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Crystals of LnsMo,0;, (Ln = Y, Gd) were grown by electrochemical reduction of alkali-molybdate/
rare-earth oxide melts at 1075-1100°C. A single crystal of YsMo,0,, used for structure determination,
was found to be monoclinic with a = 12.2376(7) A, b = 5.7177(8) A, ¢ = 7.4835(5) &, B = 108.034(5)°,
and Z = 2, Although the structure was refined in space group C2/m, the true space group appears to be
P2,/m. In YsMo,0,, rutile-like sheets of edge-shared MoOg chains linked by YO4 octahedra are
interconnected with YO; monocapped trigonal prisms. The Mo atoms in the chains have alternating
distances of 2.496 and 3.221 A and in that respect are similar to MoO,. However, in contrast to metallic
MoOQ,; both the Y and Gd compounds are n-type semiconductors with room temperature resistivities of
the order of 10? ohm~cm. Magnetic susceptibility measurements confirm the presence of one unpaired
electron per Mo, unit. The semiconducting behavior can be explained in terms of an unfavorable
bridging oxygen coordination which prevents electron delocalization through metal-oxygen pi bond-
ing as in MoO,. © 1985 Academic Press, Inc.

Introduction oxides of molybdenum in combination with
the rare earths and yttrium (J-12). For the

During the past several years, a number most part, these compounds have been pre-
of reports have appeared which reveal a pared by methods which yield only poly-
rich and varied chemistry for the reduced crystalline products and, as a resuit, their
structures are either unknown or have been

* To whom correspondence may be addressed. inferred from X-ray powder diffraction

1 Contribution 3789. data. One such series of compounds re-
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STRUCTURE AND PROPERTIES OF YsMo,0,; AND GdsMo0,0;,

pos1t10n Ln2M005 (L a trivalent rare
earth or ytrrium) has a monoclinic unit cell
very similar to that reported for a similar
series of tetravalent rhenium oxides such as
Ln,ReGs (13). Although their structures
were not known, members of both series
were reported to have anomalously low
magnetic moments which suggested the
possible presence of strong transition metal
interactions (4, 3, 9, 13).

Recently, one of us (/4) reported that

fused salt electrolysis can be used for the

synthesis of reduced oxides of molybde-
num with lanthanum, neodymium, and yt-
trium. Since they included the ytrrium
phase discussed above, a determination of
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the single crystal diffraction study it be-
came clear that the unit cell contained 10
yttrium atoms and only 4 molybdenum at-
oms and that the true formula was
YsMo,0;. A subsequent check of the liter-
ature revealed a recent structural report by
Baud et al. (15, 16) for a compound having
the composition Dy;sRe,0;, whose unit cell
parameters appear to be essentially identi-
cal to those reported for Dy,MoOs. Al-
though they were able to accurately deter-

mine the nositions of the hpnvv atoms,
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polysynthetic twinning prevented a satls-
factory refinement and as a result the posi-
tions of the oxygen atoms were not accu-
rately determined. Such twinning was not a
problem in the study
YsMo,0;, and a successful refinement was
achieved. The results of this study are pre-
sented below together with supporting elec-
trical and magnetic data for both the yt-
trium and the isomorphous gadolinium
compound.
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Experimental

Single crystals of YsMo,0; and Gds

Mo,0; were prepared by the
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of sodium or lithium molybdate, molybde-
num (VI) oxide, and the appropriate rare-
earth oxide. The melt was contained in a
high density alumina crucible. Smooth plat-
inum foil electrodes with nominal surface
areas of 1 ¢cm? were used. Details of the
technique are given elsewhere (14). Start-
ing molar ratios of reactants, temperatures,
current—voltage conditions, and times for
the various electrolyses are given below:

Sample A. LizMOO4ZMOO3IY203 =
1.30:3.00:1.45; 1090°C, 2.0 V, 400 ma, 40
min.

Sample B. Na;MoO4:Mo0O;:Y,0; =
3.00:3.00:1.50; 1075°C, 1.1 V, 100 ma, 1
hr.

Sample C. }az}v{uu4 vuO3'Gd203 =
3.00:3.00:1.50; 1075°C, 1.1 V, 100 ma, 1
hr

The cathode product was leached with
alternate portions of hot 5% K,CO; solution
and hot 2 M HCI to remove the matrix and
various unknown reduced materials, and in
the case of the gadolinium preparation, Gds
Mo030;6. The crystal used for the X-ray
structure determination was selected from
sample A prior to the realization of any

compositional problems. The other samples

which were uged for chemical analvcic and
..... €l WEre USCC Ior Cnomical anaiysis ang

density determinations were treated with
warm 6 M HNO; to remove MoO, which
was sometimes observed as a polycrystal-
line coating or as small occluded crystals.
Typically, the crystals grow as needles or
crystalline laminates up to 1-3 mm in the
largest dimension with the Gd samples on
the average being somewhat larger than the
Y compound. Twinning along the needle
axis was common but singie crystal frag-
ments could easily be separated.
Solid-state reactions were run using inti-
mately mixed stoichiometric quantities of
freshly fired reactants which were pelleted
and sealed in evacuated silica capsules.

Products were fired at temperatures ranging
from 1000-1250°C for several days with at
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least one regrinding in between in an effort
to achieve homogeneity. The rare-earth ox-
ides were obtained from Rhone Poulenc
Chemical Company and were ignited at
1000°C before use. All other chemicals
were of reagent grade except the Li;MoO,
(Alfa Products, stated purity 98.5%) which
was doubly recrystallized before use and
the ZrO, (MCB) was stated to contain up to
2% hafnium.

2. Chemical Analysis

The portions of samples B and C which
were used for chemical analysis were of a
size that did not pass through a 50-mesh
screen. These were carefully culled until
visually homogeneous under the micro-
scope, ground lightly, and subjected to final
additional washes with hot K,CO; and HCI
solutions followed by warm 6 M HNO;.
Their X-ray diffraction patterns showed
only the lines of the title compounds. The
samples were dissolved in hot concentrated
sulfuric acid which was evaporated to
fumes of SO;. Quantitative analyses for
principal metallic constituents were carried
out using standard volumetric methods.
The rare earths were determined by titra-
tion using EDTA while molybdenum was
determined by the Jones reductor method
using ceric sulfate as the titrating agent.

Analysis. Calc. for YsMo,02: Y, 53.66;
Mo, 23.16. Found: Y, 53.38; Mo, 23.07.
Calc. for GdsMo,0,: Gd, 67.19; Mo, 16.40;
Found: Gd, 67.14; Mo, 16.49.

3. Electrical and Magnetic Measurements

The magnetic susceptibility of YsM0,0;,
was measured from 4.2 to 300 K using the
Faraday method. Details of the experiment
have been described earlier (17). Electrical
resistivities of single crystals were mea-
sured using a four-point probe method.
Current was passed parallel to the long axis
of the tabletlike crystal which corre-
sponded to the crystallographic unique
axis.
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4. X-Ray Powder Diffraction

X-Ray powder diffraction patterns for
routine identification purposes were ob-
tained using a Philips diffractometer and fil-
tered copper radiation. Precision lattice
constants were obiained with a Guinier—
Higg type focusing camera (r = 40 mm).
The radiation was monochromatic CuK,; (A
= 1.5405 A) and the internal standard was
Si (@ = 5.4305 A). An Optronics P-1700
Photomation instrument was used to collect
absorbance data from the films. Peak posi-
tions and relative intensities were deter-
mined with local computer programs. The
lattice parameters were refined by a least-
squares procedure. Indexed X-ray powder
diffraction patterns of YsMo0,0;, and Gds
Mo0,0; recorded at room temperature are
given in Tables I and II, respectively. All
observed lines of YsMo,0;; can be indexed
on the basis of C-centered monoclinic sym-
metry with a = 12.243(2), b = 5.7197(6), ¢
=7.489(1) A, and B = 107.99(1)°, Z =2, V
= 498.8(2) A3, dxry = 5.52 g cm™3, and
dpye = 5.55(2) g - cm®. Two very weak re-
flections in the GdsMo,0,, powder diffrac-
tion pattern did not obey the C-centering
requirement but it could be indexed in
space group P2,/m with a = 12.431(2), b =
5.7748(5), c = 7.610(2) A, B8 = 107.95(1)°, Z
=2,V =519.7Q2) A3, dx.ay = 7.48 g - cm™3,
and dpyc = 7.58(2) g - cm™3.

5. Single Crystal X-Ray Structure
Determination!

A columnar-shaped single crystal of Y;
Mo,0;,; with dimensions 0.067 X 0.093 X
0.267 mm was mounted with its long di-
mension parallel with the ¢ axis on an
Enraf-Nonius CAD4 X-ray diffractometer
equipped with monochromatic MoK, radia-

! All crystallographic calculations were performed
on a Digital Equipment Corporation VAX 11/780 com-
puter using a system of programs developed by J. C.
Calabrese. Structural plots were made with the
ORTEP program (C. K. Johnson, 1976).
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TABLE 1
X-RAaY POWDER DIFFRACTION DATA FOR YsMo0,0;;

20 I(obs) hkl d(obs) d(calc)
12.341 16 001 7.166 7.123
15.132 4 200 5.850 5.822
16.351 22 -201 5.417 5.398
19.831 3 -111 4.473 4.463
22.454 23 201 3.956 3.950
22.561 8 111 3.938 3.919
24.898 32 -202 3.573 3.568

002 3.561
27.296 5 -311 3.264 3.256
27.724 98 310 3.215 3.212
28.346 100 -112 3.146 3.133
29.271 9 -401 3.048 3.044
30.662 43 400 2.913 2.911
31.231 15 020 2.861 2.860
32.358 18 =312 2,764 2.762
32.419 12 112 2.759 2.756
33.142 61 —402 2.701 2.700
33.209 40 202 2.695 2.691
33.716 55 021 2.656 2.654
34.897 40 220 2.569 2.567
35.470 33 -221 2.529 2.527
36.118 5 -203 2.485 2.483
36.728 3 401 2.445 2.443
38.815 17 221 2.318 2.316
39.556 12 -113 2.276 2.276
40.390 R -222 2.231 2.231

022 2.230
41.826 18 510 2.158 2.157
42,285 11 -512 2.136 2.135
42,396 5 312 2.130 2.130
43.364 24 —-421 2.085 2.084
44.079 1 113 2.053 2.051

plus 52 lines to d(obs) = 1.263

tion. After careful crystal alignment, 25 re-
flections were located and used to obtain
cell parameters and orientation matrix.
The reflections were indexed in a mono-
clinic cell with dimensions a = 12.2376(7)
A, b=571778) A, c = 7.4835(5) A, and B
= 108.034(5)°. For Z = 2, the calculated
density of 5.53 g - cm™3 compares well with
the observed pycnometrically determined
density of 5.55(2) g - cm~3.

A total of 3196 reflections were collected
at ambient temperature by the w mode from
2° < 6 < 30° and merged to yield 877 inde-
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pendent data with I = 30(J) in 2/m symme-
try. The data were treated in the usual fash-
ion for Lorentz and polarization effects. A
correction for absorption was also applied
using a Gaussian grid of 8 X 8 x 8. The
crystal faces and distances (mm) from the
center were =[100, 0.033; 010, 0.133; 001,
0.047]. The transmission factors for the
crystal (u = 314.3 cm™!) varied from 0.0537
to 0.1783.

An examination of the data revealed the
presence of a dominant C-centered lattice.
This was also observed in precession pho-
tographs of the same crystal which showed
several weak spots with & + k = 2n + 1. Of

TABLE 11
X-RAY POwWDER DIFFRACTION DATA FOR GdsMo0,0;,

26 I(obs) hkl d(obs) d(calc)
14.963 9 200 5.916 5.913
16.145 16 -201 5.485 5.482
22.135 18 201 4.013 4.013
22.378 16 111 3.970 3.971
24.542 26 =202 3.624 3.625
26.967 7 =311 3.303 3.300
27.399 99 310 3.252 3.256
28.084 100 -112 3.175 3.177
28.700 39 —401 3.108 3.091
30.204 41 400 2.956 2.956
30.923 54 020 2.889 2.887
31.954 41 112 2.798 2.797
32.676 97 -402 2.738 2.741
33.389 59 021 2.681 2.682
34.182 11 410 2.621 2.631
34,538 51 220 2.595 2.594
35.107 24 =221 2.554 2.555
38.375 13 221 2.344 2.344
38.952 15 -113 2.310 2.311
39.908 72 022 2.257 2.257
41.213 34 510 2.189 2.189
41.673 15 -512 2.165 2.167
42.821 17 —-421 2.110 2.110
43.787 10 420 2.066 2.066
45.048 9 -602 2.011 2.011
45.619 73 —~422 1.987 1.988
46.016 74 600 1.971 1.971
47.054 12 030 1.930 1.925
47.773 70 -204 1.902 1.903
48.310 21 421 1.882 1.882

plus 22 lines to d(obs) = 1.238
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TABLE III
POSITIONAL® AND ANISOTROPIC THERMAL? PARAMETERS FOR THE ATOMS OF Y;Mo0,0;;

Atom  Position x y z B, B By B By By
Mo(1) 48 0(0) 0.7183(1) 0(0) 0.21(2) 0.43(1) 0.20(2) 0.00(0) —0.02(1) 0.00(0)
Y(1) 4i 0.19364(6)  0.0(0) 0.36027(9) 0.25(5)  0.37(2)  0.20(2)  0.00(0) -0.07(2) 0.00(0)
Y(2) 4i 0.81488(8) 0.0(0) 0.17640(9)  0.23(2) 0.42(2) 0.34(2) 0.00(0) 0.03(2) 0.00(0)
Y3 2d 00} 0.5000(0) 0.5000(0) 0.28(3) 0.64(4)  0.18(3)  0.00(0) -0.02(3) 0.00(0)
o) 8j 0.6630(3)  0.2544(7) 0.0818(5)  0.21(11) 0.71(14) 0.49(12) 0.03(1}) 0.06(10) —0.02(11)
02) 8j 0.8454(3) 0.7513(7)  0.4245(5) 0.5(1) 0.4(1) 0.4(1) 0.1(1) 0.0(1) 0.1(1)
0(3) 4i 0.5002(4)  0(0) 0.7971(7)  0.7(2) 0.8(2) 0.3(2) 0.0(0) 0.2(1) 0.0(0)
0@4) 4 0.0006(4)  0(0) 0.1816(7)  0.3(2) 0.6(2) 0.2(2) 0.0(0) 0.1(1) 0.0(0)

@ Space group C2/m.

b exp{—0.25(B, h2a*? . . . + 2Byhka*b* . . ).

the 877 independent reflections, 138 vio-
lated the C-centering extinciion condition.
The average normalized structure factor,
(EY), for reflections with 4 + k = 2n + 1 was
0.04 as calculated using NORMAL (18);
this compares with a value of 1.97 for the &
+ k = 2n reflections. As a consequence, the
weak data were temporarily removed, and
the structure determined by using the
heavy-atom Patterson method in space
group C2/m (No. 12). Full-matrix least-
squares refinement on all positional and an-
isotropic thermal parameters including
terms for anomalous dispersion for all at-
oms and for anisotropic extinction con-
verged with R = 0.029 and R, = 0.035.
Metal atom occupation factors were also
refined and they confirmed the sites to be
fully occupied. The largest peak in a final
difference Fourier corresponded to 0.38 e/
A3 and was located near an yttrium atom.
When all the data were included, the sys-
tematic absences were compatible with
space group P2,/m (No. 11). Additional yt-
trium and oxygen atoms had to be placed in
the asymmetric unit due to the lower sym-
metry. As expected, the positional and
thermal parameters for these atoms were
then strongly correlated. Several oxygen
atoms displayed nonpositive definite iso-
tropic thermal parameters while the correl-
ated O atoms showed high isotropic B’s.
Also, the yttrium atoms could not be re-

fined anisotropically. The oxygen isotropic
temperature factors were then constrained
at 0.5, and only molybdenum was refined
anisotropically. Least-squares refinement
converged at R = 0.058 and R, = 0.079
with the largest residual in a difference map
of 2.76e/A? located near a yttrium atom.
Overall standard deviations were 3-5 times
higher than the C-centered refinement.

A study of both the C2/m and P2,/m
atomic positions and thermal parameters
did not show any significant difference be-
tween the two structures. Any information
that could have been derived from the addi-
tional weak reflections in P2,/m is probably
masked by the correlation effects. Only the
results of the C2/m refinement are dis-
cussed below.

Results and Discussion

1. Structural Description

Atomic positional and thermal parame-
ters are given in Table III, and important
interatomic distances and angles are shown
in Table IV.

YsMo,0,, contains chains of distorted
edge-shared MoQO¢ octahedra extended
along the monoclinic b axis. In this direc-
tion, the molybdenum atoms are spaced
with alternating short and long distances of
2.496(1) and 3.221(1) A. The short distance
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TABLE 1V
SELECTED INTERATOMIC DISTANCES (A) AND

ANGLES (deg) IN YsMo0,0;,

Mo-Mo 2.496(1) Y2-OI 2.470(4)
Mo-Mo 3.221(1) Y2-O1 2.293(4)
Mo-O1 1.9083) Y2-02 2.275(4)
Mo-03 1.966(4) Y2-04 2.261(5)
Mo-04 2.106(3)
Y3-02 2.303(4)
Y1-01 2.4444) Y3-03 2.223(5)
Y1-02 2.278(4)
Y1-02 2.307(4)
Y1-04 2.326(5)
Mo-Mo-Mo  180.0 Y1-02-Y3 123.0(1)
Y1-02-Y3 102.3(2)
Mo-01-Y1 101.8(1) Y2-02-Y3 120.3(1)
Mo-01-Y2 134.2(2)
Mo-01-Y2 99.6(1) Mo-03-Mo 78.8(2)
Y1-01-Y2 108.4(1) Mo-03-Y3 140.6(1) (2x)
Y1-01-Y2 101.%(1)
Y2-01-Y2 109.1(1) Mo-04-Mo 99.8(2)
Mo-04-Y1 99.9(2) 2X)
Y1-02-Y1 101.8(1) Mo-04-Y2 100.7(2) 2x)
Y1-02-Y2 99.6(1) Y1-04-Y2 147.8(2)
Y1-02-Y2 107.8(1)

represents a molybdenum-molybdenum
bond. Almost identical octahedral chains
are found in the distorted-rutile structure of
MoO; which displays Mo—Mo separations

(b)

FI1G. 1. The unit cell of YsMo0,0;;, showing (a) only
the rutile-like sheets of edge- and corner-shared octa-
hedra of MoOg and YOg; (b) only the interconnecting
YO, monocapped trigonal prisms.
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F1G. 2. A section of an edge-shared MoOg octahe-
dral chain showing the Mo—Mo bonds in YsMo0,01,.

of 2.511 and 3.112 A (19). In addition, the
chains in MoO, are slightly puckered (Mo-
Mo-Mo angle is 172.6°) while they are lin-
ear in YsMo0,0y,. In the yttrium compound,
YOs octahedra link the chains in the bc¢
plane by sharing opposite oxygen corners
(Fig. 1a). These planes are also related to
those in the rutile structure but have yt-
trium atoms only in every other octahedral
site along the b axis. The rutilelike planes
are interconnected by sharing corners and
edges with YO, monocapped trigonal
prisms (Fig. 1b).

A section of an edge-shared octahedral
MoOs chain showing the Mo—Mo bonds is
given in Fig. 2. In Y;Mo0,0,;, each molyb-
denum is in a formal oxidation state of
+4.5, and has 1.5 electrons available for
metal-metal bonding. Oxygen atom O3
bridges the short Mo—Mo separation and
also forms a bond to yttrium. Due to its
trigonal planar arrangement, this oxygen
atom may be considered sp*-hybridized.
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FiG. 3. Coordination polyhedra of the three crystal-

lographic yttrium atoms in YsMo,01,.

The sum of the Mo-0O-Mo and Mo-O-Y
bond angles around O3 is 360.0°. All other
oxygen atoms in the structure are four-co-
ordinated and may be considered sp*-hy-
bridized with average bond angles ranging
108.1-109.2° (Table IV). Atom Ol forms
bonds with one Mo and three Y atoms, 02
is shared with four Y atoms, and O4 bonds
to two Mo and two Y atoms. A major differ-
ence between the edge-shared octahedral
chains in YsMo,0;; and those in MoO; is
the coordination symmetry of the O4 atoms
that bridge the long Mo-Mo distance. In
the yttrium compound, they are tetrahe-
drally coordinated. In MoQ;, all oxygen at-
oms are in a trigonal planarlike coordina-
tion (sp*-hybridized) and have a lone p

TORARDI ET AL.

orbital available for = bonding with molyb-
denum.

The coordination of the three crystallo-
graphic yttrium atoms is shown in Fig. 3.
Y1 and Y2 are each bonded to seven oxy-
gen atoms in monocapped trigonal pris-
matic (C,) symmetry with the capping atom
on one of the rectangular faces. Y3 is
bonded to six O atoms in approximately oc-
tahedral (C,,) symmetry and is the link be-
tween the MoQOg chains. The average Y-O
bond distances of 2.34 A for Y1, 2.33 A for
Y2, and 2.28 A for Y3 compare well with
the sum of tonic radii (20); 2.34 A for 7-
coordinate Y, and 2.27 A for 6-coordinate
Y. The structure of YsMo,0,; is essentially
indentical with that found for DysRe,Oy;,
particularly with regard to the transition
metal chains (16). The coordination polyhe-
dra of the rare-earth ion by oxygen are also
similar although some marked differences
in bond lengths are noted which may be due
to the inability to completely refine the
structure of the rhenium compound.

The valence of each independent atom in
YsMo,0,; was calculated by a summation
of the bond strengths for that atom. This
type of calculation has recently been used
to estimate metal oxidation states (21, 22)
and 7 bonding effects (2/) in molybdenum
atom cluster oxides. Bond strengths were
calculated using

s = (dldy)™

where s = strength of a particular bond, d
= crystallographic bond length, d; = length
of a bond of unit valence, and N is a fitted
constant. Values for dy and N were taken
from Brown (23):

Mo-0O bonds: 1.882 and 6.0
Y-O bonds: 2.070 and 7.0.

For Mo, Y1, Y2, and Y3, the calculated
oxidation states are +4.40, +3.03, +3.13,
and +3.11, respectively. The value for mo-
lybdenum is close to that based on the stoi-
chiometry (+4.5). Calculated valences for
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T(K)

Fi1G. 4. Magnetic susceptibility of Y;M0,0, as a
function of absolute temperature.

01, 02, 03, and 04 are 2.01, 1.97, 2.15,
and 2.00, respectively. The value for trigo-
nally planar O3 is higher than expected for
sigma bonds only (i.e., a valence sum of
2.0) and suggests a w-bonding interaction
with molybdenum. However, it is interest-
ing to note that the Mo-0O3 bond length of
1.966(4) A is significantly longer than the
Mo-01 distance of 1.908(3) A in which O1
is sp3-hybridized. The shortening may be
the result of a synergistic effect whereby
the formation of the Mo—0O3 7 bond lowers
01-03 repulsions and results in a strength-
ened Mo-0O1 o bond, albeit at the expense
of the Mo-04 o bond.

2. Magnetic and Electrical Properties

A plot of the magnetic susceptibility of
YsMo,0;, vs temperature is shown in Fig.
4. The data can be fit to x = C,/(T + 6) + xo
over the temperature interval from 15-300
K where C, = 437 x 10~ ®emu-K/g,0=17.5
K, and x, = —0.151 x 107¢ emu/g for 202
experimental points with a mean square de-
viation of 0.26%. A value of u.g = 1.708 is
found and corresponds very well to one un-
paired electron per Mo, group. This is in
accord with the observed average oxidation
state of +4.5 for Mo in which a strong
metal-metal bond is present. The peak in
the susceptibility at 6 K indicates that the
unpaired spins order antiferromagnetically,
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consistent with the positive Weiss constant
obtained from the fit of the curve above 15
K.

The plot of electrical resistivity vs 1/7 for
both YsMo0,0,;, and GdsMo,O,, (Fig. 5)
shows that both compounds are semicon-
ductors with similar room temperature
resistivities of 4.3 x 10° and 1.3 x 10°
ohm-cm. Measurements are considered
uncertain to about 30% due to uncertainties
in defining crystal dimensions and current
paths. The curves are approximately linear
and their slopes correspond to carrier acti-
vation energies of 0.29 and .22 eV for the
Y and Gd compounds, respectively. Low
temperature measurements were termi-
nated when nonohmic effects became ap-
parent. Qualitative observations of the sign
of the Seebeck coefficient in the room-tem-
perature neighborhood indicate that the
majority carriers are electrons.

It is clear from the magnetic susceptibil-
ity data that each Mo, unit in YsMo0,0y;
possesses one localized unpaired electron.
This is also consistent with the observed
high resistivity. In comparison, MoQ;,
which contains related molybdenum atom
strings, is metallic (24). Each molybdenum
atom in MoO; has one electron available for
Mo-Mo o bonding and an additional elec-
tron for Mo—-Mo 7 bonding. An energy-
level diagram for this compound has been
discussed (24). Electrical conductivity in
MoO, is attributed to an overlap of molyb-
denum-based orbitals with an empty Mo-O
7* band arising from the p orbitals of other-
wise sp*-hybridized oxygen atoms. In
Y;sMo,0,2, Mo-O 7 bonding is localized to
the Mo, units because these dimers are ‘‘in-
sulated’’ along the octahedral chains by sp-
type oxygen atoms, and between chains by
Y3* ions. The shorter Mo—O3 bridge bond
of 1.966(4) A compared to 1.990 A (ave) in
MoO, may reflect a stronger Mo—O = inter-
action as well as a higher charge on molyb-
denum (+4.5 vs +4.0).

The Mo-Mo bond distance in YsMo0,0; is
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0.015 A shorter than that in molybdenum
dioxide (/9) even though the yttrium com-
pound contains one less electron per Mo,
unit for metal-metal bonding. This may be
explained by stronger Mo—Mo 7 bonding.
The loss of ability to form Mo-O 7 bonds
between dimeric units in the new com-
pound may result in more extensive d—d =
orbital overlap within the dimers and ex-
plain why the Mo—Mo nonbonded distance
in this compound is 0.11 A longer than in
MoO,. As a result, this localized molecular
orbital, which contains the unpaired elec-
tron, would lie at a relatively lower energy
level, and the Mo-Mo bond lengths could
remain approximately the same. In other
words, the energy lost by removal of one -
bonding electron from its molecular orbital
may be balanced by a lowering of that orbit-
al’s energy.

3. Chemical Modifications

In order to ascertain whether the molyb-
denum could be reduced further, the syn-
thesis of ZrY4Mo,0;; and ZrGdMo,0,
was attempted using both solid-state reac-
tions and fused salt electrolysis. The solid-
state preparations in which stoichiometric
quantities of reactants were fired in evacu-
ated sealed silica capsules for 3- to 5-day
periods each of 1000, 1100, and 1225°C peri-
ods, yielded copperish-looking materials
which appeared visually homogeneous un-
der 50x magnification. The color is in
marked contrast to the green—blue color of
powdered samples of both YsMo;0,; and
GdsMo,0;;. However, the X-ray powder
diffraction patterns of the zirconium-con-
taining materials show that, in addition to
MoO,, two other phases are present at ap-
proximately equal intensities of the princi-
pal peaks: (1) a rare-earth-stabilized cubic
ZrO, phase with a slightly larger lattice con-
stant than pure cubic ZrO,; and (2) the Ln;
Mo,0,-type phase with somewhat broad-
ened lines but with essentially the same
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although perhaps slightly smaller lattice pa-
rameters as the undoped phase (i.e., differ-
ences are within the ESD’s of the results).

Fused salt electrolysis, in which 3 mole%
ZrO, was substituted for the rare-earth ox-
ide in the reaction mixture, yielded Lns
Mo,0,,-like crystals. The X-ray powder
diffraction patterns of the purified cathode
products from both the Y and Gd systems
gave no evidence for any substantial substi-
tution by Zr although the lines were again
notably broadened. The crystals in both
systems upon grinding yielded a light cop-
per-colored powder. Further, the resistivity
as a function of temperature for one of the
crystals taken from the Gd:Zr system is
virtually identical with that of a pure Gd;
Mo,0; crystal (Fig. 5).

It would therefore appear that reduction
of Mo to the tetravalent state is not fa-
vored. Although some zirconium substitu-
tion appears to take place based both upon
the color change and the broadening of the
diffraction lines, it is quite limited and has
no effect on the conduction process.

Although mixed valence oxides in which
the transition metal cations are located on
crystallographically equivalent sites are un-
usual, they are nonetheless well established
(25, 26). Perhaps the best understood ex-
ample is LasRe¢O1 (27, 28) where the aver-
age oxidation state for rhenium is +4.33.
Again, the dominant feature of this struc-
ture is pairs of ReOg octahedra which result
in discrete Re—Re dimers with a bond dis-
tance of 2.42 A, compatible with a double
bond. These Re,0,0 groups, rather than
forming chains, link to each other by shar-
ing corners, resulting in a complex three-
dimensional array in which the Re-O net-
work provides a mechanism for electron
delocalization (29). The nonbonding d elec-
trons occupy this band and the compound
is a metal. On the other hand, in YsMo0,01,
only localized Mo-Mo and Mo-O =-bond-
ing is possible and the compound is a semi-
conductor.
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