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Black needles of LazMo, 13Alg 6,014 Were prepared by electrolytic reduction at 1100°C of a melt contain-
ing Na,MoO,, MoOs, and La,O; held in an alumina crucible. The compound is isomorphous with
La;Mo,SiO,4, crystallizing in space group Pnma with a = 17.750(3) A, b =5.660009) A, ¢ = 11.070(2)
A,V =1112.1(6) A?, and Z = 4. The structure was refined by full-matrix least squares to Rg = 3.43%,
Rwr = 3.45%, with 1912 independent reflections. As in La;M0,Si0,4, the structure contains Mo;O)3
clusters and chains of edge-sharing MoOs octahedra with alternately short (2.535 10\) and long (3.167 /o\)
Mo-Mo distances, but unlike La;M0,Si0,4, the tetrahedral silicon is replaced by a random distribution
of § Mo and % Al. Electrical conductivity measurements show that L.a;Mo,SiO, and La;Mo,AlsMoy;
Oy, are both highly anisotropic semiconductors with the easy direction of conduction being parallel to
the chain cluster units. Semiempirical bond length-bond strength calculations lead to the conclusion
that the valences of the molybdenums in both the chains and the clusters are remarkably similar. This
coupled with the observed diamagnetism of the silicon compound can best be explained in terms of an

electronic band structure rather than a localized model.

Introduction

Recently we reported the synthesis and
structure of La;Mo4SiOy4 (1), an unusual
compound that contains both trigonal clus-
ters of bonded molybdenum atoms and
slightly puckered chains of edge-sharing
MoOg octahedra which have alternating
long and short Mo-Mo distances of 2.55
and 3.13 A, (see Fig. 1). The trigonal clus-
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ters are separated from each other by Mo—
Mo distances of about 3.08 A and run paral-
lel to the chains which in turn are
connected to the clusters by corner-sharing
oxygens. These chain—cluster units run
parallel to the orthorhombic b axis and are
separated from similar chain—cluster units
by about 5.5 A, suggesting that the physical
properties of this compound should be
highly anisotropic.

The compound was originally prepared
by the electrolytic reduction at 1075-
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FIG. 1. Mo-0 and AlLMo-O units in La;Mo,Al;3;Mo0,50,,.

1100°C of a melt containing Na;MoOy,
MoQ,, and La,0;, having a molar ratio of
3.00:3.00:1.00. The crystalline product
grows out from the platinum cathode in the
form of thin black needles or laminates, 1 to
3 mm long. The composition obtained de-
pends upon the type of crucible used to
contain the melt; a silica crucible produces
La;Mo,SiOy4, a porcelain crucible yields a
similar compound containing both silicon
and aluminum, while the use of a high-den-
sity alumina crucible gives, in a much
smaller yield, a product that has a slightly
larger unit cell than La;Mo,Si10,4 and was
presumed to be La;Mo,AlO4.

The average oxidation state of molybde-
num in La;Mo,Si0y, is 3.75, equivalent to
nine d electrons per formula unit. The trigo-
nal cluster of Mo found in this compound is
of the Mo030,; type, formed by edge-sharing
MoOg octahedra; it is also found in Zn,Mos
03, LiZn2M0303, and ZH3M0308 (2—4) Ap-
proximate molecular orbital calculations
have shown (5) that such clusters should be
most stable for six electrons but are capable
of accommodating up to eight electrons.
Chains of molybdenum(IV) atoms, with al-

ternating long and short distances, are ob-
served in MoQO, (6), while similar chains of
Mo(V) are probable in CrMoO,; (7, 8).
Thus, there appeared two plausible ar-
rangements of the electrons in La;Mo04SiO14
on the basis of a localized model: (1) seven
electrons in the cluster and two per molyb-
denum in the chain or (2) eight electrons in
the cluster and one per chain molybdenum.

In the belief that the crystals prepared in
the alumina crucible were La;Mo4AlO 4 and
would therefore contain only eight d elec-
trons per formula unit, a complete single-
crystal X-ray diffraction study was initiated
with the expectation that any differences
observed in the Mo-Mo distances in this
compound and the silicon analog could be
correlated with the preferred electron dis-
tribution. In fact, it was found that alumi-
num does not wholly replace silicon in the
tetrahedral sites but rather, there is a statis-
tical occupancy of this position by alumin-
ium and molybdenum. The correct formula
is La;Mo4AL3Mo0(3044. In addition, a study
of the electrical and magnetic properties of
these compounds was undertaken, as well
as an examination of the possibility of con-
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trolled valence variation of molybdenum by
isomorphous replacement of silicon using
classical solid state reactions.

Experimental

Synthesis. Single-crystal specimens of
LasMo,X0,4 type compounds were pre-
pared by fused salt electrolysis at 1075°C of
a melt formed from a mixture of Na,MoQ;,
MoO;, and La)O; in a molar ratio
3.00:3.00:1.00. The tetrahedral X atom is
abstracted from the crucible used to contain
the melt. La;Mo4SiOy4 was prepared in a
high-purity silica crucible while a high-den-
sity alumina (McDanel 998) crucible was
used to prepare La;Mo,AlLsMo0;;3014. A
porcelain crucible produces a mixed
Si,ALLMo phase in which the tetrahedral
site is about 80-90% occupied by Si. Typi-
cally, a 1 hr run at 50-100 mA/cm? current
density will produce 50-100 mg of a puri-
fied silicon containing product in contrast
to a few milligrams for those runs in alu-
mina crucibles, even when aluminium ox-
ide is added to the starting mixture. The
best yields of the aluminium-rich com-
pound were obtained in a slightly modified
version of the cell used to prepare alkali
molybdenum oxide bronzes described by
Perloff and Wold (9).{ Further details re-
garding experimental conditions and chemi-
cal purification are given elsewhere (1, 10).
Even after chemical washing, the product is
still not pure, being intermixed with small
hexagonal piates of L.aMo0,0Os, and a fur-
ther, tedious mechanical separation is nec-
essary.

Chemical analysis. Because the yield of
the purified aluminium compound was so
small, no wet chemical analysis was carried
out. However, X-ray emission analysis of
21 crystallites carried out in a JOEL 100CX
TEMSCAN analytical electron microscope
yielded La/Mo = 0.70(2), which is in accord
with the chemical formula La;Mo, 13Aly ¢
O14 (Theo. La/Mo = 0.692). Spectroscopic
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analysis of all phases showed no other ele-
ments to be present above the 500-ppm
level, other than those indicated by the
chemical formula.

Electrical and magnetic measurements.
Electrical conductivity was measured using
a four-point probe method. Contacts were
made using Englehard No. 16 silver paint
for measurements along the needle axis (b
axis). Attachment of contacts perpendicu-
lar to the needle axis proved much more
difficult and was facilitated by using an ep-
oxy silver paint which dried much more
slowly but yielded higher resistance con-
tacts. The magnetic susceptibilities of the
silicon and silicon—-aluminum compounds
were measured using the Faraday method.
The experimental details have been de-
scribed elsewhere (11).

Structure determination crystal data. Las
MosALsM0s0, M = 1074.4 g, ortho-
rhombic, a = 17.7503) A, b = 5.6600(9)
A, ¢ = 11.070(2) A, space group Pnma
(No. 62), V = 1112.1(6) A3, MoKea
radiation (graphite monochromator), » =
0.71069 A, w(MoKa) = 161.9 cm™!, Deac =
6.416 g/lcm3, Z = 4,

Experimental details. The crystal se-
lected for data collection was of dimensions
ca. (0.3 x 0.05 x 0.05) mm?. Diffracted in-
tensities were collected for 0.0° = 6 = 36.0°
on an Enraf-Nonjus CAD-4 automated dif-
fractometer. 4200 intensities were collected
of which 226 were rejected as systemati-
cally absent. After merging equivalent re-
flections, 2834 unique intensities were ob-
tained, but only 1912 with I > 3 o(I) were
used in refinement, where o () is the esti-
mated standard deviation based on count-
ing statistics. All data were corrected for
Lorentz, polarization, X-ray absorption
(empirical correction), and extinction ef-
fects. Anomalous dispersion corrections
were applied to all atoms. A Chebyshev
weighting scheme with three parameters
was applied and 89 least-squares parame-
ters were used in the final cycles of refine-



244

ment. Initial positional parameters were
those of LasMo,SiO.4. The tetrahedral site
was initially assumed to be occupied en-
tirely by Al, but although the refinement
proceeded smoothly, the AlO, tetrahedra
distorted unrealistically and the difference
Fourier map indicated the presence of an
atom at the tetrahedral site having approxi-
mately 22 electrons. Since spectroscopic
analysis showed no metallic elements other
than La, Mo, and Al to be present except in
trace quantities, and the X-ray emission
analysis indicated that La/Mo = 0.70, the
occupancy of the tetrahedral site was then
taken to be 4 Al and 3 Mo. The AlO, and
MoO, tetrahedra were given soft contraints
on the T-O bond distances at 1.74(1) A and
1.79(1) A, respectively (Fig. 2). The refine-
ment converged at Re(Rwr) = 0.0343
(0.0345). No abnormal features were ob-
served in the difference Fourier (all peaks
less than 3 eA~3). After the refinement had
converged, the validity of the tetrahedral
site occupancy was confirmed by allowing
the occupancy factors of Al(1) and Mo(4) to
refine, their sum being constrained to 1.0;
the refined values were 0.692(4) and
0.308(4), respectively.

Due to poor resolution in the area of the
tetrahedral site, individual terms in the anti-

Fi1G. 2. Superposed MoO and AlO, units at the tetra-
hedral site is LasMo;Al;3M0,3014.
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TABLE 1

ATtoMicC POSITIONAL PARAMETERS (FRACTIONAL
COORDINATES) WITH ESTIMATED STANDARD
DEVIATIONS IN PARENTHESES FOR
La;Mo,Al3M0,301

Atom x y z
La(1) 0.33565(4) 0.25000 0.13199(6)
La(2) 0.34657(4) 0.25000 0.49908(6)
La(3) 0.53414(4) 0.25000 0.69746(8)
Mo(1) 0.33906(3) 0.02356(10)  0.82069(6)
Mo(2) 0.21638(5) 0.25000 0.86281(9)
Mo(3) 0.50834(5) 0.2219(7) 0.00788(11)
Mo(4) 0.0548(5) 0.25000 0.0963(8)
Al(D) 0.0662(8) 0.25000 0.1114(15)
o) —0.0246(7) 0.25000 0.0549(12)
o) 0.1318(9) 0.25000 0.9949(15)
0Q3) 0.0850(18)  —0.0149(35)  0.1859(16)
o(11) 0.2890(5) 0.75000 0.7446(8)
0(12)  -0.2206(4) 0.25000 0.7918(7)
ol 0.1526(3) —8.0061(18)  0.8023(5)
022y  —0.2709(3) 0.5070(11)  0.0339%(5)
o(31)  -0.0999(5) 0.75000 0.5994(8)
032) 0.0446(3) 0.0010(12)  0.6112(6)
0o@33) 0.0946(5) 0.75000 0.4096(8)
O@1)  —0.0304(10) 0.25000 0.0120(22)
0®42) 0.1241(15) 0.25000 0.9792(23)
0(43) 0.0809(36)  —0.0084(72)  0.1812(53)

sotropic thermal parameters for Al(1) and
Mo(4) were constrained to the same values,
as were the isotropic parameters of all oxy-
gen atoms in the AlO, and MoQ, tetrahedra
(i.e., O(1), O(2), O(3), 0(41), O(42), O(43)).
Table I lists the atomic parameters and
their estimated standard deviations. Table
II lists their thermal parameters. Selected
interatomic distances are given in Table 111,
and selected bond angles are given in Table
1v.

Solid state synthesis. All reagents used in
the solid state synthesis were of reagent
grade or better with the exception of MoO,
obtained from ROC/RIC, which had a
stated purity of 99.9%. Reactants were
weighed out to the nearest milligram, the
total charge usually being 5 g, mixed by
grinding in an agate mortar, pressed into
pellets (10,000 psi), and sealed in evacuated
silica capsules at 30 Torr. Typically sam-
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TABLE II
THERMAL PARAMETERS FOR LasMo,Al3Mo,;0 4

Atom u@an U22) U@33) U(23) uQ1s) U(12)

La(l) 0.0058(2) 0.0091(3) 0.0052(2) 0.0000 —0.0001¢2)  0.0000

La(2) 0.0071(2) 0.00993) 0.0062(2) 0.0000 —0.0002(2)  0.0000

La(3) 0.0044(2) 0.0148(33)  0.0215(4) 0.0000 0.0006(2)  0.0000

Mo(1) 0.0037(2) 0.0052(2) 0.0050(2) —0.0007(2) 0.0004(2)  0.0004(2)

Mo(2) 0.0034(3) 0.0064(4)  0.0049(3) 0.0000 =0.0001(3)  0.0000

Mo(3) 0.0044(3) 0.0075(21) 0.0076(4) 0.0000 0.0005(3)  0.0000

Mo(4) 0.0316(27) 0.0124(10) 0.0134(23) 0.0000 =0.0019(17)  0.0000

All)  0.0316(27) 0.0124(10) 0.0134(23) 0.0000 —0.0019(17)  0.0000
Ul(iso)

o  0.0122(11)

0(2)  0.0122(11)

0@3)  0.0122(11)

O(11)  0.0090(14)

0(12)  0.0063(13)

0O1)  0.0106(10)

0(22) 0.0065(9)

0@31) 0.0081(14)

0(32) 0.0138(11)

0(33) 0.0085(14)

O(41) 0.0122(11)

0(42) 0.0122(11)

0@43) 0.0122(11)

ples were heated at 700°C for 48 hr, then at
1000°C, and finally at 1200°C for similar pe-
riods with samples being reground and re-
pelleted before each temperature increase.
Care was taken to remove the surface coat-
ing after each firing to minimize the addi-
tion of silica to the reaction mix.

Results and Discussion

La3M04Si014 and La3Mo4A12,3M01/3014
are clearly isomorphous, the only differ-
ence being that silicon has been replaced by
a statistical distribution of molybdenum and
aluminium in the tetrahedral site. A com-
parison of pertinent Mo—-Mo distances in
the two compounds (Table V) shows no
marked differences, suggesting that the d
electron distributions between the chain
and cluster are the same in both com-
pounds. The molybdenum in the tetrahe-

dral site is hexavalent in LasMosAl;sMoy;s
0,4 and the average valence for this site
remains four.

This conclusion is supported by infrared
spectra data and the results of solid state
syntheses. A series of solid state reactions
were performed in which the composition
was-carefully controlled to confirm that ele-
ments other than molybdenum can replace
silicon. The results of these runs, which are
summarized in Table VI, clearly show that
aluminum must be present if silicon is ab-
sent and that vanadium can replace molyb-
denum to yield LasMo4Al;»,Vi2014. The
fact that neither germanium or titanium
would replace silicon in this structure was
surprising, but these reactions produce
what appear to be previously unreported
phases. The presence of a small amount of
LaAlQ; in the 1.asMo4Aly3M0,3014 product
is ascribed to the formation of the silicon
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TABLE 111

SELECTED INTERATOMIC DISTANCES IN ANGSTROMS
FOR La;Mo,4Al3M0,350,4 WITH ESTIMATED
STANDARD DEVIATIONS IN PARENTHESES

La(1)-O(11B)  2.540(9) Mo(1)-Mo(1E)  2.563(1)
OQIB)  2.366(6) Mo(IF)  3.097(1)
0@ID)  2.366(6) Mo  2.570(1)
O(224)  2.566(6) 0GC) 2012
0QD)  2.566(6) O(l1A)  1.974(5)
0(G2C)  2.567(6) 0(124)  2.0776)
O(32D)  2.567(6) OQE)  2.016(5)
O(3A)  2.75509) OGIA)  2.087(6)

O(3B)  2.000(6)

La@) 88;‘) gzgggg)z) 0(43C)  2.10(4)
0CA)  2.856(2) Mo(2)-0(2) 2.1002)°
0GA)  2.740) O(124)  2.044(8)
0GC)  2.740) oy 1.932(6)
O(124)  2.604(8) 0QIC)  1.9326)
OQ1B) 2.597(6) 022B)  2.035(6)
OQID)  2.597(6) O2E)  2.035(6)
0(2C)  2.56%6) 0@42)  2.08(2)
o S MoB):MoGA)  3.1678)
o Saes Mo(3B)  2.535(8)
O(42A)  2.886(6) 00G14)  1.9218)
el
0@3C)  2.76(6) 0(32D)  1.945(7)

La@®)-0O()  2.98(1) OG2F)  1.9277)
oB)  2.752) O(3A)  2.1328)
00A)  2.5002)
0B3C)  2.50(2) Mo(4)-04d1)  1.779(9)
OQIA)  2.535(6) 0@24)  1.792(10)
OQIE) 2.535(6) 043 1.796(9)
0(324)  2.551(6) OW3B)  1.796(9)
OB2E) 2.551(6)

0@l 2.590) Al(1)-0(1) 1.728(9)
O42B) 2.5203) 0QA)  1.73%09)
OW3A)  2.46(4) 0Q) 1.743(8)
OM43C)  2.46(d) 0GB)  1.743(®)

2 The Mo, Al disorder in the tetrahedral site led to occu-
pancy factors for O(3C) and O(2) of 0.7 and of 0.3 for O(43C)
and 0(42).

compound on the surface of the pellet due
to reaction with the silica capsule. Indeed,
the X-ray powder diffraction photograph of
the surface coating of a very fine matte of
tiny needles found on the 1200°C run
showed them to be the silicon-rich com-
pound, while the bulk material was clearly
the title compound.

The IR spectra of the various products
are shown in Fig. 3. Features at energies
below ~750 cm™! can be ascribed to octahe-
dral Mo. The strong peaks in the vicinity of
965, 930, and 855 cm~! found for the Si-
containing compounds are absent in the
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spectra of the other materials. These peaks
should therefore be ascribed to Si-O vibra-
tions. The weak peak or shoulder at 805
c¢m~! found in the spectrum of the title com-
pound would be consistent with the pres-
ence of tetrahedrally coordinated molyb-
denum(VT). Strong peaks in this vicinity are
found in the spectra of many scheelite type
molbydates where molybdenum is also
found in slightly distorted tetrahedra (12).
The very small shoulder at 803 cm~! in
spectrum b confirms the incorporation of a
small amount of Mo into this compound
also, while the peak at 822 cm™! found in
the spectrum of the vanadium compound is
typical of VO, groups (12). The very weak
peaks around 945 and 930cm™! in spectra ¢
and d are probably due to Al-O vibrations;
a third peak, expected in the 800-900 cm™!
region, may be hidden under the strong
Mo-0O and V-O absorptions.

The temperature dependence of the elec-
trical resistivities of both La;Mo04SiO,; and
the title compound, measured along the b
axis (needle axis), are shown in Fig. 4. Both
compounds are semiconductors with simi-
lar activation energies of 0.065 and 0.050
eV, respectively. Because of uncertainities
in defining crystal dimensions relative to
the contacts, the absolute values of the re-
sistivities are probably no better than
+30%. Qualitiative measurements of the
sign of the Seebeck coefficient in the room
temperature region indicate that the major-
ity carriers are electrons. Measurement of
the resistance perpendicular to the needle
axis proved much more difficult since the
crystals are typically no more than 0.03-
0.05 mm thick and are easily broken when
contacts are applied. Further it is difficult
to control with certainty the direction of the
current flow. Although we were successful
in making ohmic contacts on La;Mo0,S10;4
crystals in two instances, the crystals frag-
mented on cooling. Thus, only room-tem-
perature data is available for this direction;
this shows a resistivity measured perpen-
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TABLE IV
SELECTED BOND ANGLES IN DEGREES FOR LasMo,AlsM0,50,4

Mo(1E)-Mo(2)-Mo(1) 59.84(3)
Mo(2)-Mo(1E)-Mo(1) 60.08(2)
Mo(1E)-Mo(1)-Mo(2) 60.08(2)
Mo(3B)-Mo(3)-Mo(3A)  165.97(8)
O(Q2E)-Mo(1)-0(11A)  91.93)
0(1A)  86.503)
0(3C)  173.4(7)
O(33B)  86.50)
0(12A)  101.6(3)
O(11A)-Mo(1)-O(31A)  80.4(2)
0(30) 88.0(5)
O(33B)  167.9(2)
O(12A)  89.92)
0(31A)-Mo(1)-0(3C) 87.0(7)
O(33B)  87.8Q2)
O(124)  167.6(2)
0(C)-Mo(1)-O(33B)  89.2(5)
0(12A)  85.0(7)
O(33B)-Mo(1)-0(124)  101.5(2)
0(2)-Mo(2)-0(21) 79.8(4)
O(2E)  87.044)
O(124)  167.4(5)
O(22B)  87.044)
0QIC)  79.8(4)
OR1)-Mo(2)-O(22E)  88.8(2)
o(124)  91.72)
O(22B)  165.7(2)
0QIC)  94.203)
O(22E)-Mo(2)-0(124)  102.1(2)
0(22B)  85.103)
02IC)  165.7(2)
O(12A)-Mo(2)-0(22B)  102.1(2)
02IC)  91.72)
0(22B)-Mo(2)-0(21C)  88.8(2)

0(G1A)-Mo(3)-0(32B)  91.6(3)

0320)  90.6(3)

0(334A)  170.92)

0(32D)  97.6(3)

0(2F)  98.803)

0(32B)-Mo(3)-0(32C)  85.5(3)

0(33A)  81.0(2)

0(32D)  168.4(2)

OG2F)  87.3(4)

0(32C)-Mo(3)-0(33A)  83.6(2)

0(32D)  87.4(4)

O(2F)  168.4(2)

0(33A)-Mo(3)-0(32D)  89.2(3)

O(32F)  86.203)

0O(32D)-Mo(3)-0O(32F)  86.2(3)
O(41)-Mo(4)-0(43)  120(1)
0424) 1022)
0(43B)  120(1)
043)-Mo(4)-0424)  102(2)
O@43B)  10903)
0(42A)-Mo(4)-O(43B)  102(2)
0(1)-AK1)-0(3) 1101)
0QA) 111Q1)
O(3B) 110(1)
0(3)-Al(1)-O2A) 103(1)
O(B) 119(2)
0(2A)-Al(1)-O(3B) 103(1)

TABLE V

CoOMPARISON OF Mo—-Mo BOND DISTANCES AND
ANGLES IN La;Mo,Si0O;, AND La;Mo,Al,3M0,40,4

Distance or angle La;Mo,Si0, La;Mo,AlsMo»0,
Mo(1)-Mo(1E) 2.562(1) A 2.563(1) A
Mo(1)-Mo(2) 2.551(1) A 2.570(1) A
Mo(1)-Mo(1F) 3.081(1) A 3.097(1) A
Mo(3)-Mo(3A) 3.128(11) A 3.167(8) A
Mo(3)-Mo(3B) 2.54%(11) A 2.535(8) A
Mo(1E)-Mo(2)-Mo(1) 60.3(0)° 59.84(3)°
Mo(2E)-Mo(1E)~-Mo(1) 59.8(0)° 60.08(2)°
Mo(1E)-Mo(1)-Mo(2) 59.8(0° 60.08(2)°
Mo(3B)-Mo(3)-Mo(3A) 168.1(5)° 165.97(8)°

dicular to b and parallel to a of 35 £25 Q-
cm, as compared to 0.05 = $.02 -cm when
measured along the b axis. This striking dif-
ference supports the hypothesis that the
easy direction of conduction should be par-
allel to the chain or chain-cluster units.
Magnetic susceptibility measurements
over the range from 298 to 4 K were made
on randomly oriented crystals of both La,
M04Si014 and La3M04Si,(A12/3Mo,/3)1_,014.
The susceptibility of L.a;Mo4SiO,4 (Fig. 5)
fits the simple Curie-Weiss expression: X,
= xo + C,/(T + 8) with xo = +0.300 x 10-¢
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F16. 3. Infrared spectra for various La;Mo,X 0,4 phases: (a) X = Si; (b) X = Si,Al; (c) X = Al,;Moy;
)X = VirAlp,.



STRUCTURE OF La:Mo,X0O,-TYPE COMPOUNDS

249

100.0

75.04

50.0+

25,04

0.0

[ |
1200.0 1040.0 880.0

| T
720.0 560.0 400.0

Fi1G. 3—Continued.

emu/g (x3%), C, = 11.9 X 107% emu-K/g
and 0 = 4.5 K. The fit is for 200 data points
over the interval 6.0—120 K with a standard
deviation of 0.45%. The increasing suscep-
tibility at low temperature is 30 times too
small to be due toa S = 4, g = 2 moment on
the Mo cluster. The increase is most likely
due to paramagnetic impurities such as Fe
(approximately 150 ppm Fe, assuming § =
2, g = 2, which is within the range of typi-
cal impurity levels of these samples). Since

TABLE VI
RESULTS OF SoLID STATE REACTIONS AT 1200°C

Nominal Sample

Composition Comments
La;Mo0,Si0,4 XRDP+ identical with single
crystal material.
La;Mo, 50,4 XRDP shows LasMo03;0;6 plus
unidentified phases.
LasMo,Al1O,4 XRDP shows La;Mo4AlLsMo5014

plus several strong lines be-
longing to LaAlO;. Sample
visually heterogeneous.

XRDP shows L33M04A12/3M01/3014
dominates. A few weak lines
are strongest lines of LaAlQ;.
Sample visually homogeneous.

XRDP is single phase with d
spacing similar to those of (Al)
compound. Sample is visually
homogeneous.

XRDP cannot be identified.

XRDP cannot be identified.

La;Mo,Al3Mo13044

LasMo.VipAl12014

La;Mo,GeO,
L33M04Ti04

2 XRDP = X-ray diffraction pattern.

the material is known to be a semiconduc-
tor, the weakly paramagnetic value of xp is
due to Van Vleck paramagnetism. There
was an insufficient quantity of crystals of
the title compound, of suitable purity, to
justify making a similar measurement for
this material.

If one looks at the structure in terms of
isolated triangular clusters of molybdenum
and chains of molybdenum which are alter-
nately bonding, the assignment of eight
electrons to the cluster and one bonding
electron to each Mo in the chain would ap-
pear to offer a rational explanation for the
observed magnetic properties. The molyb-
denum-molybdenum bond distances in the
clusters are quite close to those found by
McCarley and Torardi (3, 4) in the seven
and eight electron clusters of LiZn,Mo0;04
(2.578 A) and Zn;Mo;0; (2.580 A). Al-
though the Mo-Mo bonding distances in
the chains (See Table V) are somewhat
shorter than might be expected for single
bonds, none the less similar distances have
been found in pentavalent molybdenum
complexes. For instance, the Mo-Mo dis-
tance in BaMo0,04(C;0y) - SH,0 is 2.541 A
(13) while that in Mo,0;CI(CH;CO0); is
2.601 A (14). Further, Koch and Lincoln
(15) have reported the synthesis of an ox-
opyrazolyborate complex of pentavalent
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Current passed parallel to orthorhombic b axis.

molybdenum which contains a tetrameric
chain with alternating long and short Mo-
Mo lengths in which the bonding distance is
2.553 A.

However, if one calculates the average
valences of the molybdenums in La;Moy
SiOy4 using the bond length-bond strength
relationship given by Brown and Wu (/6)
for molybdenum-oxygen bonds, valences

2

Xg (107 emu/g)

0.5

% 5 10 e 20 20 300
TK

F1G. 5. Magnetic susceptibility vs temperature for
L33M04Si014 .

of 3.62, 4.05, and 3.84 are obtained for
Mo(1), Mo(2), and Mo(3), respectively.
Similar results of 3.79, 4.10, and 3.93 are
obtained for the cluster and chain molybde-
nums in the aluminum compound. Such cal-
culations are semiempirical and in part ig-
nore the effects of valence and coordination
geometry and as such should not be inter-
preted too literally. On the other hand they
have been applied with a remarkable degree
of success to a wide variety of complex mo-
lybdenum oxides in a number of different
valence states (17-20). Indeed, deviations
of the bond strength sum from the observed
valence of more than 0.3 units are unusual.
Since the observed differences based upon
the 8 to 1 electron assignment between the
cluster and chain are considerably larger
than this, alternate distributions or models
must be examined.

The average valence calculated from
bond lengths for the cluster molybdenums
in La;Mo,SiOy4 is 3.76 while that for the
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chain molybdenums is 3.84. For the alumi-
num compound these values are 3.89 for
the cluster molybdenums and 3.93 for those
in the chain. The differences between the
two are in part due to uncertainties in the
positions of the oxygens in the aluminum
compound which are involved in both tetra-
hedral and octahedral coordination (i.e.,
0(2) or O(42) and O(3) or O(43)). None the
less the small differences between the va-
lence sums for the chains and clusters in
both compounds is noteworthy and is in-
consistent with the assignment of 8 elec-
trons per cluster and one electron per chain
Mo. On the other hand, a localized picture
of electron distribution also fails to account
for the physical properties (i.e., no ob-
served magnetic moment and a relatively
high electrical conductivity along the chain
axis) if the valences obtained from bond
strength sums are used, since they are con-
sistent with the assignment of 7 electrons
per cluster and thus should result in a para-
magnetic moment that would be observed
in the susceptibility. It seems likely that
such a localized description of the elec-
tronic states is incorrect and that a band
model must be used to understand the prop-
erties of these materials.

Indeed many binary molybdenum oxides
and at least some ternaries such as Kg3
MoQO; are either small band gap semicon-
ductors with reasonable electron (or hole)
mobilities or are in fact metallic conduc-
tors. In the case of La;Mo4SiO;4 and La;
Mo, 33Alp 67014, there are 4 formula units
per unit cell or 36 nonbonding d electrons to
accommodate above the metal-oxygen
bonding bands. Since each band can hold
exactly two electrons per unit cell and since
the material is semiconducting, these 36
electrons must fill a total of 18 bands. If the
gap between the highest occupied band and
the lowest unoccupied band is small, the
temperature independent paramagnetism
Xo, apparent near room temperature could
arise from Van Vleck coupling of the 18
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occupied Mo bands (which may or may not
overlap) to the higher unoccupied Mo
bands.

A band picture might also explain why
both the cluster and the chain Mo-Mo dis-
tances are so similar as well as the fact that
the chains and clusters are relatively close
to one another.

The Mo-Mo angles in the chains of both
La;Mo,Si0O,4 and the title compound are re-
markably similar to those in MoO,, the lat-
ter value being 172.6°. In this respect it
would be tempting to apply the Good-
enough model of electronic conduction in
rutile-type oxides (21, 22) to this system.
This would predict semiconducting behav-
ior for a chain containing doubly bonded
molybdenums providing that the bridging
oxygens of the edge sharing MoOg octahe-
dra could not form Mo-O = bonds as is the
case here. However, it would appear that
the highest occupied band in the system un-
der consideration is one which must con-
tain electrons from both the chains and
clusters since the direction of easiest con-
duction lies parallel to the chain or more
correctly, the chain—cluster unit.
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