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The structure of the disordered lanthanum molybdate, L&@Mldas been solved and refined using powder neutron
diffraction data collected at 300 K. The average structure is descriteébimmg a = 8.373(1) A,c = 19.1510-

(1) A, Z=12. The compound contains two types of Mdo bonded units: isolated octahedral Mus clusters,

and infinite molybdenum oxide sheets, formed from condensed triangulg®@Molusters joined together to give

a total of four Mo-Mo bonds for each molybdenum. The @ g clusters have 16 electrons available for metal

metal bonding and the MeMo distances within the unit are 2.643(4)A6 and 2.695(5) Ax 6. In the infinite

sheets the molybdenusmolybdenum distances are 2.612(9) A within one equilateral triangular cluster and 2.621-
(8) A within another. Each of the molybdenum atoms in the two different Mosters has two molybdenum
neighbors from the other cluster at a distance of 2.882(6) A. Disorder in this layered structure occurs because of
interchange of layers of Mo sheets with layers of lanthanum ions. The Bragg scattering is accounted for by
including layers occupied with a 50% probability by each of these structural elements and their associated oxygen
atoms. A model showing how ordered subunits are stacked together to produce the average structure is presented.
Extended X-ray absorption fine structure spectroscopy (EXAFS) at the Mo K-edge was used to give information
on the local structure around molybdenum and to confirm that the final structural model gives a good description
of Mo—O and Mo-Mo bonding.

Introduction

There is a widespread interest in metaietal bonding and
the reduced molybdates provide a large range of compounds
containing a variety of Me-Mo bonded units. The compound
Zn,;Mo30g,23 which contains a MgD;3 metal-metal bonded
cluster with dyo—mo = 2.524 A, is the archetype of these
materials. Other cluster types include those containing, Mo
units* Mog units® and Magg units® The Mag; cluster is a
common structural unit but it is most frequently found fused to
other such units to form chains; for example in Kifg infinite
Mo4Os chains are formeélin BaMasO14, Mog clusters are joined
by intercluster Me-Mo bonds to form a zigzag linking of
cluster§ and the only known example of an isolated @gs
cluster, Figure 1, is in GasgM0135040.°
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metal-metal bonding is common and the §s cluster is the Table 1. Atom Parameters from Rietveld Refinement for Lai®e
most frequently occurring cluster. However, clusters are exceed-(Model 1, P6smc Structure}

ingly rare in tungstate chemistry in absolute numbers, and only atom multiplicity X y z BA2  occupancy
two t)_/pes are known. The octahedrak®{s cluster is known Lal 5 0.5203(9) 0.4797(9) 0.848(2) 1.3(2) 10
only in SnoW1e044,*t and the WO;3 cluster found only in La2 2 0.0000  0.0000  0.286 1.3(2) 1.0
metastable ZiW;0g!'2 and the mixed metalates Moz WOg La3 2 s %3 0.990(2) 1.3(2) 1.0
with x < 21213 La4 2 3 %3 0.504(2) 1.3(2) 1.0
) . . Mol 6 0.111(1) 0.889 (1) 0.942(2) 0.20 (6) 1.0
Attempts have been made to rationalize the structure of thesepg 6 0.769(1) 0.231(1) 0.681(2) 0.20 (6) 1.0
metal-metal bonded clusters in terms of electron cddrithe Mo3 6 0.562(1) 0.438(1) 0.177(2) 0.20 (6) 1.0
isolated MiO1g cluster is predicted to be most stable with-14 ~ Mo4 6 0.892(1) 0.108(1) 0.058(2) 0.20 (6) 1.0
16 electrons per Wicluster. The only known MgD;s example 8% 1§ 1(/)3'325(1) 2/2'994(1) 0 g'3254(;§2)0 (1)91(%4) 1 é'o
(in Cay gM013 5040°) appears to contain 17 electrons from bond o3 2 1, 2/ 0.759(2) 0.19(4) 1.0
order calculations, although there are uncertainties in the 04 6 0.104(1) 0.208(2) 0.123(2) 0.19(4) 1.0
stoichiometry of this material. In the reduced niobates the Og g 8-‘5122(%) 8-%%‘21(? 8-?(1)‘&(3) 8-13(21) 1-8
isolated NgO1g unit most often has an electron count of 14, 448(3)  0.224(1)  0.106(2) 0.19(4) :
; o7 12 0.015(3) 0.342(1) 0.993(2) 0.19(4) 1.0
for example in MgNbeO11*> and SrNgO14,16 but electron counts g 6 0.450(2) 0.225(1) 0.389(2) 0.19(4) 1.0
of 13—15 are knowrt? The electron count for the octahedral 09 6 0.113(1) 0.226(3) 0.374(2) 0.19(4) 1.0
WeOys cluster in SHoW1eOuq is 1411 010 2 s 3 0.386(2) 0.19(4) 1.0

The reduced molybdate LaMOs was first prepared by
McCarroll'” using conventional solid-state synthetic methods
in 1977 and later by fused salt electroly$iSingle-crystal X-ray
diffraction studies by McCarrdi and subsequent refinements ) ! "
by Thomad® appeared to show that LaM®s contained MgO the expe_ctedR factor, w; is the weight for pointi, N = no. of__

y pp o 18 bservationslos andlcqc are the observed and calculated intensities
clusters, but the structure has never been well enough determine@y point i, P = no. of variables, an€ = no. of constraints? The z
to justify publication in the scientific press. It was thought that parameter of La(2) is fixed to define the origin.
the problem with the structure determination might be caused
by twinning. The easy twinning of this compound is probably was adjusted to give 50% harmonic rejection. lonization chambers, filled
a result of the layer structure of the compound. We decided to with a mixture of Ar/He and Xe/He at appropriate partial pressures to
carry out a powder neutron diffraction study, for which twinning optimize detector sensitivities, were placed in the beam path before
should present no problem and also to collect Mo K-edge ex- and behind the sample. Finely ground samples were spread on Sellotape,
tended X-ray absorption fine structure (EXAFS) data in order and the number of layers was adjusted to give satisfactory absorption

ag =8.37(4) A,c = 19.1484(1) A. Number of reflections usesd
397,%? = (Rup/Rex)? = 172 for 2128 observations and 42 basic variables,
pr = [EiWi“obsj - Icalcilzlzivvi Iobsiz]:u2 = 0.0857,Rex = [(N - P+
C)/Ziw; lopsi?¥? = 0.0066;Ryp is the weighted profileR factor, Rex is

to determine the local structure around molydenum in this
material.

Experimental Section

Synthesis Lanthanum molybdate. LaM@s was prepared by heating
a mixture of Mo powder (Aldrich), Mog@ and LaOs (Aldrich) in the
required stoichiometric quantities at 1226 for 72 h in an alumina
tube contained inside a sealed evacuated silica ampule. The; MoO
precursor was synthesized from Mo powder and M@&drich) heated
together at 500C for 24 h followed by a further 24 h at 100C in
a sealed evacuated silica ampule.

Neutron Scattering Data Collection. Time-of-flight powder neu-
tron diffraction data were collected on the POLARIS diffractometer at
the ISIS facility, Rutherford Appleton Laboratory (Chilton, Didcot,
U.K.). A 5.23 g sample of powdered LaM0s was loaded into a
cylindrical thin-walled vanadium sample holder of nominal diameter
11 mm.

EXAFS Data Collection. Mo K-edge EXAFS data were collected

in transmission mode on station 9.2 at the Daresbury Laboratory SRS,

before and after the edge, and to maximize the change in absorption
across the edge. The sample was cooled to around 80 K using a liquid
nitrogen cooled sample holder in order to increase the magnitude of
the EXAFS signal, especially at high

Data Reduction and Analysis. (a) Rietveld AnalysisData from
the POLARISC-bank detectors, at angles 13058, which gives the
highest resolution, were used for the refinement. The data from
individual detectors were focused, summed and normalized to the
incident neutron spectrum to produce a diffraction pattern over the time-
of-flight range (tof), 2506-19600us (d spacing range 0.4643.177
A). Standard Rietveld refinements for Lahs were carried out using
the program TF14L% over the tof range 530019000us (d range
0.858-3.079 A) with the peak shape modeled by a pseudo-Voigt
function convoluted with a double exponential function. The coherent
scattering lengths used for La, Mo, and O were 0.82401*m, 0.6715
x107%4 and 0.5803x 1074 respectively!

(b) EXAFS Data Analysis. The programs EXCALIB, EXBACK,
and EXCURV922were used to extract the EXAFS signal and analyze
the data. A background subtraction was carried out by linear extrapola-
tion of the preedge region. In the conversion of the datagpaceFo

with an electron beam energy of 2 GeV and an average beam currentvas defined as the maximium change of gradient of the edge region

of 130 mA. The silicon (220) double crystal order sorter monochromator
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31, 1437.
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and determined by studying the first derivative of the spectrum. We
chose the HedinLundqvist method to calculate the exchange potentials,
which takes account of the mean free path losses and core hole
broadening, and the von Bart method to calculate the ground-state
potentials used in this work. No correction was applied to account for
monochromator resolution. The excited atom was treated using the
“Z+1" approximation in the calculation of theoretical phase-shifts; this
was carried out within EXCURV92 The Fourier transform presented
was calculated using a Gaussian window and the phase shift calculated
for the oxygen shell.

(20) David, W. I. F.; Ibberson, R. M.; Matthewman, J. Rutherford
Appleton Laboratory Report, RAL-92-03€hilton, Didcot, Oxon,
U.K., 1992,
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Figure 2. Final fitted profiles (points, observed,; line, calculated; lower,

((lobs — lcag/esd)) from Rietveld refinement for LaMOs using the
model in space group6smc Tick marks directly above the diffraction
pattern indicate the positions of the allowed reflections.
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Figure 3. Structural model for LaMgDs (model 1) in space group
P6smc projected down the [120] direction (solid circles, Mo; open
circles, O; spotted circles, La), only MdMo bonds are shown, light
lines indicate the unit cell.

Results of Modeling

Model 1. The atomic parameters of Thor&m space group

P6smcwere used as a starting point for the Rietveld refinements.
The scale factor and 10 polynomial background parameters were
refined first, followed by the unit cell, the atomic parameters,
one isotropic temperature factor for each of the three atom types,
La, Mo, and O, and finally the peak shape parameters. The
refined lattice and atomic parameters from this refinement are

Inorganic Chemistry, Vol. 37, No. 26, 1998841

Figure 4. (a) An extended view of the infinite MeMo bonded sheets
present in LaMgOs, light lines indicate the unit cell. (b) A section of
this Mo—Mo bonded sheet with attached oxygens (solid circles, Mo;
open circles, O), atom labels correspond to those in Tables 1 and 4.

Table 2. Selected Interatomic Distances (A) in Lap (P6smc
Structure, Model 1) with Esd’s in Parentheses

La(1)-O(1)x2 2.42(4)  Mo(LyMo(l)x2  2.79(2)
0(2) 3.03(4) Mo(4x2  2.73(4)

0o(3) 3.20(3) O(7x2 1.85(4)
O(7)x2 3.13(5) o(8) 1.94(3)
0(9)x2 2.86(2) O(9x2 2.08(4)

0(10) 2.24(2)  Mo(rMo(2)x2  2.57(2)
La(2)-O(1)x6 2.75(1) Mo(3x2  2.88(1)
O(4)x3 2.80(3) O(1x2 2.07(3)
0(9)x3 2.95(3) 0(2) 1.81(3)
La(3)-0(5)x3 2.56(4) 0(4) 2.15(3)
O(7)x6 2.71(3) O(5x2 2.01(4)
0(8)x3 2.80(4)  Mo(38FMo(3)x2  2.63(2)
La(4)—-O(6)x6 2.52(4) Mo(2x2  2.88(1)
O(7)x3 2.89(2) O(1x2 2.18(4)
O(10)x3  2.26(5) 0o(3) 2.18(4)

o(5) 2.09(4)

o(6)x2 2.06(4)

Mo(4)-Mo(@)x2  2.71(2)

Mo(l)x2  2.73(2)

O(4)x2 1.98(4)

0(6) 1.92(3)

o(7)x2 2.11(4)

given in Table 1. For ease in comparing the structural models statistics) for Model 1 are shown in Figure 2. Figure 3 shows
zfor La(2) has been fixed at 0.246 rather than 0.0 in the Thomas a projection of the structure of LaMOs in which the layers
model; this places the origin close to the center of a®e
cluster. The observed and calculated intensitigg &nd I cai)
and the difference/estimated error pldy{{ — lcaig/esd where
esd is the standard deviation s determined from counting

containing M@Ogs clusters, the infinite metalmetal bonded
molybdenum sheets, and the lanthanum-only layers are labeled.
The MaO15 unit has been shown already in Figure 1, while
Figure 4 shows a more extended view of the infinite Mo sheet.
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Table 3. Coordination NumbersN), Distances ), and g, the Root
Mean Squared Variation in Bond Length Derived from the Mo
K-Edge EXAFS Studies of LaMi®s?

shell N RA olA

o 5.5 2.035(3) 0.063(4)

Mo 4.0 2.668(2) 0.077(1) O
Mo 2.3 3.75(5) 0.067(3)

La 2.8 3.723(4) 0.13(1) °

aNine independent parameters (indicated by the figures with
estimated standard deviations in brackets plus the Fermi energy) were
refined to fit the EXAFS over th& range 3.08-17.84 A, yielding R

= (/16" — xE(R))IK dKl/IxE(K)IKC dk) = 0.353 wherey;(K) and °
xiE(k) are the theoretical and experimental EXAFS, respectively
Errors quoted are statistical errors from least-squares refinements. O
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Figure 6. Average unit cell for LaMgOs projected viewed in the [120]
direction (space group6s/mmg solid circles, Mo; open circles, O;
spotted circles, La. Small and large circles represent atoms with
occupancies of 0.5 and 1, respectively), only-Mwo bonds are shown,
light lines indicate the unit cell.

Amplitude

yields a value of 4.17, rather than the bond order of 2 expected
for oxygen. These values show that this model falls short of
providing a good description of the structure. In addition a
e Fourier difference map revealed significant scattering density
1.0 20 3.0 4.0 50 6.0 . ..
e/ A in the layers containing the Mo and La sheets unaccounted for

Figure 5. Molybdenum K-edge EXAFS data for LaMOs collected by this model. We now turned to EXAFS to give further

at 80 K. (a)k® weighted EXAFS, €) experimental and (- -) theoretical, information on th_e local structure in f[hiS material. _
and (b) the Fourier transform. EXAFS Modeling. Using the basic structure determined

above as a starting point, we fitted the molybdenum K-edge

Table 2 gives a list of important interatomic bond distances EXAFS signal using four shells, with the coordination number
obtained from this refinement. (N) fixed at the crystallographically determined value. The

This model gives quite a high weighted profiifactor Ryp) results are given in Table 3, and the fitted EXAFS and Fourier
of 0.0857, but the basic structure appears chemically sensible.transform are shown in Figure 5. The most revealing information
However, a number of problems remain as can be seen if thecomes from the parameters obtained for the oxygen shell. This
bond order sums around oxygen atoms are calculated. Molyb-shell is particularly well characterized;Nffor the oxygen shell
denum-oxygen bond orderss{o-o) for a molybdenum to  is refined together with the four distance®) (@nd the root-
oxygen bond of lengthR were calculated usingwo—o = mean-squared variatiom) in R for each of the four shells a
(R/IR)™® with Ry = 1.882 (for a bond order of 1), and Value of 5.4 is obtained for the MeO coordination number.
lanthanur-oxygen bond orderss(,—o) for lanthanum oxygen  This value is hardly changed from the average value of 5.5
bond of lengthR were calculated using a0 = (R/R) %5 with determined crystallographically, and well within the errors
Ry = 2.167 (for a bond order of £f. Using the Mo-O and expected from an EXAFS determination. We fixiidfor the
La—O bond distances in Table 2 the bond order sum around 0xygen shell at 5.5 in the final refinement to allow a meaningful
some of the oxygens yield physically unreasonable values. Forcomparison of the variations in M@ bond lengths determined
example, O(3), which caps an Mog3jiangle (see Figure 4b), by diffraction and EXAFS to be made. The average -M®

yields a value of 1.48, and O(2), which caps an Me(@angle distance of 2.039 A compares very well with the value, 2.035
A, obtained from the Rietveld refinement. However, the value

(23) Brown, I. D.; Wu, K. K.Acta Crystallogr.1976 B32, 1957. (see Table 3) of the total disorder in the oxygen shell measured
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Table 4. Atom Parameters from Rietveld Refinement for Lal@¢ (P6s/mmcStructure, Model 2)

atom multiplicity X y z BA? occupancy
Lal 12 0.5122(5) 0.4878(5) 0.8459(4) 1.26(9) 0.5
La2 4 0.0000 0.0000 0.2387(6) 1.26(9) 0.5
La3 4 Y3 %3 0.9850(7) 1.26(9) 0.5
La4 4 s 3 0.0098(8) 1.26(9) 0.5
Mol 12 0.1052(3) 0.8948(3) 0.9420(2) 0.34(8) 1.0
Mo2 12 0.7709(7) 0.2291(7) 0.6843(5) 0.34(8) 0.5
Mo3 12 0.5623(6) 0.4377(6) 0.1786(4) 0.34(8) 0.5
o1 24 0.3277(7) 0.000(8) 0.2422(4) 0.27(8) 0.5
02 4 Y3 3 0.2642(4) 0.27(8) 0.5
03 4 3 s 0.751(6) 0.27(8) 0.5
04 12 0.1137(4) 0.2274(7) 0.1243(2) 0.27(8) 1.0
05 12 0.5620(8) 0.1238(16) 0.6130(5) 0.27(8) 0.5
06 12 0.4513(9) 0.2257(4) 0.1135(3) 0.27(8) 1.0
o7 12 0.0000 0.3339(7) 0.0000 0.27(8) 1.0
010 4 s A3 0.3972(7) 0.27(8) 0.5

2a = 8.373(1) A,c = 19.1510(1) A. Number of reflections used 397,52 = 20 for 2128 observations and 39 basic variabRs,= 0.0289,
Rex = 0.0064.

Table 5. Selected Interatomic Distances (A) in Lap@ (P6/mmc

140 - L " L L
— T A T T Structure, Model 2) with Esd's in Parentheses: Distances

120 - Correspond to Local Rather than Average Structure
1 La(1)-O(1)x2  2.461(9) Mo(1}Mo(1)x2  2.695(5)
1007 I 0(2) 2.733(8) Mo(1x2 2.643(4)
) 0(3) 3.190(9) O(4x2 2.036(5)
g 80 - O(4)x2  2.891(5) o(6) 2.045(8)
8 » 0(6)x2  2.392(9) O(7x2 1.998(3)
2 60- - O(7)x2  3.267(7) Mo(2}Mo(2)x2  2.612(9)
oS 0(10) 2.446(8) Mo(3x2  2.882(6)
40- L La(2-O(1)x6  2.768(5) 0(1x2 2.003(9)
O(4)x3  2.74(1) 0(2) 2.15(1)
20- L O(4)x3  3.098(3) 0o(4) 2.03(1)
“ g R A La(3)-O(7)x6  2.804(3) O(5%2 2.04(1)
0 0(6)x3  2.44(1) Mo(3>-Mo(3)x2  2.621(8)
10 15 2.0 2.5 30 0(10) 2.26(2) Mo(2x2  2.882(6)
d - spacingA La(4-0O(5)x3  2.49(1) O(1x2 2.093(9)
2 c 0(6)x3  2.83(1) 0o(3) 2.03(1)
E T T vy —— O(7)x6  2.795(3) o) 2.20(1)
45 2 0(6)x 2 1.980(9)

Figure 7. Final fitted profiles (points, observed,; line, calculated; lower, . . . .
(lovs — lcwd/esd)) from the Rietveld refinement for LaM®s using tion, albeit reduced by carrying out the ex_perlme_nt at 80 K.
the disordered model in space groBfs/mmc Tick marks directly The low root-mean-squared displacement in-M® distances

above the diffraction pattern indicate the positions of the allowed was initially surprising, since we expected that we would need

reflections. to add disorder to our model to better account for the observed
diffraction pattern. One possible explanation is that La®lp
., V' contains regular structural units that are disordered, rather than

units which are disordered in themselves and we now attempt
to construct a model including this feature.

Model 2. Inspection of model 1 shows that a pseudocenter
V~ of symmetry can be found at the center of thegidg; cluster
(see Figure 1). If this center of symmetry is added the atom
v pairs Mo(1) and Mo(4), O(4) and O(9), and O(6) and O(8)
become equivalent and only one of each pair is needed to
‘V”::,. describe this unit. We constructed a model containing these more

regular M@O1s octahedral clusters by adding a center of
symmetry to the space group6smc to give space group
P6smmc We removed one of each of the pairs of atoms
mentioned above, and placed La(2), O(1), O(2), and O(3) on
the mirror plane az = /4. This approach does not at first appear
Figure 8. An alternative view of the molybdenum sheets present in Promising, since the remaining atoms from model 1 produce
LaMo,0s (bold lines indicate bonds witt(Mo—Mo) < 2.7 A; dashed physically unreasonable structural elements and the wrong
lines indicated(Mo—Mo) > 2.85 A). composition. The most obvious problem is that the number of
molybdenum sheets and La(l), La(3), and La(4) atoms are
as the root-mean-square variatianea = 0.063 A, is much doubled and many unreasonable ™Mdo, La—La, and La-
lower than thatgsaic = 0.106 A, calculated using only static Mo contacts are produced. However, this initially unappealing
disorder from the model obtained by neutron profile refinement. model can be accounted for if the extra lanthanum layers
The difference is especially striking when one considers that (La(1)), the molybdenum sheets (Mo(2) and Mo(3)) along with
orwtal from the EXAFS experiment contains a thermal contribu- two of the associated oxygens O(5) and O(10), and La(3) and
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Table 6. Motifs of Mutual Adjunction?* Coordination Numbers (CN), and Bond Order S&h{&s) in LaMo,Os?
atom O(1) O(2) O(3) O(4a) O(4b) O(4c) O(4d) O(5a) O(5b) O(ba) O(6b) O(6c) O(6d) O(7a) O(7b) O(7c) O(10)yEN

Mo(1a) 2/2 1/1 212 5 3.26
Mo(1b) 2/2 1/1 212 5 3.26
OR
Mo(1c) 2/2 1/1 212 5 3.26
Mo(1d) 22 1 22 5 3.26
Mo(2) 2/1 1/3 llorl/l 2/2 0r2/2 6 3.69
Mo(3) 2/1 1/3 1/lor1/1 2/2 or 2/2 6 3.67
La(l) 2/1 13 1/3 2/20r2/2 2[2o0r2/2 22 or 21 13 11 3.13
La(2) 6/1 3/lor3/1 3/1or3/1 12 217
La(3a) 3/lor3/1 6/1 11 10 3.29
La(3b) OR OR 3/lor3/1 6/2 /1 10 3.29
La(4a) 3/1 3/lor3/1 OR OR 6/2 12 2.88
La(4b) 31 3/lor3/1 6/1 12 2.88

CN 4 6 6 4 4 5 5 4 4 4 4 4 4 6 4 5 4

Ss 1.92 2.01 217 198 1.98 177 177 203 203 220 220 212 212 191 178 170 215
OR OR OR OR

2S 226 226 184 184

aQr is read horizontally and OR, verticallya, b, c, and d indicate different possibilities for local coordination of the atoms. The particular local
coordination adopted depends on the actual occupation of the partially occupied La and Mo sheets shown in the average structure. Thus O(7c)
occurs when the both the Mo sheets immediately adjacent to the layer occupied by {Dg; Bte occupied.

La(4) are only 50% occupied; Figure 6 shows this structure. the oxygen at the head of the column, the second number in
Refinement of this model produced a much improved fit to the the entry against each type of metal atom gives the number of
neutron powder diffraction pattern witR,, falling to 0.0426. metal atoms of this type connected to this oxygen atom. To
However, problems remained with high-temperature factors for interpret Table 6 one must consider that different local structures
oxygen and lanthanum atoms. It was clear from considering can be envisaged as contributing to the average structure. These
the bonding requirements of O(2) and O(3) that they would be will produce different local connectivity and bond-order sums
expected to be displaced in ttzedirection to lie closer to around atoms which are crystallographically identical in the
whichever of the layers was occupied by the Mo sheet and awayaverage structure. We have indicated some of these possibilities
from the La sheet. We therefore moved atoms O(2) and O(3) by adding letters to the atom numbers to differentiate between
off the mirror plane and gave them half occupancy. Refinement different local atom types. The table includes all possibilities
produced a structure which yielded much more physically for different bond-order sums. Unfortunately, Table 6 would
reasonable bond-order sums around O(2) and O(3Raptell have to be infinite to describe all atoms in this disordered
to 0.0315. We then displaced O(1), the remaining oxygen on structure in terms of differences in the coodination of nearest,
the mirror plane at = %, and gave it 50% occupancy. This next nearest, ..., and further neighbors. We have included one
also led to both an improvement Ry, (Rup fell to 0.0302) example of next nearest neighbor connectivity to illustrate this
and in the chemical plausability of the structure. The final step point by showing the four possibilities for Mo(1).

was to carry out the same procedure for La(2). Splitting the  Alternative Models. Other models can be constructed which
La(2) site produced a large drop in the La temperature factor would explain the Bragg scattering. However, these give
and an increase in the La(2D bond order sum from 2t0 2.17, physically nonsensical bond distances and bond orders. For
moving closer to the expected value of 3, but still rather low. example, taking isolated [Mo(2)iriangles in one set of layers
The final weighted profiléR factor wasR,, = 0.0289. The final and [Mo(3)} triangles in another, with La atoms acting as
atomic parameters are given in Table 4, and the final fitted spacers, leads to EaMo distances of 1.17 A.

profile is shown in Figure 7. A projection of the final average
structure is shown in Figure 8 with the partially occupied atomic
sites indicated. Care has to be taken when calculating interatomic ~ The final weighted profil& factor Ry, = 0.0289) for model
distances from an average structure, for example, if the La(4) 2 is very good and the atomic parameters in Table 4 give a
site is occupied the adjacent O(10) is unoccupied, but O(5) is good description of the average structure. The relatively high
present. Similarly, when calculating M@ bond orders for ~ x? of 20 is a result of the high intensity and good counting
molybdenum atoms in the sheets, the M distances taken  statistics for the data, which lead to very small expected
must be to the oxygens which will be present when that Statistical errors. The most notable discrepancies in the descrip-
particular sheet is occupied. Important bond distances for this tion of the Bragg scattering occur aroudaf 1.4, 1.9, and 2.2
model are given in Table 5, taking account of the local A. In each of these three regions the difference plot shows a
coordination derived from the average structure using these peak which is broader than the peaks accounted for in our model.
constraints. To help to make clear the local coordination These peaks can be indexed on a larger hexagonal cellawith
geometry in LaMgOs, and give further insight into the structure, andb doubled from their present values. This suggests a still
motifs of mutual adjunctio* and bond-order sums are given deeper level of structural complexity exists in this material. We
in Table 6, and are discussed further below. In Table 6 one have not attempted to tackle this more complex problem, since
reads along the row to determine which oxygens are connectedthe structural model used here accounts for almost all the Bragg
to a particular metal atom, the first number in the entry under scattering and these weak peaks contain little extra information.
each oxygen type gives the number of oxygens of this type In addition, the number of variables required to describe a
connected to this metal atom. Reading down the columns yieldsstructure with a unit cell volume four times that of the present

the number of metal atoms of a particular type connected to model would be too large for Rietveld refinement.
There is very good agreement between the mean values of

(24) Hoppe, RAngew. Chem., Int. Ed. Engl98Q 19, 110. dvo—o found from the EXAFS and diffraction studies of 2.039

Discussion
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and 2.035 A, respectively. The value for the static variation,

Ostatic = 0.050 A, indwo—o derived from the diffraction data, is & /W\ o @

now as it should be, less thamy, = 0.063 A derived from ~ M ~

EXAFS. An estimate of the contribution of thermal disorder to

the variation,oiermas iN dvo—o to the EXAFS signal at 80 K O O O @ O O

can be made from our measurements on related model com- La == B © @

poundst?® These yieldomerma = 0.032 A for the first Mo-O SHEET

coordination shell, Since2oa = 02satic + 0Znermar this yields O OO0 e OO O

Ostatic = 0.054 A for the static variation idyo—o in excellent Mo == ° ° o

agreement with the value obtained from neutron diffraction. This  sgEgT

suggests that the interatomic distances in Table 5 accurately OO0 ONQRONG)

describe the local structure around molybdenum. We therefore

have some confidence in the bond order calculations for-Mo ® O O P

bonds shown in Table 6. These are likely to be most accurate

for the MO unit which is least affected by the disorder in

the material. O O 0 O O O
The bond order sunEsy.—o, around Mo(1) is 3.26, giving La @ o6 9

a calculated electron count of 16.44 for this §@gs cluster and SHEET

suggesting that this cluster has an electron count of 16. This is OO0 e OO O

at the top end of the range of electron counts expected and Mo ==p | 0—0—8 ® °

corresponds to filling all the MeMo bonding orbitals for the SHEET

cluster. The value calculated using MO bond order calcula- QO O @ O OO0

tions for the M@Oss cluster in CagsV0135040° is 16.89

compared with the value of 17 calculated from the formula if S~ m ~ @

1.5 of the Mo atoms are Mé. Calculating the electron count ~ M N

for Cais. 90135040 is, however, not straightforward, since the

stoichiometry of the compound is uncertain. It is possible that OO0 O @ O O

this compound also contains Mg clusters with 16 elec- Mo == ° . o—o—o

trons involved in cluster bonding orbitals. The values found for SHEET

the electron count of the M@s clusters in LaMgOs and O OO0 e OO O

Cas.9V0135040 can be compared with the values found for

NbsOs5 clusters of 13-15 electrons per clusté?,and the value La mep I o o

of 14 found for the WO cluster in SagW16044.11 The Mo— SHEET O O O @ O O

Mo bond lengths found within the M@;g clusters in the two

molybdenum compounds are similar. In Lajg there are 6 O O

bonds of 2.643 A and 6 bonds of 2.695 A within the cluster, N4 ®

and in CagdM0134040 there are 8 bonds of 2.670 A and 4 of

2.772 A. Intercluster Me-Mo distances in LaMgDs are greater O Q @ Q O O O

than 3.5 A, and are well outside the range for metaktal Mo==p | 0—o—@g——o °

bonding. SHEET O
The bond order sum&svo-o, around Mo(2) and Mo(3) (the O OO0 e OO

molybdenum atoms forming the infinite sheets) give values of

3.69 and 3.67, respectively. Taking these values with the value S%gm_> O O@ e g

for Mo(1) calculated above, and allowing for the different O @ O O

occupancies of the molybdenum atoms, yields an average /W\

oxidation state for molybdenum of 3.47, in excellent agreement e & - @

with the formulation L4'Mo,(0?")s. The Mo—Mo bonding M

around Mo(2) and Mo(3) can be viewed in two different ways:
Figure 4 shows a view with all MeMo distances of less than  Figure 9. Projection (down the [120] direction) of one of the possible
2.9 A shown as bonds giving a 4-connected net. In passing Weloca_l structures in LaNﬁDET, which contribute t_o the average structure
note that this represents an infinite two-dimensional way in (Solid circles, Mo; open circles, O; spotted circles, La), only-Mto

. bonds are shown, light lines indicate the individual units vitBamc
which four Mo—Mo bonds can form around each molybdenum symmetry.
while the Mg octahedral cluster represents an isolated three-
dimensional solution. Another representation of the infinite Mo would be interesting to give additional information on the degree
sheet is given in Figure 8 where short Mo bonds (Ivo—mo of metal-metal bonding between the triangular clusters and to
< 2.7 A) are shown as thick solid lines while the longer™o  rule out the possibility that the longer Mdlo distances are
Mo bonds €ivo-mo= 2.88 A) are shown as double lines. This not merely a result of contraints imposed by M0 bonding
emphasizes the triangular Molusters typical of M .1=3 The requirements.
Mo—Mo distances in the Mo(3}riangles and Mo(3)triangles Although our principal motivation was to determine the types
of 2.612 and 2.621 A, respectively, are slightly longer than that of Mo—Mo bonded clusters present (as described above) the
of 2.524 A found in ZaMo30g.2 We might envisage that the  bonding around the lanthanum atoms and their role in the
extra electrons above the 6 required to fill the bonding orbitals structure of LaMgOs is also of interest. Our model gives
of the Mo clusters are used for further MdVlo bonding to reasonable bond order sums for La(1) and La(3) of 3.13 and
adjacent clusters. A band structure calculation on this sheet2.88, respectively. However, examination of the bond order sums
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around La(2) suggests that the average structure might notin contrast between the layers will make this a difficult task.
produce a very good description of the bonding around this Electron microscopy will give no additional information on bond
lanthanum. The lanthanunoxygen bond-order sum around lengths and cluster types. We believe that a more profitable
La(2) is 2.17, differing significantly from the expected value line of research is to determine atomic correlation functions
of 3. It is likely that in LaMaOs the molybdenumoxygen using total neutron scatterir#§.This will enable us to further
framework has the dominant role in controlling the structural test the validity of our model.

geometry, and that the lanthanum ions with their less rigid

demands on coordination number and geometry move off ideal Conclusions

sites to accommodate the bonding requirements of oxygen. This . .
conclusion is supported by the thermal displacement parameters L-@M020s contains the second known example of an isolated
from the Rietveld refinement8(in Table 4); the value for ~ MO0eOiscluster and a new type of MeMo bonded sheet formed

lanthanum is found to be substantially higher than the values ffom fused Ma triangles. The structure is disordered, but is
for molybdenum or oxygen. It should be noted that such described as being built from ordered structural units. We show

discrepancies in bond order sums and high thermal displacemenfioW disorder in stacking these units together produces on
parameters have been found for the countercations in otherdVerage a centrosymmetric structure, which describes the Bragg
compounds containing metaietal bonded clusters, for ex- ~ Scattering.
ample strontium and barium in Sri;, and BaNRgO14.1625 The final model is supported by bond order and contact
The case of LaMgDs is, however, more complicated than this considerations, and by EXAFS measurements, which yield local
example because of the disorder of the molybdenum sheets andtructural information. Although these cannot provide definitive
lanthanum layers. proof that an alternative model cannot be produced to describe
The average structure can be envisioned as being made ughe average structure, we were unable to do so. We propose to
by connecting the unit cell shown in Figure 2 (model 1 in test our model further using total neutron scattering.

P6sm@ together with both itself and copies of this cell produced Acknowledgment. S.P. thanks TUBITAK/Turkey for a

by inversion. Figure 9 shows the result of linking the cell with .
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shown in Figure 2 it would produce a central unit with La sheets pages). Ordering information is given on any current masthead page.
as the nearest neighboring sheets on both sides of the centraIC9803 3
MogOss cluster. Introducing stacking faults produces a disor- ! 13

dered structure which appears on average to HRég#mmc - -
symmetry (25) Hibble, S. J.; Cheetham, A. K.;'Kter, J.; Simon, AJ. Less Common
. o . . oy . Metals 1989 154, 271.
High-resolution electron microscopy might yield information  (26) Hibble, S. J.; Fawcett I. D.; Hannon, A. Gorg. Chem. 1997, 36,

on the number of stacking faults in LaM®s, but the difference 1749.




