluster) and RMgOs (34 € per Moy cluster) (M= divalent molybdenum oxide clusters. The Mdlo distances within the
metal and R= trivalent metal). In the MTgMoo.3V0sO10 Moy clusters range from 2.62 to 2.85 A with a mean value of

compounds, if we assume that the Mo6 and Ti are tetravalent2.74 A for the two isostructural Sr and Eu compounds. The
(vide infra), we would have 32 eper Moy, cluster. As we do smaller distance occurs between the apical Mo3 and Mo4 atoms
not observe short MeMo bonds between the Mg clusters, and the larger one between the Mo5 atoms of the shared edge.
this implies the existence of some Mo bonds between the  If we except the capping Mo6 atoms of the Mand Ma.
Moo clusters and the Mo6 atoms. A study of the capping effect clusters that are coordinated octahedrally by oxygen atoms and
of the Moy cluster by Mo or Ti atoms using extended ¢kel the Mo5 atoms of the shared edge that are surrounded by four
calculations reveals that frontier orbitals of the capping MeO ©0xygen atoms, the other Mo atoms are in a square pyramidal
group (Me= Mo, Ti) interact with antibonding vacant molecular ~ €nvironment of oxygen atoms. The M® bond distances are
orbitals (MO) of the Mao cluster. This is in contradiction with  in the range 1.852.17 A as usually observed in reduced
the capping principle established by Mingos which has been molybdenum oxides.
successful in rationalizing the bonding mode in capped late- The SF* and E#' ions occupy large cavities, which result
transition metal organometallic clust@?sThe resulting in-phase  from the fusion of two cubooctahedra and thus are surrounded
MO lie above the 15 bonding levels of the AMounit. The by 11 oxygen atoms (Figure 5). The?™-O distances range
absence of significant HOMO/LUMO gaps in the MO diagram from 2.504 (3) to 3.233 (3) A (mean value 2.787 A) and from
of MeMoy, and MeMoyg clusters (Me= Ti, Mo) makes it 2.498 (3) to 3.241 (3) A (mean value 2.789 A) for the Sr and
difficult to establish favored electron counts for these units. Eu compounds, respectively. The Ti atoms are surrounded by
Anyway, bonding between metallic atoms of the jloluster six oxygen atoms forming a highly distorted octahedron (Figure
and the capping group occurs if these-Mdo;o bonding levels 6). The Ti-O distances range between 1.9 and 2.06 A with a
are occupied. Considering tHet oxidation state of the capping  mean value of 1.98 A. From the FD bond lengths, the valence
metal, the Ti atom has no more electrons whereas the Mo atomof the Ti atoms calculated by using the relationship of Brown
has 2 electrons left for the bonding with the Manits. This is and Wu [6= (di—0 /1.806) 59|24 is +3.8, suggesting a number
consistent with the crystallographic metahetal distances  of oxidation of +4. The tetravalence of the titanium was
between the capping metal and the metal atoms of thegMo confirmed by XPS measurements, which show two peaks at
units. Consequently, the existence of new ;Mand Mo, 459 and 465 eV for the Ti 2p and Ti 2p/, binding energies,
clusters must be envisioned and the presence of heteronuclearespectively (Figure 7). For Tf, the observed Ti 2 binding
clusters such as Mgrli or Mo1oTi> must be excluded. energy lies generally in the range 455.2 to 458 eV and the Ti
In Figure 3, we show the possible distributions of the three 2py2 0ne between 463 and 463.5 eV, while fofTthe Ti 2py»
different clusters, which vary between 40% of Mand 60% binding energy varies between 458.5 and 459 eV and the Ti
2p12 one between 464.5 and 465 eV.
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Figure 7. Ti2p X-ray photoelectron spectrum for Eu§f 0o 3)M0sOx,.
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Figure 9. Temperature dependence of the electrical resistivity for the
M(Ti0.7M0g.3M0sO10 (M = Eu, Sr) compounds.

Weiss constants, respectively) in the entire temperature range
of measurements. A least squares fitting of the observed data
in the range 26:300 K resulted inC = 7.589 emeK/mol and
6 = 2.7 K. The positive Weiss constant suggests that the
exchange correlations are ferromagnetic in nature, although no
magnetic ordering was evident on the Eu sublattice down to 2
K. The observed effective magnetic momemd = 7.85 ug/
Eu) is in good agreement with the theoretically expected value
of 7.94ug. This confirms that Eu is exclusively divalent (Eu
is nonmagnetic with) = 0) as expected from the crystal-
lographic data and the molybdenum sublattice has no net
magnetic moment.

The temperature dependencies of the electrical resistivities
of the MTip /M0 sM0s5010 (M = Sr, Eu) compounds are shown
in Figure 9. Both compounds are poor metals with transitions
to semiconducting states below 50 and 40 K and room
temperature resistivity values of0 103 and 5x 1073 Q-cm
for the Sr and Eu compounds, respectively. The poor metallic
character of these compounds probably results from the
positional disorder of the clusters.

In summary, we have prepared a new series of reduced
molybdenum oxides MBizM0og M05010 with M = Ca, Sr, or
Eu and characterized their electrical resistivity and magnetic
properties. The average structures of the Sr and Eu compounds
were determined using single-crystal X-ray diffraction in space
group Pbca The interest in these compounds resides in the
presence of bioctahedral Mpand mono- and bicapped bi-
octahedral Mg, and Mq;, clusters. A metal capping mechanism
was elucidated using molecular theoretical calculations. How-
ever, because of the Mo/Ti disorder it was impossible to
determine whether only Mg and Ma, only Mo;; and May,
or a mixture of the three species is found in these materials.
No evidence was found of any superstructure or for lower

Figure 8. The temperature dependence of the molar magnetic symmetry. This lack of long range order makes it impossible
susceptibility of SrTj-Moo3MosO10 and of the inverse of the molar  to determine the true local structure. Consequently, additional
magnetic susceptibility of EUg Moo 3V0sO10. studies by a combination of EXAFS and total neutron diffraction
magnetic susceptibility of EugiMoesMosO1o are shown in  as used previously for bMoOs, LiMoO,, and Li;M030g?>2
Figure 8. The susceptibility of the Sr compound is nearly would be helpful to ascertain the true local structure in these
temperature-independent in the range 4800 K with aygr materials and determine the true nuclearity of the molybdenum
= 4.3 x 103 emu/mol. This behavior is consistent with the clusters present in these compounds.

absence of localized moments on the Mo network and Ti atoms. ) .

The low-temperature upturn could be attributed to small amounts Acknowledg_ment. We _th_a_mk Dr. H. Néefor the collection
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