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Some reduced ternary and quaternary oxides of mo]ybdehum

containing strong metal-metal bonds]

Charlie Carmine Torardi

Under the supervision of Robert E. McCarley
From the Department of Chemistry
Iowa State University

Several new, reduced ternary and quaternary oxides of molybdenum
are reported, each containing molybdenum in an average oxidation state
< 4.0. Al of these compounds cohtain'eitﬁer'diécrete molybdenum atom
clusters or infinite chains of bonded molybdenum atoms.

The compounds ScZnMo308, LiZn2M0308, and Zn3Mo308 have been
synthesized and crystal structures have been determined for the latter
two. ‘These oxides contqin the same type of triangular molybdenum atom
clusters found in the compound Zn,Mo;0, (McCarroll, W. H.; Katz, L.;
Ward, J. J. Am. Chem. Soc. 1957, 79, 5410). However, each of the
trimeric clusters in these new compounds has available one or two
additional e]écfrohs for participation in metal-metal bondihg:

Another newly prepared and characterized ternary oxide‘;ontaining

discrete metal atom clusters is Ba, 14M°8016' The structure of this’

]DOE‘Report IS-T-960. This work was performed under Contract
W-7405-eng-82 with the Department of Energy.



compound consists of molybdenum-oxide cluster chains extended pafa]]e]
with the ¢ axis. These chains are built from clusters of the type
M°4016 sharing the oxygen atoms on the four outer edges of the planar
tetrameric molybdenum atom cluster to give an Mo408 stoichiometry.
Two different infinite chains, built up from Mo4082’ and Mo408°'28‘ |
) c]ustér units,‘respectively, are Wnter]inked via Mo-0-Mo bridge

+ ., .,
2 jons reside.

bonding to create four-sided tunﬁe]s in which the Ba

The new compound NaMo,0, contains infinite chains of bonded
molybdenum atom clusters., These chains are comprised of clusters of
the type M°6012 fused at opposite edges by removal of two edge-
bridging oxygen atoms, and sharing of the metal énd remaining oxygen
atoms between cluster units. The sodium ions océupy sites invchannels
forméd by four mo]ybdenum-oxide cluster chains crosslinked by strong
Mo-O;Mo;bonds.

Another new compound, whose structure is closely related to that
of NaMo406, is BaO.62M°406' This material also exhibits a superlattice
ordering of barium ions within the channels. An analysis of this
superstructure from single crystal x-ray diffraction data is discussed.

Other compouﬁds that have been prepared and also partia]]y

characterized by chemical analyses and x-ray powder diffraction data

are tenta;ive1y formulated as K,, Mo,-0,q, Nay, Mo,;0,g, and CaMosqg.
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GENERAL INTRODUCTION

Over the past decade, there has been an increasing interest in
"solid state compounds containing discrete transition metal atom clusters
and condensed transition metal atom clusters which form chain and sheet
structureé.' Many sulfur, selenium, tellurium, and halogen compounds
containing metal atom clusters have been synthesized. One important
family of compounds, known as Chevrel phases (1), incorporates the

discrete Mo Xg cluster unit with X = §, Se and Te (an MogXg cluster is

6
composed of an octahedron of bonded molybdenum atoms with X atoms
bridging the eight faces of the octahedron). Members of this family
have the sahe basic solid state structure and many have interesting
superconducting prOperties. In halide compounds, examples of condensed
clustgr systems include the compounds Gd2C13 (2), Sc5Ci8 (3), and ZrC1
(4). The first compound contains infinite chains derived from bonded
metal atom clusters of type M6X8' The second compound is related to the
first but contains infinite chains derived from bonded scandium atom
clusters of type M6X]2 (an Msx]2 cluster consists of an octahedron of
_ M atoms with X atoms bridging the twelve edges of the octahedron). The
'compound ZrC1 is composed of sheets of bonded metal atoms and sheets of
halogen atoms in a double layered arrangement (...Cl1-Zr-Zr-Cl...).
Structures such as these are clearly dominated by metal-metal inter-
actions and the stability of these compounds must certainly arise from
the cbntributions made to the lattice energy by metal-metal bonding.

In contrast, transition metal atom clusters and condensed clusters

in oxide systems are relatively few in number. The most commonly



observed mefa] cluster geometry in these oxide compounds involves .
bonding between two metal atoms to form dimers. Some examples of these
oxides include the rutile-related dioxides (5) of V, Nb, Mo, Tc, and W,
and the compounds Nd4ReéO]] (6) and La,Re,0qq (7). Prior to 1970, oxide
compounds which contained clusters consisting of three or more bonded
metal atoms were rare. Several exahp]es of these compounds were
A§1M03O8 (A = Mg, Mn, Fe, Co, Ni, Zn, and Cd) (8), the perovskite-
related BaRu0, (9), orthorhombic Re0, (10), the compound Pt0, (1),
and the highly reduced compound NbO (12). These compounds contain
triangular cliusters of molybdenum ions, linear cJusters of three
ruthenium ions,'infinite zig-zag chains of rhenium ions, infinite
Tinear chains of platinum jons, and corner-sharing octahedra of niobium
ions, respgctive]y. Since that time, other oxides reported to contain
clusters of.three or more bonded metal atoms include the compounds
A£1M03_.wa08 (with 0<x<3 and A = Mg, Mn, Fe, Co, Ni, Zn, and Cd) (13),
‘the compounds LiRMo 04 (R = Sc, Y, In, Sm, Gd, Tb, Dy, Ho, Er, Yb) (14),
and the compound Mg3Nb66]] (15). The first two groups of compounds
incorporate triangular clusters such as those found in the A£1M0308
compounds (mentioned above) while the latter compound contains discrete
octahedra of bonded niobium atoms. |

. The research presented here began in an attempt to bettef under-
stand the metal-metal bonding interactions in the trinuc]ear_é]usters
of the compounds A;IM0308. The initial experiments have led to the

discoveky of several other new reduced ternary and quaternary oxides of

molybdenum,' Some of these new compounds possess unprecedented



structures in an oxide sysfem. One compound contains discrete planar
h

tetrameric molybdenum atom clusters (16) (section II), while two other

compounds contain infinite chains of condensed octahedral molybdenum

atom clusters (17) (sections III and 1IV).
Explanation of Dissertation Formaf

‘This dissertation is divided into five sections. Each of -the first
four sections is written in a form suitable fOr'publication as a
technical paper. The research presented in this dissertation is the
work of the author. While references cited in thebgeneral introductjén
méy be found at the end of the dissertation, each section contains an

independent 1isting of references which are cited in that section.



SECTION I. SYNTHESIS, CRYSTAL STRUCTURES, AND PROPERTIES
OF L1'Zn2M0308 AND Zn3M0308. SYNTHESIS AND
CHARACTERIZATION OF ScZnMo308. COMPOUNDS
CONTAIRING THE MO3O]3 CLUSTER UNIT



INTRODUCTION

Many su]fides, selenides, tellurides and halides containing discrete
metal atom c]hsters and cohdensed,c]uster arrangements are known. A few
classic examples of these are PbMoGS8 (1)? M06C1]2 (2), Gd2C13 (3) and
IrC1 (4). However, metal atom clusters and condensed clusters in oxide
systems are relat%vely few in number. Some exampies of these oxides are
NbO, (5), Mg 3Nb O 4 (6), Ba].]4M°8016 (7), and NaMo4O6 (8).

An. interesting family of compounds incorporating the Mo30]3 cluster
unit includes compounds of the types A;IM0308 (A = Mg, Mn, Fe, Co, Ni, Zn,
cd) (9) and L1;RM0308 (R = Sc, Y, In, Sm, Gd, Tb, by, Ho, Er, Yb) (10).

The crystal structure of Zn,Mo;0; was determined (11) and shown to consist
of a distorted hexagonal close-packed arrangement of oxygen atoms'(wifh
1ayer stacking sequence abac) where the oxygen layers are held together by
alternating zinc atom layers and molybdenum atom layers. The divalent
zinc ions occupy both tetrahedral and octahedral sites in a 1&1 ratio.

The tetravg]ent molybdenum ions occupy octahedral sites to form strongly
bonded triangular clusters of molybdenum atoms in which three MoO6 octa-
hedra.are each shared along two edges. Oxygen atoms of the Mo30]3
clusters are shared with other cluster units as represented b& the formu-
lationAMo30406/203/3, to give the Moj0g stoichiometry. A molecular orbit-
al calculation (12) for the Mo30]3 cluster unit explained the strong
bonding, weak paramagnetism, and low electrical conductivity of the
A2M03O8 compounds by shoWing that the six electrons available for Mo-Mo
bonding occupy bonding orbitals with all electron spins pairedf The

basic structure‘of the LiRMos0, compounds differs from the A,Mo 400



'CompOUnds in having a simple oxygen layering of the (abab) type with
the Li* jons in tetrahedral sites and the R ions in octahedral
positions.
The M3X]3 cluster unit has also been observed in the halide com-

pounds Nb3X8 (x =c¢c1, Br, I) (13), and T1'7X]6 (X = C1, Br) (14). The
| first molecular example of a compound containing the M3X]3 cluster unit
lwas w3(0CH2C((:H3)3)03Cr‘3(02CC(CH3)3)]2 (15) where M = tungsten, while the
first reported ionic example df an M3X]3 cluster was the N3O4F95' (16)
énioh. Ionic species cdntaining the Mo30]3 cluster unit have recently
been prepared from aqueous solutions of molybdenum(IV). Two such
examples of these ions are [Mo0,(C,0,)5(H0)51%" (17), and
3(0,6CH3) 5
This section reports the preparation, crystal structures, magnetic

[Mo,0C1 H,0),1%% (18).

and phy;ica] properties of the new compounds LiZﬁzMoso8 qnd Zn3Mo308.
These phaseé represent two new types of reducéd molybdenum oxides
containing Mo;0,4 cluster units, L1A£1M0308 and A;IM0308. The
trianguTar molybdenum atom cluster units in these new compounds Have
available 7 and & electrons, respectively, for Mo-Mo bonding. Also
described in this section are the preparation, x-ray powderbdiffraction_
déta, magnetic and physical properties of anothér reduced quaternary
oxide of molybdenum, ScZnMo308. This phase represents the first

example of an AIIBIIIM0308 type compound.



EXPERIMENTAL
Materials

The starting materials used were Alfa Products Li,Mo0, (98.5%),
Fisher Certified A.C.S. Zn0, M003, and KOH (85.6%), Atomergic Sc203
(99.9%), Hach Chemical CsC1 (99.9%), Thermo-Electron Mo tubing (99.97%),
Rembar Mo sheet (99.95%), Aldrich Mo powder (99.99%), and M002. The
L12M004 and Zn0 were dried at 120°C before use. Potassium molybdate,
‘which was used as a flux, was prepared by the reéction of KOH with a
slight stoichiometric excess of M003-in deionized water. After the solu-
tion was filtered, its volume was reduced by heating, and the precipitate
collected on a glass frit, washed with ethanol, dried at 120°C, and
stored over P4O]0. Cesium molybdate, also used as a flux, was prepared
by passing an aqueous solution of CsCl through a column of Amberlite
IRA-400 strongly basic ion exchange resin in hydroxide form and
neqtra]izing the effluent with the stoichiometric quantity of M003.
| The solution was s]owly evaporated to dryness and the white solid dried
.in vacuo at 110°CAf0r several hours, then stofed over P40]0. Mp]ybdenum
dioxjde was prepared by two methods; reaction of MoO3 and Mo powder in
mole ratio 2:1 in an evacuated fused quartz tube held at 700°C for
2 days, and by the hydrogen reduction of MoO3 at 460°C for 48 hours. .
Each preparation of_MoO2 was washed several times with alternate

portions of 3M NH,OH, deionized water, and 3M HC1 until the washings

4
were colorless, and finally dried in vacuo at 110°C. The product of the

M003/Mo reaction was later found to contain higher molybdenum oxides and



its use was discontinued. The product of the H, reduction reaction was
analyzed and found to contain 74.9% Mo vs the calculated 75.0% Mo for

MoOz.

Syntheses

L1'Zn2Mo308
This crystalline compound was first discovered in a multiphase

product obtained from a reaction of L12M904, Zn0 and MoO2 (containing
higher molybdenum oxide impurities) in mole ratio 1:2:5. The reactants
were ground together in‘a mortar, pelletized under ca. 10,000 1b/1n2,
sealed in an evacuated molybdenum tube (3 cm long x 1.9 cm diam) which,
in turn, was sealed in an.evacuated fused quartz protection tube, and
held at 1100°C for 2 days. Other identified products were unreacfed
MdO2 and a new ternary oxfde of 1ithium and molybdenum presently under
investigation. Crystals of LiZn2Mo308 grew as p]ack chunks and thin
plates. The composition of this phase was determined from single crystal
and powder x-ray diffraction data as well as chemical analyses (see
below). .

- The compéund LiZn2M0308 was.prepared with 90% purity in powder form
by reacting the stoichiometric Quantities of L12M004; Zn0, MoO2 (99.9%)
and Mo powder as a pellet in a molybdenum tube at 1100°C for 5 days.
The polycrystalline product pellet was powdered in a mortar and washed
4 several times with 3M HC1 and deionized water to remove unreacted Zn0

and L12M004; the solid was then dried under vacuum at 110°C. A Guinier

x-ray powder diffraction pattern of this product showed only the



-strongest lines for Mo and M002, and the lines that could be

calculated (19) from the single crystal structure of LiZn2M0308.

Samples for chemical analyses were prepared by dissolving weighed

portions of product in aqua regia and diluting to 100 ml in volumetric
flasks. The Li and Zn analyses were performed by atomic absorption
spectroscopy and Mo was analyzed spectrophotometrically. Anal. Calcd.
for LiZn2M0308: Li, 1.25; Zn, 23.6; Mo, 52,0. Found: Li, 1.1;
Zn, 21.2; Mo, 54.9. |

The observed percentage composition confirmed the Zn/Li ratio of
2.0. However, the observed results were lTow when compared to the
calculated values for Li and Zn, and were high when compared to the
calculated value for Mo. These results could be explained when the
reéu]ts of oxidation-reduction titfations for mo]ybdenqm were considered.
For determination of the oxidation state of molybdenum, weighed samples
were dissolved in standardized ceri;ysulfate - 3M H,50, solution.
After complete oxidation of all molybdenum to Mo(VI), the excess Ce(IV)
was titrated with standard Fe(II) so]ufion. The results of these redox
titrations showed molybdenum to be in an average oxidation state of
+3.48 when based on the éa]cu]ated value of 52.0% Mo, and +3.61 when
the observed value of 54.9% Mo was used. An MoOé impurity would have
raised the pekcent molybdenum above that calculated for L1'Zn2M0308 but
would havé resulted in an average mo]ybdenum_oxidation state greater
than +3.66. An Mo metal impurity would have lowered the net oxidation
stéte Qalue below that calculated for LiZn2M6308 but would not have

been enough to account for the high Mo analysis. The best explanation



10

for these results was that both MoO2 and Mo powder remained -unreacted
in the product as seen in the x-ray powder diffraction pattern. The
composition of the product was, therefore, calculated as containing

approximately 89% LiZn2M0308, 9.5% MoOz, and 1.5% Mo.

ScZnM0308

It wasAfound that a fluxing agent such as K2M004 or C52M004 was
necessary in the preparation of this compound. Three to five percent by
weight of flux was mixed by grinding with the stoichiometric quantities
of Sc,04, Zn0, Mo0, (99.9%), and Mo. The reactant mixture was pelletized,
sed]ed in an evacuated molybdenum tube (3 cm in length x 1.3 cm diam)
which, in turn, was sealed in an evacuated inconel protection tube, and
firgd at 1100°C for 5-7 days. The product was powdered in a mortar and
washed several times with 3M HC1 to remove ZnO, then rinsed with
deionized water and dried. A Guinier x-ray powder diffréction pattern,
taken on the washed product where K2M004 flux was used, showed lines of
the desired phase, ScZnMo308 (see x-ray powder data below), lines of the
new phase K2M°]2019 (20), and the strongest lines of Sc203. The powder
pattern of ScZnMo308 is essentially the same as that for'Zn2M0308 except
“the unit cell volume is 1afger for the new compound, If all of the

‘K2M004 reacted to form K2Mo]2019, then the resultant mixture should
codtain approximately 80.7% ScZnMo308, 17.2% KZMO]ZOIQ’ and 2.1% Sc203.
In contrast, when C52M004 flux was used, the lines of ScZnMo3O8, -
Zn2Mo308, Sc20', M002, and Mo were all visible in the x-ray diffraction

bowder pattern.
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Zn3Mo308

This phase was first discovered in a’reactidn product obtained from
~a mixture of K2M004, Zn0, and MoO2 (containing higher molybdenum oxide
impurities) in mole ratio 1:2:5. The reactants were ground in a mortar,
pressed into a pellet, sealed in an evacuated molybdenum tube
(2.5 cm long x 1.9 cm diam) which,vin turn, was sealed in an évacuated
fused quartz tube, and held at 1100°C for 10 days. Crystals of this
nev phase grew mostly as bundles of smaller irregularly shaped crystals.
Electron microprobe analysis confirmed the presence of Zn and Mo as the
only metallic elements in this phase. A Guinier x-ray powder diffraction
pattern of these crystals was essentially identical to that of LiZn2M0308
except the unit cell volume was larger for Zn3Mo308 (see x-ray powder
data below). The composition and structure of Zn3Mo308 was obtained from
single crystal x-ray diffraction data and supported by a magnetic
susceptibility measurement, infrared spectra, and physica] property
observations (see below). Other identified products in the above
reaction were Zn2M03O8 (9) and the new compound K2M°]2019 (20) as
evidenced from a Guinier x-ray powdek diffraction pattern taken on the
product pellet.

It was']ater found that Zn3M0308 could be prepared in approximately
97% purity by mixing the stoichiometric quantities of Zn0, M003, and Mo,
- and heating the pelletized reaction mixture in a molybdenum tube at
1100°C for 5 days (shorter reaction times were not investigated). This
product was powdered in a mortar, washed several times with 2M HC1, |

rinsed with de1onﬁzed waters and dried. A Guinier x-ray powder
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diffraction pattern of this preparationlshowed only the lines that could
be caicu]ated from the structure of Zn3Mo3O8 and faintly showed the
strongest line for Mo metal. The average molybdenum oxidation étate

for this product was_determihed as described for LiZn2M0308. The
results sﬁowed a net molybdenum oxidation state of +3.03 when based on
pure Zn3M0308. This result was low when compared to the calculated
value of +3.33. Based on this information, the product was calculated

as containing 97% Zn Moj0g and 3% Mo metal.

Zn2M0308

This compound was prepared as described in the literature (9) by
grinding together the stoichiometric quantities of Zn0O and MoOZ,
pressing the reaction mixture into a pellet, sea]ihg in an evacuated
fused.quartz fube, and heating at 1100°C for 4 days. The product was
washed with 3M HCT to remove unreacted ZnO,irinsed with deionized water,

and dried.
Physical Measurements and Properties

Magnetic susceptibilities of the solid compounds LiZn2M0308,

ScZnMo,0 nd Zn3Mo 0, were measured by the Gouy method in air at

3’g* @ 3'8

room temperature. The gram susceptibility of ScZnMo3O8 was corrected
for the presence of KZMO]ZO]Q'(ZQ) impurity. The correction was based
on the estimated impurity Tevel calculated ébove (see Syntheses) and on
the observed gram susceptibility obtained for pure K2M°12019 (20).

Molar susceptibilities were corrected for diamagnetic contributions
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from the constituent atoms. Corrected molar susceptibilities, xq,
and effective magnetic moments, u,ce, per gram molecule (formula unit)
of each compound are given in Table I-1. The moments were calculated

assuming that the compounds obeyed the Curie law, Maff = 2.84 (X&T)%.

Table I-1. Magnetic data for oxide compounds containing the Mo30]3
: cluster unit '

Compound Xé (cgs) Hoff (B.M.)
Zn Mo 40,2 a4 xi0t | 0.6
ScZnMo0g 8.7 x 1074 . 1.5
LiznMos0g | 5.5 x 107 1.2
ZQ3Mo308 | 1.6 x 107° | 0.6

aReference 9.

Infrared spectra in the region 300 - 1000 cm™! were taken using a
Beckman IR 4250 spectrometer with Nujol mulls of the samples on Csl

windows. The spectra were calibrated usihg polystyrene absorptions

1

in the region 1000-1200 cm '. The observed absorptions for the

compounds Zn2Mo308, ScZnMo308,VLiZn2Mo3O8, Zn3Mo308, and Zn0 are

shown in Figure I-1, and the absorptions attributed to Mo-0 bonds are

listed in Tahle I-2.
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Figure I-1. Infrared absorption spectra for Mo3013 cluster-containing
compounds. Mo-0 absorptions are in the 600 - 900 cm-]

region. Zn-0 absorptions are in the 300 - 600 cm'] region
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Table I-2. Infrared data (cm']) for Mo-0 absorptions in the
600 - 900 cm™' region®

Zn2M0308 ScZnMo308 L1'Zn2Mo308 Zn3Mo308
817 (m) 790 (m) , 767 (s) 760 (s)
742 (s) 712 (s) ' 695 (s) 700 (s)
725 (m,sh) 660 (s) 670 (s) 650 (s)

| 635 (m,sh) 630 (m,sh)

s = strong, m = medium, sh = shoulder.

When finely powdered, LiZn2M0308 and ScZnMo,0, were black in
color while Zn2M0308 was. dark green and Zn3Mo308 was dark brown.
A11 of the new compounds appeared stable towards 3M hydrochloric acid
but, unlike Zn2M0308, théy were rapidly decomposed in 3M HNO3 and

slowly decomposed in 1.5M HNO3 with gas evolution.
X-Ray Powder Diffraction Data

An Enraf Nonius Delft triple focusing Guinier x-ray powder

diffraction camera was used with Cu Ka radiation (A = 1.54056 K) to
]

obtain unit cell data. National Bureau of Standards silicon powder
was mixed with all samples as an internal standard. The lattice

parameters for ScZnMo 04, Zn4MoS0 and Zn2Mo308 were calculated by a

37378
least squares method and are listed in Table I-3. The compound
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Table I-3. Lattice parameters for oxide compounds containing the
Mo30]3 cluster unit

Compound a, R ' : c, A v, K3
LiZn,Mo,0g 5.8116(6) 31.013(8) . 3(302.4)2
ScZnMo 0, 5.8050(7) 9.996(3) 291.7°
 Zngho 0 5.8617(4) ~31.100(3) 3(308.5)2
| © 5.8503(2) 31.207(3) 3(308.3)
Zn Mo ,0 5.7742(3) 9.920(1). 286.4°
5.759(4) 9.903(5) 2844

@From single crystal x-ray diffraction data.
bFrom powder x-ray diffraction data.

CReference 11.

ScZnMo3O8 was indexed on the basis of a hexagonal unit cell and
Zn3Mo308 on the basis of an R-centered hexagonal unit cé]]. The

- lattice parameters for Zn3M6308 were ca]cU]ated usihg the strongest 13
lines, and the latticelparameters for S¢ZnMo3O8 were calculated using
the strongest 14 lines which remained when the lines of known
impurities were removed. The observed ys calculated d-spacings for
these two compounds are listed in Tab]e§ I-4 and I-5. Lattice param-
eters for Zn2M0308 were calculated using the strongest 18 lines

observed in its x-ray powder diffraction pattern.
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Table I-4. X-ray powder data for ScZnMo3O8

h k 2 d

obsd dca'lcd Iobsd
00 2 | 4.977 , 4.999 s
1 0 1 4.475 4.491 m
01 2 3.543 3.545 - vs
01 3 2.776 | 2.778 m
11 2 . 2.511 2.510 | Vs
2 0 1 2.438 2.438 Vs
02 2 2.246 2.246 m
2 0 3 2.007 2.007 s
2 10 '1.901 1.900 W
12 1.867 1.867 m
0 2 4 1.772 S 1.772 m
2 1 3 1.651 . 1.651 s
032 - 1.588 1.589 m
2 0 5 1.565 | 1.565 m
2 2 0 1.451 1.451 s
2 2 2 1.393 1.394 - W
305 1.285 1.284 W
2 4 1.255 1.255 W

Bys = very strong, s = strong, m = medium, w = weak,

vw = very weak.
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Table I-5. X-ray powder data for Zn,Mo;0g

hok 2 dobsd deatcd ' Tobsd
0 0 6 5.205 5.199 s
101 4.996 4.999 m
01 2 4.819 4.817 s
1°0 4 4.252 4.248 w
01 5 3.928 3.932 W
1.0 7 3.348 3.346 W
01 8 3.091 3.090 s
11 0 2.926 2.924 m
1 0 10 2.658 2.656 s
0 0 12 2.600 2.599 W
11 6 2.550 2.549 Vs
2 0 2 2.500 2.500 vs
02 4 2.410 2.409 s
2 0 8 . 2.125 2.124 s
0 2 10 1.967 1.966 Wi
1 2 5 1.830 1.830 - vw
1 2 8 1.719 1.718 W
2 0 14 1.674 1.673

2 1 10 1.632 1.632

306 1.606 1.606 m
1 2 n 1.587 1.587 w
0 2 16 1.545 1.545 ‘ m
3009 1.518 1.518 W
2 2 0 1.463 1.462 mn
1 3 10 1.281 1.281 i
2 2 12 1.274 1.274 W

8ys = very strong, s = strong, m = medium, w = weak,
vw = very weak.
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- X-Ray Data Collection for LiZn2M0308

A single crystal of LiZn2M03O8 in the form of a thin plate of
dimensions 0.14 x 0.13 x 0.03 mm was mounted on the tip of a glass
fiber with epoxy adhesive and used for x-ray data collection. The
crystal was indexed'as C-centered monoclinic on an automated four-
circle diffractometer, designed and built in Amés Laboratory (21), with
an automatic indexing program (22) that uses reflections taken from
several w-dscillation photographs as input. The data set was collected
on the same diffractometer at ambient temperature using Mo Ka radiation
(A = 0.71034 R) monochromatized with a graphite single crystal. A1l
data within a sphere ‘defined by 26 < 60° were collected in the HKL and
HKL octants using an w-scan mode; The peak heights of three standard
-reflections which were remeasured every 75 reflections did not show any
significant change over the period of data collection. Final unit cell
parameters and their estimated standard deviations were obtained from
the same crystal by a 1east-squares refinement of 260 values of 14
Friede]-re]atéd pairs of independent reflections randomly distributed
in reciprocal space having 26 > 30°. The results were a = 26.624(5) &,

b =5.811(1) &, c = 12.326(3) &, and 8 = 107.95(2)°.
Structure Determination and Refinement of LiZn,Mo-0,

Upon examination of the data, it was found that all but two very
weak reflections (which were then eliminated) satisfied the condition

for C-centering, htk = 2n. The observed intensities were corrected for
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Lorentz-polarization effects and their standard deviations calculated
(23) to yield 868 observed independent reflections with I > 3oI after
avekaéing of equivalent reflections. |
Patterson-superbosition techniques (24) were used to locate the

positions of all 36 molybdenum atoms in the unit cell and to determine
the space group as C2/m (no. 12). A full-matrix least-squares refine-
ment (25) on the positional parameters of the molybdenum atoms
initially resulted in an unweighted residual R = Z|1F0|—|Fc||/Z|FO|
of 0.35, but the positions were very strongly correlated and quickly
caused the refinement to diverge. At that point, a study of the
structure from an e]eetron density map (26) showed that the monoclinic
cell could be transformed to a smaller monoclinic cell éontaining one-

third the volume with a = 10.062(3), b = 5.811(1), ¢ = 10.869(5) £,
‘and B = 107.95°. Transformation matrices were calculated to obtain new
reflection indices and ffactiona] coordinates fof the smaller cell, and
all but two very weak reflections were transformed to integer indices.
Examination of this data set revealed the systematic nonextinction
condition.h+k = 2n, and again the space group C2/m was selected.

Least-squares refinement of molybdenum positions then proceeded

smoothly with no correlation effects. Zinc and oxygen positions were
located from electron density Fourier maps and subsequent refinement of
"positional parameters, zinc multipliers, and isotropi¢ thermal
parameters converged to give R = 0.082. The zinc atom positions Were
all partially occupied and resulted in a total zinc occupation number

of 7.84(8) atoms/cell. Because the crystal possessed a Tinear
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absorption coefficient of 140 cm'] and a thin plate morphology,
relative transmission factors were found to vary from 0.3 to 0.7. An
absorption corréction was made using an empirical ¢-scan method (27)
where the intensity of a'selected reflection at x = 90° was measured
every 10° in ¢ on the x-ray diffractometer. - Isotropic refinement of
the structure then cbnverged at R = 0.054 and RW = 0.070 where

R, = [Zw(|F0|-|F2|)2/Zw|Fo|2]% and w = OF—Z. Further refinement of the
scale factor, positional parameters, zinc multipliers, and anisotropic
thermal parameters gave convergence at R = 0.049 and Rw = 0.064 with no
significant change in zinc multipliers.

A study of the structure and symmetry led to the discovery that
L1Zn,Mo04 could be better described in an R-centered hexagonal unit
cell. Indices in the monoclinic reduced data set were all converted to
the rhombohedral equivalents and redundant data averaged to yield 352
independent Eef]ections satisfying the condition -h+k+2 = 3n. The
14 reflections originally used to obtain the large monoclinic cell
parameters were relabeled and a least-squares fit gave an R-hexagonal
unit cell with a = 5.8116(6) R and ¢ = 31.013(8) R (also listed in
Table I—3): A full-matrix least-squares refinement of scale factor,
positional paraméters, zin¢ occupation numbers, and anisotropic thermal
parameters in space group R3m (no. 166) gave R = 0,042 and Rw = 0.055
with a total zinc occupation number of 11.77(14) atoms/cell 6r
1.96(2) zinc atoms per molybdenum trimer. In both the honoc]inic
and rhbmbohedra] refinements, one of the 'octahedrally' coordinated

zinc atoms was found to be disordered within i1ts site. Electron



22

density maxima were found along the hexagonal z direction just above
and below the inversion center Tlocated at this site. (Constraining the
zinc atom on this 3m position at 0,0,% resulted in a very large
isotropic thermal parameter for this atom and poor overall refinement
with R = 0.12.) The lithium atoms could not be found from subsequent
electron density difference maps and were assumed to be partially
occupied in the same sites that are partially occupied by zinc atoms.
These sites would, therefore, always be occupied by zinc or Tithium
atoms. A final difference Fourier synthesis map was flat to < 0.5 e/RB.
The étomic scattering factors used were those of Hanson et al.

(28) for neutral atoms, and molybdenum and .zinc were corrected for the

real and imaginary parts of anomalous dispersion (29).
X-Ray Data Collection for Zn3Mo3O8

Many irregularly shaped crysté]s of Zn3Mo308 were carefully
selected and mounted in 0.2 mm Lindemann glass capillaries with a small
amount of silicone grease. Ea;h crystal was, in turn, placed on the
four-circle x-ray diffractometer (21) and three or four w-oscillation
photographs were taken at various ¢ settings. The photographs showed
that most of the crystals were actually mu]tib1e crystals or twinned ‘
‘crysta1s. The three best crysta]s; possessing relatively sharp single
diffraction peaks, were indexed (22) and the reduced cells which
" resulted could be transformed to the desired R-centered hexagonal unit
cell. Based on the quality of the oscillation photographs and an

examination of several diffraction peak widths, a crystal
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0.22 x 0.22 x 0.12 mm was selected for data collection. The data set
was collected on the basis of a hexagonal unit cell on the same x-ray
diffractometer and under the same conditions described above. ‘A1l data
in a sphere defined by 26 < 60° were collected in the HKL, AKL, and

HKL octants using an w-scan mode. The peak heights of three standard
reflections which were remeasured every 75 reflections did not show any
significant change o?er the period of data collection. Final Qnit cell
parameters were obtained from the same crystal by a least-squares
refinement of + 26 values of 21 independent reflections randomly
distributed in reciprocal space having 26 > 24°. The results were
a=5.8617(4) &, ¢ = 31.100(3) &, and v = 925.5 &> (also Tisted in
Table I-3). |

Structure Refinement of Zn3Mo3O8

Examination of the data set revealed that all of the observed
reflections satisfied the nonextinction condition of h-k+% = 3n. The
indices were transformed to give -h+k+2 = 3n and an absorption
correction (27) was made (p = 160 cm"]) using an empirical ¢-scan
method as described above,for LiZn2M0308. The observed intensities
were corrected for Lorentz and polarization effects and their standard
deviations calculated as previously described (23) to yield 1308
rcflections with I > 301. The data were finally averaged in 3m
-symmethy to give 370 independent reflections for .the final data set.

Previous x-ray powder diffraction data had shown this new compound

to be isostructural with that of LiZn2M0308, see Tables I-3 and I-5.
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Thereforé, the atomic positions for LiZn2M03O8 were used as the
starting set of positions for Zn3M6308 in space group R3m. The zinc
atom that was found to be disordered through an inversion center within
its octahedral site in LiZn2M03O8 was initially constrained to that
special'position at 0,0,% in this new structure, and all zinc atom
multipliers were cpnstrained to give full site oécupéncies. A full-
matrix least-squares refinement (25) on all positional and isotropic
thermal parameters resulted in an unweighted residual R of 0.150 but,
as seen for LiZn2M03O8, the one zinc atom had a large isotropic
temperature factor of 3.5 RZ. This atom was thén removed from the
atomic parameter list and an electron density map was generated (26)
which revealed zinc electron density maxima along the hexagonal c axis
just above and below the site of 3m symmetry at 0,0,% as seen in
LiZn2M0308. The zinc atom was then placed at z = 0.48 and a refinement
of 611 positional and isotropic thermal parametefs as well as all zinc
occupatioh numbers (mu]tip]iers) converged to give R = 0,076 and

Rw.; 0.099 with 18.0(4) Zn atoms/cell or 3.00(7) zinc atoms per
mo]ybdenum trimer. Further refinement of the scale factor, zinc
multipliers, positional and anisotropic thermal parameters gave
convergence at R = 0.060 and R, = 0.080 with 2.98(5) zinc atoms per
molybdenum trimer. A correlation matrix showed the muitipliers of zinc
atoms Znl and Zn4 to be correlated and multipliers of Zn2 and Zn3

also correlated with correlation values of 0.4 and 0.5, respectively.

A final difference_Fourier synthesis map was flat to 5_1e/ﬂ3.
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The atomic scattering factors and corrections for anomalous

' dispersioh were as described above (28,29).
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RESULTS AND DISCUSSION
Crystal Structures of LiZn2M03O8 and Zn3Mo3O8

Final positional parameters for L1'Zn2M0308 and Zn3Mo3O8 are listed
in Tables I-6 and I-7, and thermal parameters in Tables I-8 and I-9,
respectively. Important interatomic distances for both compounds are
given in Table I-10, and bond angles for both compounds are listed iﬁ
Table I-11. Observed and calculated structure factors are available as
supplementary material.

The essential structural features of LiZn2M0308(I) and
Zn3Mo308(II) are the same and are related to those of Zn2M0308 (11).
Both new compounds consist of a distorted cubic close packing (abc) of
oxygen atoms in which the oxygen layers ére held togefher by alternate
layers of'zinc and molybdenum ions. The zinc ion sites in L1'Zn2Mo3o8
are fractionally occupied with roughly one-fourth of the zinc ions in
appro*imately octahedral coordination with Qkygen éhd three-fourths
in approximately tetrahedral coordination with oxygen. When the sites
are not occupied by zinc ions, they are assumed to contain the 1lithium
jons and result in the formu1ation Lig.56L18.48zn8.442"$.52M°308 (this
assumes the x-ray scattering power of Li+ to be negligible and to have
no affect on the zinc ion occupation numbers). The same zinc ion sites
are fully occupied in Zn3Mo308 with one-third of the zinc ijons in
approximately octahedral coordination with oxygen and two-thirds in
approximately tetrahedral coordination with oxygen, thus resulting in

the formulation Zn?anMo308. Within the molybdenum layers of
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Table I-6. Positional'parameters for LiZn2M0308

) e

- Atom Position® Multiplier X oy ‘ z
1 18h 0.50 0.1856(2) ©  0.8144  0.08395(2)
o 18h 0.50 0.8454(12)  0.1546  0.0479(2)
02 18h 0.50  0.4941(14)  0.5059 - 0.1247(2)
03 6c 0.16666  0.00 0.00 0.1174(3)
04 6 0.16666  0.00 0.00 0.3704(3)
In1l 3a 0.037(1)  0.00 0.00 0.00
In 2 6c 0.097(1)  0.00 0.00 0.18033(9)
Zn 3 6¢ 0.156(1)  0.00 0.00 0.30803(5)
In 4 6c ~ 0.037(1)  0.00 0.00 0.4873(2)

4space group R3m (no. 166)-
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Table I-7. Positional parameters for Zn4Mo40g

Multiplier X y z

Atom Position?

Mo 1 18h 0.50 0.1866(2) 0.8134 0.08351(3)
01 - 18h 0.50 0.8469(20) 0.1531 0.0462(3)
02  18h 0.50 0.4955(27) 0.5045 0.1261(4)
03 6¢c 0.16666 0.00 0.00 0.1168(5)
04 6c 0.16666 0.00 0.00 0.3714(5)

Zn 1 3a 0.081(2)  0.00 0.00 0.00

In 2 6c 0.160(3) 0.00 0.00 0.17968(9)

In 3 6 0.163(2) 0.00 - 0.00 0.30754(9)

In 4 6c | 0.092(2) 0.00 . 0.00 0.4881(2)

Space group R3m (no. 166).
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Table I-8. Thermal parameters for LiZnZMo 0,2

3%
Atom By, B2 B33 512 513 B3
Mo1 0.54(3) 0.5 0.67(3)  0.30(2)  -0.007(7)  0.007
01 0.80(17) 0.8 1.27(23) 0.41(18)  -0.30(8)  0.30
02 0.99(20) 0.9 1.66(26) -0.01(21) -0.21(9)  0.21
03 0.66(22) 0.66 0.66(32) 0.3
04 0.85(23) 0.85  0.54(31)  0.42
1 1.2206)  1.22 1.03(21)  0.61
Zn2  1.07(9)  1.07  0.64(11)  0.54
Zn3  0.76(5)  0.76  0.73(7)  0.38
In4  0.54(18) 0.5  0.73(25)  0.27

The general thermal parameter expression used is

2 %2 2, %2 ' * *
exp[-1/4(B]]h a -+ Bzzk b ...2823k2b c)].
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Table I-9. Thermal parameters for Zn3Mo308a

Atom By Ba2 B33 B2 By3 B23
Mo 1 0.15(4) 0.15  0.64(5) 0.10(3) ~0.01(1) 0.01
01  0.75(29)  0.75  0.79(34)  0.61(32)  -0.13(13)  0.13
02 0.67(29) 0.67  2.04(45) -0.32(32) - -0.69(18)  0.69
03 0.18(35)  .0.18  1.12(59)  0.09
04 0.31(3) 0.31 0.73(55) 0.16
1 0.4111)  0.41  0.60(15)  0.21
n2  0.96(9 0.96  0.39(11)  0.48
Zn3 0.25(8)  0.25  0.65(11)  0.13
Zn 4 0.06(12) 0.06 1.53(23)  0.03

The general thermal parameter expression used is

exp[-l/a(anhza*2 + 822k2b*2...2823k2b*c*)].
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Table I-10. Interatomic distances (K) for LiZn2M0308 and Zn3Mo308

Mo1-Mol
Mo1-Mol

- Mo1-01

Mo1-02
Mo1-03
Mol1-04

Zn1-01
Zn2-02
In2-03

Zn3-01-

In3-04
In4-02

in4-02 -

LiZn

2.
3.

[ACY OO CRR N

oMo 30g

578(1)
234(1)

.063(6)
.003(8)
.138(5)
.079(7)

151(7)
.952(7)
.948(10)
.931(6)
.936(10)
.851(8)
.344(9)

in

2.

3

3to30g

580(2)

.282(2)

2.100(9)

NN

.056(13)
.160(8)
.054(11)

15010
.939(13)
.955(17)
.937(10)
986(16)
.873(13)
.318(13)
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LiZn Mo308 and,Zn3Mo 0

.7(2) 51.

2 3’8
LiZn2M03O8 Zh3Mo308

Mo1-Mol-Mol 60.00 | 60.00
Mo1-02-Mo1 80.1(3) - ~ 77.7(8)
Mo1-04-Mo1 76.6(3) ' 77.8(5)
01-Mo1-01 81.6(2) | 79.7(3)
01-Mo1-02. 93.8(3) 94.8(4)
01-Mo1-02 167.8(3) 166.6(5)
01-Mo1-03 78.6(2) . 78.4(3)
01-Mo1-04 90.0(2) . 90.3(3)
02-Mo1-02 88.5(2) - 87.8(4)
02-Mo1-03 89.5(5) 88.6(9)
" 02-Mo1-04 101.3(3) | 102.0(5)
03-Mo1-04 164.8(3) ‘ 165.2(5)
04-Mol Mol 51 1(3)
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both compounds, the ions are arranged with 3-fold symmetry to form an
equ11atera1 triangular pattern of bonded (and nonbonded) Mo atoms each
in approximately octahedral coordination with oxygen with the octahedra
sharing edges.

Each trimeric molybdenum atom cluster is bonded to a total of
13 oxygen atoms as shown by the ORTEP drawing in Figure I-2. The solid,
black lines in this figure represent Mo-Mo bonding, the unfilled Tines-
represent Mo-0 bonding, while the atomic labels correspond to those in
Tables I-10 and I-11. Each Mo atom in the cluster is bonded to two
other molybdenum atoms and six oxygen atoms. The Mo30]3 cluster unit
contains one oxygen atom (04) which is triply bridging to the three Mo
atoms in a trigonal pyraﬁidai fashion, and has thfee oxygen atdms (02)
which are each doubly bridging to two Mo atoms along the three edges of
the triangle. Each molybdenum atom in the cluster is also bonded to
three termiha] oxygen atoms (01 and 03). These terminally bonded
oxygen atoms also connect individual clusters to six other surrounding ‘
clusters in a hexagonal-like pattern. Oxygen atoms (01) are each
shared between two triangular cluster units while oxygen atoms (03)
are each Shared between three separate c]usfer units resulting in the
connectivity formula [M°301/103/]06/203/3] = Mo,0g, as shown in
Figure I-3. A1l atoms in the unit cells for both compounds I and II
Tie on mirror planes.

Within the Mo.0,, clusters, the molybdenum ions are strongTy bonded

3713
to one another with bond distances of 2.578(])'ﬁ.(1) and 2.580(2) R

(II), which are ca. 0.15 & shorter than the distance between nearest
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Figure I-2. The Mo30]3 cluster unit as found in the compounds
LiZn2M0308, Zn3Mo308, and Zn2M0308. Fifty percent
probability anisotropic thermal ellipsoids of

L1'Zn2Mo3O8 are shown
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Figure I-3. A view down the ¢ axis of L1'Zn2Mo308 and Zn3Mo308
' showing an 0-Mo-0 section, and the connectivity
. between Mo30]3 cluster units, M°30]/103/106/203/3
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neighbors in bcc molybdenum metal. The next nearest Mo-Mo interatomic
distances of 3.234(1) R (1) and 3.282(2) R (II) indicate no metal-
 metal bondiné interaction between trimeric cluster units. Each

4tr1p1y bridging oxygen atom (04) with Mo-0 distances of 2.079(7) R (1)
and 2.054(11) A (II) is also coordinated to tetrahedral zinc (Zn3).

The doubly bridging oxygen atoms (02) are each strongly bonded to two
molybdenum atoms with Mo-0 distances of 2.003(8) & (I) and

2.056(13) R (I1), and are also coordinated to tetrahedral zinc (Zn2)
and octahedral zinc (Zn4). The longest Mo-0 bond lengths are those
involving oxygen atoms (03)s 2.138(5) R for compound (I) and 2.160(8) R
~ for compound (II). These terminal oxygen atoms are also coordinated to
‘tetrahedral zinc (Zn2). Terminal oxygen atoms (01) are bonded to
molybdenum with bond distances of 2.063(6) R (I) and 2.100(9) R (11),
and also form octahedral interstices for zinc ions (Znl).

The distorted octahedral coordination around Znl involves six 01
oxygen atoms with Zn-0 bond distances of 2.151(7)(6X) R (1) and
2.115(010)(6X) R (11), which are representative of typical six-
coordinate Zn-0 distances. These oxygen atoms are arranged around Znl
to form a trigonal antiprism with 0-0 distances of 2.695(11)(6X) and
3.353(13)(6X) A (I); and 2.692(18)(6X) and 3.264(18)(6X) R (II). The
distorted octahedral interstice containing the disordered Zn4 ions is
;omposed of six 02 oxygen'atbms; three belonging to one cluster unit
above and three belonging to another cluster unit below this octahedral
site which 1ies on a center of inversion symmetry as shown in Figure

I-4. The disordered zinc ion positions result in three short and



Figure I-4. A view perpendicular to the ¢ axis of LianMo?’O8 and
Zn3M0308 showing the arrangement of two Mo30]3 clusters
and the disordered octahedral zinc ion (Zn4) site.
Fifty percent probability anisotropic thermal ellipsoids
for>L1'Zn2Mo308 are shown
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three long Zn-0 bonds in both compounds; 1.851(8)(3X) and 2.344(9)(3X) R
'for'(I), and 1.873(13)(3X) and 2.318(13)(3X) R for (II). The oxygen
atoms form a trigonal antiprism around this inversion center with 0-0

~ distances of 2.795(13)(6X) and 3.066(13)(6X) R (I); and 2.851(23)(6X)
4nd 3.015(20)(6X) R (I1). Tetrahedral zinc jons (Zn2) are each bonded
to three 02 oxygen atoms from three separate clusters and one 03 oxygen
atom which bridges three separate cluster units. These distorted
tetrahedral sites have Zn-0 bond lengths of 1.952(7)(3X) and
1.948(10)(1x) R (1); and 1.939(13)(3X) and 1.955(17)(1X) A (II); with
0-0 distances of 3.017(13)(3X) and 3.321(11)(3X) R (1); and
3.011(20)(3X) and 3.307(19)(3X) R (II). Tetrahedral zinc ions (Zn3)
are each bonded to three 01 oxygen atoms and one 04'oxygen atom

(Figure I-4)'which is triply bridging on one trimeric molybdenum atom
cluster. The Zn-0 bond lengths are 1.931(6)(3X) and 1.936(10)(1X) A
(I1); and 1.937(10)(3X) .and 1.936(16)(1X) A (I1); with 0-0 distances of
3.117(11)(3X) and_3.192(11)(3x)_ﬁ (I); and 3.170(18)(3X) and |
©3.195(16)(3X) A (II). The tetrahedral Zn-0 distances for both Zn2 and
Zn3 are slightly shorter thaﬁ the typical average four-coordinate value
of 1.98 & (30).

' The bxygen atom layers are distorted from a closest packing
arrangement.in both LiZn2M0308 and Zn3Mo308. The intralayer 0-0
distances range from 2.70 to 3.12 R, and 2.69 to 3.17 R for compounds
(I)tand (IT), respectively. ‘The average interlayer 0-0 spacinQ is
shorter between 0-Mo-0 sections, 2.41 Kv(I) and 2.47 R (11), than

between 0-7n-0 sections, 2.76 & (I) and 2,71 R (II),
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Discussion of the L1'Zn2Mo3O8 and Zn3Mo3Q8 Compounds -

TheAcrystal structure refinement of L1‘Zn2M0308 has established the
In, Mo, and 0 stoichiometry, while chemical analyses have shown the
IZn/Li ratio to be 2.0. Evidence for the presence of Tithium in this
phase also comes from x-ray powder diffraction data obtained on .the
chemically analyzed preparations. The only Tlines present in these
powder patterns are the same lines that can be calculated (19) from the
trigonal structure of LiZn2M0308 and the strongest lines of Mo and M002.
If _the'Li+ jons were to reside in the partially occupied zinc ion
sites when zinc was absent from these sites, then the L1'Zn2Mo308
stoichiometry on]d result. This occupation schemé appears most 1likely
for several reasons. One reason is that both zinc and 1ithium ions are
known to occupy octahedral and tetrahedral oxygen interstices. Another
2* and Li* are almost identical
(30) with 0.74 vs 0.76 A for octahedral, and 0.60 vs 0.59 K for
tetrahedral Zn2+ and L1‘+ ions, respectively. Further support for this
In-L1i occupation model comes from the crystal structure of Zn3Mo308.
The zinc ions in Zn3Mo308 fully occupy the same octahedral‘and‘tetra-'
hedral sites that are only partially occupied by zinc ions in
LiZn2M6308 (i,g,; additional zinc ions do not occupy any 'new' sites
in Zn3Mo308).

Magnetic $u$ceptibility measurements for L1'Zn2M0308 and Zn3Mo308

support the structures of these two compounds. The molybdenum ions in

LiZn2M03O8 are in the net oxidation state of +3.66 so there are
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7 electrons available per trinuclear cluster unit for metal-metal
bbnding. Six of these electrons are known to reside in bonding
orbitals (12) with their spins paired, therefore leaving one unpaired
electron. The observed room temperature magnetié moment of 1.2 B.M.
for LiZn2M03O8 (Table I¥1)-is consistent with this assessment. The Mo
ions in Zn3M0308 are in fhe +3.33 net oxidation state and there ére 8
electrons available per molybdenum trimer for Mo-Mo bonding. Once
again, six of these eight electrons reside in bonding orbitals with
their spins paired, and according to a molecular orbital calculation
(12), the next two electrons should occupy an a orbital (C3v symmetry )
with their spins paired. The observed small magnetic. moment of

0.6 B.M. for Zn,Mos0g (Table I-1) supplies evidence for this spin-
paired‘electron occupation scheme. The weak magnetic moment observed
for this méteria] may be due to a temperature-independent paramagnetic
(TIP) contribution.

It has also been observed that the metal-metal and metal-oxygen
bond distances in these trinuclear cluster compounds become 1onger as
the oxidation state of molybdenum is lowered. Table I-12 compares the
Mo-Mo. and Mo-0 bond lengths for the compounds Zn2M0308,_LiZn2Mo308, and
Zn3Mo308; The increase in Mo-Mo bond lengths is attributed to Mo-0 pi
bondfng effects and is discussed below. The increase in Mo-0 bond
distances arises‘from the placement of more electron density on the
mo]ybdenum jons. This weakening of Mo-0 interactions is also

manifested in the interlayer oxygen spacings of the new compounds. As

the Mo-0 interactions become weaker, the interlayer oxygen distance in
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Table I-12. Comparison of Mo-Mo and Mo-0 bond distances (R) in

| Zn2M0308a' ~ LiZnMog0g ZnyMo 405
Mo1-Mol 2.524(2) 2.578(1) 2.580(2)
Mo1-01 2.058(10) 2.063(6) 2.100(9)
Mol -02 1.928(20) 2.003(8) 2.056(13)
Mo1-03 2.128(30) 2.138(5) 2.160(8)
Mol-04 2.002(30) 2.079(7) 2.054(11)
~ Mol-0 (ave) 2.017 2.058 2.088

dReference 11.
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the 0-Mo-0 layers becomes longer while in the 0-Zn-0 Tayers the oxygen
interlayer spacing becomes shorter. As expected, the molybdenum-oxygen
infrared absorption bands for these compounds shift to relatively lower
_energies as the triangular clusters are reduced. Figure I-1 shows the
IR absorption spectra for-these compounds, and Table I-2 lists the
observed band energies assigned to Mo-0 absorptions. The bands in the

)

region 300 - 600 cm ' are attributed to Zn-0 absorptions as seen for

the compound Zn0. Although ZnO contains only tetrahedrally coordinated
Zn ions, octahedral Zn-0 bonds would be expected to absorb radiation of
Tower energies. The 2% increase in unit cell volume for ZngMo,0g,

relative to_LiZn2M0308, thus results from the increase in the

molybdenum-molybdenum and molybdenum-oxygen bond distances.
Structure and Discussion of ScZnMo3O8

Based on x-ray powder diffraction data (Tables I-3 and 1-4), the
structure of ScZnMo3O8 is essentially identical to that of hexagonal
Zn2M0308 (space group P63mc).(11). The 2% increase in unit cell volume

for ScZnMo3O8 is attributed to longer Mo-Mo and Mo-0 bond distances

arising from a one electron reduction of the Mo3013 clusters that are

present in Zn2M0308. The Sc3+ jons are assumed to occupy the octahedral

2+

sites while the Zn~ ions occupy the tetrahedral sites. Ionic radii

for trivalent scandium and divalent zinc ions in octahedral oxygen

3+

coordination are almost identical (30), 0.745 R for Sc° and 0.74 R

2+

for In Therefore, it is assumed that the presence of Sc3+ jons in

the octahedral sites has heg]igib]e effect on the change in unit cell
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voiume whenlcomparing Zn2M0308 gnd ScinMo308. A.cdmparison of the
~Mo-0 infréred absorption:energies for these two compounds‘(Figure I-1
and Table f;2) reflects the longer Mo-0 bond lengths in ScZnMo0g. -
Magnetic susceptibility data for this new compound (Table I-1)
supply evidence thqt.the Mo30]3 clusters each possess 7 electrons for
metal;meta1 bonding. The effective magnetic nnméht of 1.5 B.M.
confirms the presence of one unpaired electron in each trinuclear
: cluster unit as eXpected for the stoichiometry ScZnMo308. The much
greaterAreactivity of this new compound towards oxidation in dilute

nitric acid solutions, relative to Zn2M0308, also supports the

assessment of ScZnMo3O8 as a more reduced phase.
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CONCLUSIONS

The new compounds LiZn2M0308, ScinMo308, and Zn3Mo3O8 are three
new important members in the family of reduced molybdenum oxides
confaining the Mo30]3 c]uster unit. The metal orbitals in these
trinuclear molybdenum atom clusters are now known to accommodate 6, 7,
and 8 electrons in the compounds Zn2M0308,'LiZn2M0308/ScZnMo3O8, and
Zn3Mo308, respectively. The 1ndividua1 M030]3 clusters in Zn2Mo308,
which possess 3m (C3V) symmetry, were treated by an LCAO-MO method and
Hiickel-type calculations were carried out (12), Two d orbitals per
molybdenum atom were reserved for Mo-0 bonding and the three remaining
d orbitals were used for metal-metal interactions. The energy level
diagram which emerged from this calculation provided three bonding
orbitals (a] and e), an approximately nonbonding level (a1), and five
antibonding orbitals (2e and a2). This energy level scheme explained .
the weak paramagnetism (Table I-1), Tow electrical conductivity, and
short Mo-Mo bond distance of 2.524(2) R in Zn2M0308. Each mo]ybdenum
atom, with formal oxidation state of +4, would contribute two electrons
to the orbitals of the cluster. These six electrons fill the strongly
bonding 2, and e molecular orbitals. According to this molecular
orbital picture, a seventh electron (as in LiZn2M0308) would occupy a
. relatively nonbonding orbital. However, the observed Mo-Mo bond

distance of_2.578(1) R in LiZn Mo.0, is 0.054 K‘longer than the Mo-Mo

27°3"8
bond distance in Zn2M0308, indicative of an antibonding effect. .
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The observed differences in metal-metal bond lengths can be
explained when Mo-0 pi bonding interactions are introduced to the
molecular orbital diagram. Evidence for molybdenum-oxygen pi bonding
comes from an examination of Mo-0 bond lengths in the Mo30]3 clusters.
It has -been observed that the shortest Mo-0 bond distances in these
compounds are those involving the doubly bridging oxygen atoms, 02 in
Figure I-2 and Table I-12. These oxygen atoms in Zn2M0308 are each
bonded to'two Mo atoms and one Zn ion in an sz-like planar arrangement
(the sum of the Mo-0-Mo and Mo-0-Zn bond angles around this oxygen
atom is 356°), The unhybridized p orbital remaining on this oxygen
atom is in excellent alignment to overlap with one d orbital on each 6f
the adjacent Mo atoms in the trinuclear cluster. These d orbitals are
the same ones that give rise to the nonbonding ay orbital. This pi
interaction would destabilize the nonbdnding ay orbital, making it
antibonding in cﬁaracter.‘ The same oxygen'atoms in LiZn2M0308 and
Zn3M0308 are each bonded to two Mo atoms and‘two Zn ions (or'Li+ ions
in LiZn2M0308) in an arrangement that is halfway between an spz- and
spsflike configuration. 'If the hybridization of this oxygen atom had
remained essentially sp2-p]anar, a weaker Mo-0 pi interaction would
have heen expected due to an increase in electron density resulting
from the addition of the séventh or eighth electrons to the triangular

ST
all of the oxygen atom's p orbitals are utilized in forming metal-

clusters. In LiZn Mo308, the pi overlap is further weakened because

oxygen bonds. The CH antibonding orbital is, therefore, lowered in

energy but still possesses antibonding character. The seventh
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electron in the LiZn2M03O8 clusters thus occupies this orbital and
causes aﬁ'increase in the Mo-Mo bond distance. The pi interactions in
the Zn3'Mo308 clusters are much weaker than in LiZn2M03O8 for the
reasons given above. This can be seen in the Mol1-02 bond distance of
2.056 R for Zn3Mo308 which is rather long for a strong Mo-0 bond. The
antibonding ay orbital is Towered further in energy so as to become a
weakly antibonding Tevel. The seventh and eighth electrons in the
Zn3Mo308 clusters fill this orbital and cause essentially no change in
the Mo-Mo bond length from that in LiZn2M0308.

It can be argued that the placement of zinc ion (Zn4) in a
- position that interacts with the otherwise nonhybridized p orbital on
oxygen atom (02) causes the weakening of Mo-0 pi bonding. It can also
. be argyed that the weakening of the Mo-0 pi bonding, due to electronic
charge build-up on the clusters, allows zinc ion (Zn4) to occupy- this
otherwise nonavailable site. The true picture probably represents a
synergistic effect between these two types of interactions. The
assessment of Mo-0 pi vs Zn-0 interactions could possibly be clarified
with a crystal structure determination of ScZnMo308. This compound,
which is isostructural with Zn2M0308, would contain the sp2—1ike planar
oxygen atoms (02); therefore, the effect of another cation competing

for the Tone pair orbital on oxygen -would be eliminated.
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SYNTHESIS AND CRYSTAL STRUCTURE OF Ba1ﬂ14M°8016'

" A HOLLANDITE-RELATED PHASE CONTAINING PLANAR

TETRAMERIC MOLYBDENUM ATOM CLUSTERS AND A
SUPERLATTICE ORDERING OF BARIUM IONS
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INTRODUCTION

Tetranuclear meta] atom clusters are known to exist in halide,
sulfide, and selenide cémpounds,’and in fonic and molecular solids in
' threg different geometries. In one type, the fer metal atoms bond
together with tetrahedral or distorted tetrahedral symmetry as in the
compounds Mo4S4Br4 (1) and GaMo4S8 (2). A different but related
geometry of metal atoms is the-open tetrahedral or 'butterfly' arrange-
ment where one edge of a tetrahedron is elongated relative to the others.
This cluster type is found in the anion of the compound (Bu N) 4 1
(3). A third type of cluster has the four metal atoms in a planar
diamond-shaped or edge-sharing triangular arrangement. Two of the metal
atoms in this tetranuc]eaf cluster are each bonded to threg metal atoms
while the two end atoms are each bonded to only two metal atoms as in the
compounds MNb4X]] (M = Rb, Cs; X = C1, Br) (4), and w4(0Et)8 (5). The
compounds ReS, (6) and.ReSe2 (7) also contain this planar four metal atom
cluster, but fhese cTusters‘are linked .into infinite, one-dimensional
chains by Re-Re bonds between adjacent cluster units. However, tetra-
nuclear mefa] atom clusters of any‘type have not been found in an oxide
system until recently. |

Th1s section describes the preparation and single crysta] structure
of the new ternary compound Ba1 14M°8016 It is the first examp]e of an
oxide containing a tetranuclear metal atom cluster, and it is also the
- first example of a hollandite-related (8) tunnel structure containing
molybdenum. .The sfructure of Ba]'MMogO]6 has also been found to exhibit

a superlattice ordering of barium ions within the tunnels.
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EXPERIMENTAL
Materials

Barium molybdate was prepared by mixing an aqueous solution of

' BaC]2~2H20 ('Baker Analyzed' Reagent, 99.6%) with an aqueous solution
containing the stoichiometric quantity of ammonium heptamolybdate tetra-
hydrate ('Baker Analyzed' Reagent, 83.0% as M003) and ammonium hydroxide.
The white precipitaté was filtered, washed several times with deionized
water, dried at 120°C for 20 hours, and stored over P40]0. Molybdenum
dioxide was'prepared by the hydrogen reduction of MoO3 (Fisher Certified
A.C.S.) at 460°C for 40 hours. The reduced material was then washed
several times with alternate portions of 3M NH40H, deionized watér, and
3M HC1 until the'washings were colorless, and finally dried in vacuo at
110°C. Anal. Calculated for MoO,: Mo, 74.99. Found: Mo, 74.96.

2
Molybdenum tubing was obtained from Thermo-Electron Corp. (99.97%), Mo

sheet from Rembar Co. (99.95%), and Mo powder from Aldrich (99.99%).
Synthesis

Barium molybdate and molybdenum dioxide, in mole ratio 2:5, were
ground together in a mortar and then sealed in an evacuated molybdenum
reaction vessel (3 cm long x 1.3 cm diam) by electron beam welding.
This molybdenum tube was then sealed in an evacuated inconel protection
tube and the reaction mixture held at 1100°C for 9 days. The free-
f]dwing contents of the tube contained some unreacted BaMoO4, as well

as four types of crystals; thin hexagonél-]ike platelets, long black
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columnar crystais, thin metallic colored needles of Bq0.62M0406 (9),
and crystals of M002.- The tomposition}of the columnar crystals proved
to be Ba1.14M°8016 from single crystal x-ray diffraction data (see |
below). The composition and structure of the thin hexagoha]-]ike
platelets has not yet been determined.

An attempt was made to prepare the pure compound BaMoSO]6 using
the stoichiometric quantities of BaMoO4, M002, and Mo. The pelletized
reaction mixture was sealed in a molybdenum tube which, in turn, was

sealed in an inconel protection tube, and fired at 1100°C for 7 days.

A mu]tiphaSe product was again observed.
Crystal Selection

Several 1onglco]umnér crystals were selected from the multiphase
product mixture and mounted in 0.2 mm Lindemann glass capillaries with
a small amount of sf]jcone‘grease. Each crystal was mounted with the
long dimension nearly collinear with the ¢-circle axis on a four-
circle x-ray dfffractometer designed and built in the Ames
Laboratory (10). Three or four w-oscillation photographs were taken
on each crystal at variqus ¢ settings. These photographs revealed that
the crystals exhibited a range of imperfections, ffom those showing
relatively discrete sharp diffraction maxima to those which produced '
two or more closely spaced peaks; only the three best crystals were
then indexed. Several independent reflections were selected from these
photographs and their coordinates input into an automatic indexing

program (11). The reduced cell and reduced-cell scalars which
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resulted indicated triclinic symmetry with the same lattice parameters
' for all three crystals. A crystal of dimensions 0.14 x 0.08 X 0.07 mm
- was selected for data collection based on the quality of its

oscillation photographs.
X-Ray Data Collection

X-ray data were collected on the same x-ray diffractometer at
ambient temperature using Mo Ka radiation (A = 0.71034 ﬁ)»mono—
chromatized with a graphite single crystal. An w-scan mode was used
to collect all data in the HKL, HRL, HKL and HKL octants with 26 < 50°.
The peak heights of three standard reflections whfch were remeasured
ﬁevehy 75 reflecfions did not show any significant éhange over the period
of data collection. Final cell parameters and their estimated standard
“deviations were obtained from the same crystal by a 1east—squafes
refinehent of 26 values of 16 independent reflections randomly

distributed in reciprocal space having 26 > 30°. The results were

a=7.31101) A, b =7.45301) &, c = 5.726(1) &, o = 101.49(2)°,

8 = 99.60(2)°, v = 89.31(2)°, and V = 301.4 83,

Structure Determination and Refinement

The observed intensities were corrected for Lorentz-polarization
effects and standard deviafions calculated (12) to give 1316 observed
refiections (i > 30(I)) from a possible 1368. Apprdpriate averaging of
duplicate reflections yielded 1024 independent reflections for the

final data set.
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A Patterson-superposition method (13) was used to locate the
pdsitions of all 8 molybdenum atoms and 1 barium atom. Space group
PT (no. 2) was selected with barium on the special position %,%,0
and a full-matrix least-squares refinement (14) on the positional
parameters for Mo resulted in a residual R = Z||F0|-|FC|‘/Z|FO| of
0.253. Oxygen atom positions were 1ocated from an electron density
Fourier map (15) and refinement of all Mo and O positional parameters
gave R = 0.205. The barium atom multiplier and isotropic thermal
parameter -as well as all Mo and O positional parameters were next
varied and refinement conVerged at R = 0.127. This was then followed
with a refinement of Ba atom multiplier, all heavy atom isotropic
thermal parameters, and all Mo and 0 positional parametérs to give
R = 0.122. At this point, an electron density map revealed a small
amount of electron density near the special position %,%,%. Oxygen
was first placed at this site but refinement led to a highly negative
isotropic temperature‘factor and a high occupation number (>1 atom/site)
for this atom. Barium was then placed at this position andla refinement
of barium multipliers and atomic positional and isotropic thermal
parameters converged at R = 0.081 and RW = 0.120 where Rw =

-2

[Zw(‘IFOI-IFCI)Z/ZwIFOIZJI/2 and w'= o "". An absorption correction for

106 cm']) using an empirical ¢-scan

the crystal shape was made (u
method (16) where the intensity of a selected reflection at x ~ 90° was.
measured}every 10° in ¢ using the x-ray diffractometer, but this
correction made no improvement in the refinement. A full anisotropic

refinemenf gave R = 0,041 and Rw = 0.059 with a total population of
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1.14(1) Ba atoms/cell; however, two oxygen atoms had negative tempera-
ture factors. An examination of the structure factors showed many
strong low-angle reflections to have FO < FC, which suggested a
secondary - extinction problem. The value for a secondary extinction

7, was obtained from a linear regression calculation

factor, g = 8 x 10~
using the expression |FC|/|F01 =1+g Ic' It was also observed that
the data at high and Tow values of sin 6/X had larger values of
wIIFOI-IFCII. Thus, the data were reweighted in fifty overlapping
groups sorted according to Fo so that wAz was essentially constant;
A final full-matrix least-squares refinement, varying the scale factor,
barium mu]tip]fers, positional and anisotropic thermal parameters,
converged at R = 0.036 and Rw = 0.049 withAno significant change in
the Ba atom multipliers. A final difference Fourier synthesis map.was
flat to < 1.5 e/ﬂ3.

The atomic scattering factors used were those of Hanson et al.

(17) for'neUtral atoms; molybdenum and barium were corrected for the

real and imaginary parts of anomalous dispersion (18).
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RESULTS AND DISCUSSION

0

Crystal Structure of Ba1.14M°8 16

The final positional parameters afe given in Table 1I-1 and
thermal parametefs in Table II-2. Important interatomic distances and
angles listed in Tables II-3 and II-4, respectively, correspond to the
llabels in Figures II-1 and II-2. Observed and calculated structure
factors are available as supplementary material.

The structure of Ba].14M°8O]6 consists of molybdenum-oxide cluster
| chaihs extended parallel to the ¢ axis. The chains are built up from
clusters of the type Mo4016 sharing the oxygen atoms on the four outer
edges of the planar tetrameric molybdenum'atom cluster. (Conceptually,
an M°4016 cluster can be formed~by adding a molybdenum atom with three
attached oxygen atoms to one edge of the molybdenum triangle found in
the Mo30, 3 cluster unit (19).) The barium ions oécgpy sites along the
c axis in channels formed by four metal-oxide cluster chains cross-
linked by mo]ybdenum-oxygen,bonds.

Figure II-1 is an ORTEP drawing of a section of one molybdenum-
oxide cluster chain which shows .the arrangement of molybdenum atoms
within the individual clusters and also the connectivity within the
chains via the sharing of oxygenlatoms between cluster units. Bonds
between molybdenum atoms are represented in this figure by the black
solid lines and Mo-0 bonds by the open unfi11ed lTines. The individual
clusters contain two types of Mo atoms; the end or apical atoms Mol

and Mol' which are each bonded to two other mo]ybdenum'atoms and six
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" Table II-1. Positional parameters for Ba] 1aM0g04 a

6
Atom X V y - z ~ Multiplier
Bal 0.50 0.50 ©0.00 0.433(3)
Ba2 . 0.4717(6) 0.4805(6) 0.4071(8) ©0.135(3)
Mol 0.9809(1) 0.3155(1) 0.1064(1)
Mo2 0.0083(1) 0.6562(1) 0.4410(1),
Mo3 0.6699(1) 0.9761(1) - 0.2013(1)
Mo4 0.3498(1)- 0.0122(1) 0.3506(1)
01 0.8045(8) 0.4563(8) 0.3266(9)
02 0.1458(8) 0.5450(8) 0.1612(9)
03 0.1451(8) 0.2004(8) 0.3309(10)
: 04 0.8675(8) 0.7850(8) 0.1666(10)
05 0.5302(8) 0.7991(8) 0.3529(10)
06 0.4658(8) 0.1570(8) 0.1398(10)
07 0.8087(8) 0.1294(8) 0.4875(10)
08 0.2034(8) 0 0.0120(10)

.8717(8)

aSpace group P (no. 2).



Table IITZ. Thermal parameters for Ba].14Mo80]6

Atom

By B2 B33 Bia B3 B2z -
Bal 1.32(5) 0.71(5) 2.81(6) 0.45(3) -1.08(4) -0.71(3)
Ba2 0.74(18) 0.95(19) 1.42(17) 0.16(12) 0.17(12) 10.62(14)
Mol 0.56(3) 0.40(3) 0.35(3) -o<18(2) - -0.04(2) 0.01(2)
Mo?2 0.53(3) 0.30(3) 0.34(3) 0.07(2) - -0.09(2) 0.04(2)
Mo3 0.54(3) 0.36(3) 0.25(3) 0.11(2) -0.05(2) -0.05(2)
Mod - 0.54(3) 0.29(3) 0.33(3) - 0.13(2) - -0.08(2) -0.02(2)
01 1.47(26) 0.66(23) 0.16(21) 0.41(19) -0.03(19) 0.19(17)
02 0.74(22) 0.43(22) 0.29(20) 0.13(16) -0.32(17) -0.17(17)
03 1.10(24) 0.37(23) 0.74(22) 0.11(19) -0.02(19) - -0.09(18)
04 0.83(23) 0.65(23) 0.33(21) 0.18(18) - 0.15(17) 0.10(17)
05 1.22(25) 0.75(23) 0.59(22) -0.09(19) -0.40(19) 0.24(18)
06 0.87(23) 0.59(23) 0.71(22) . 0.21(18) 0.16(19) - -0.15(18)
07 1.10(24) 0.33(22) 0.83(23) -0.06(19) 0.15(19) 0.10(18)
- 08 0.94(23) 0.73(23) 0.82(23) -0.13(19). -0.31(19) -0.16(18)

89

The general thermal parameter expression used is exp[-]/4(B”h2a*2 + Bzzkzb*2 +...2823k2b*c*)].
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Table II-3. Interatomic distances (R) in Ba; 4Mog0,

Mo-Mo and Mo-0 Distances

Distorted Cluster B Regular Cluster
Mol-Mo2  2.847(1) o  Mo3-Mod4  2.616(1)
Mol-Mo2'  2.546(1) f | Mo3-Mod'  2.578(1)
Mol-Mo2'  3.197(1) o Mo3-Mod'  3.158(1)
Mo2-Mo2'  2.560(1) . Mo4-Mo4'  2.578(1)
Mol1-01° - 2.082(6) Mo3-04 2.022(6)
Mo1-02 2.046(6)" o " Mo3-05 2.079(6)
Mo1-02'  2.104(s) Mo3-06 2.034(6)
Mo1-03 1.931(6) " Mo3-06" 2.095(6)
Mo1-04 2.079(6) Mo3-07 1.936(6)
Mo1-08 1.894(6) "~ Mo3-08 2.143(6)
Mo2-01 2.051(6) Mo4-03 2.043(6)
Mo2-01'"  2.038(6) " Mo4-05 .  2.053(6)
Mo2-02  2.062(6) Mo4-05" 2.053(6)
Mo2-03 2.003(6)  Mo4-06 = 2.055(6)
Mo2-04 2.119(6) Mo4-07 2.023(6)
Mo2-07 2.030(6) Mo4-08 2.128(6)

Ra-) Nistances

.720(6) Ba2-01 2.710(7)

Ba1-01 2

Ba1-02" 2.885(6) © Ba2-02" 2.649(7)

Ba1-05 2.677(6)  Ba2-05' 2.506(7)

Bal-06' 2.852(6) Ba2-06 3.329(7)

Ba2-01" 2.549(7) | Ba2-05 2.716(7)
3

'Ba2-02 .440(7) Ba2-06" 2.582(7)
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Tab]e 11-4. Bond ang]es.(dgg) in Ba].]4M°8016

Intrachain Bond Angles

Mo1-Mo2-Mo2' 55.88(3) Mo3-Mo4-Mo4' 59.52(3)
Mo1-Mo2'-Mo2 67.78(4) Mo3-Mo4'-Mo4 60.96(3)
Mo2-Mo1-Mo2' 56.34(3) Mo4-Mo3-Mo4d' 59.52(3)
Mo1-01-Mo2 87.04(23) Mo3-05-Mo4 78.55(21)
Mo1-01-Mo2' 76.30(21) Mo3-05-Moéd' 77.22(21)
Mo2-01-Mo2' 77.49(21) Mo4-05-Mo4' 77.80(21)
Mo1-02-Mo2 87.74(22) Mo3-06-Mo4 79.54(20)
Mo1-03-Mo2' 80.62(22) Mo3-07-Mod' 81.25(23)
Mo1-02'-Mo1' 103.30(24) Mo3-06'-Mo3' 100.05(24)
Mo1-02'-Mo2' 100.27(24) Mo3-06'-Mo4' 99.08(24)
Mo1-04-Mo2' 99.22(24) Mo3-08-Mo4' 95.37(24)

Interchain Bond Angles

Mo1-03-Mo4 142.82(31)
Mo2-03-Mo4 136.27(30)
Mol-04-Mo3 133.35(29)
© Mo2-04-Mo3 126.88(27)
Mo2-07-Mo3  136.31(31)
Mo2-07-Mod 141.94(31)
Mo1-08-Mo3 126.14(30)

Mo1-08-Mod 138.47(32)
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'Figure II-1. A section of one metal-oxide chain containing the
"distorted’ mo1ybdenum atom clusters .in Ba1.14M°80164‘
Fifty percent probability anisotropic thermal
ellipsoids are shown
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07

Figure. II-2. A section of one metal-nxide chain containing the
'regular' molybdenum atom clusters in Ba] .14M°8016‘
Fifty percent probability anisotropic thermal
ellipsoids are shown
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oxygen atoms, and the atoms Mo2 and Mo2' which are each bonded to three
molybdenum ahd six oxygen atoms. _Thé molybdenum atoms are all in
approximately octahedral coordination with oxygen. Each metal-oxide
cluster can‘also be viewed as a small section of a close-packed
afrangement of two oxygen atdm layers with the Mo atoms occupying
neighboring octéhedra] sites between the two layers with the MoO6
octahedra sharing edges. Molecular species, without metal-metal
bonding, which have the same structural érrangement are'Ti4(OR)]6,
where R = methyl (20) and ethyl (21), and w4o168' as found in the
compound Ag8w4016 (22) -and the silver ion conductor A926118w40]6 (23).
Eéch metal-oxide cluster chain in Ba].]4Mo8016 contains four types of
oxygen atoms which are all three-coordinate with respect to molybdenum.
One type, 01 - Figdre‘II-], is trip]ybbridging to three Mo atoms within
- an Mo4016 cluster, while a second type, 02, is doubly bridgfng on an
edge of one cluster unit and singly bonded‘to_an apical Mo atom in a
neighboring cluster, thereby linking the individual clusters within
the chain. Both types of oxygen atoms are bonded to molybdenum atoms
in a trigona]—pyramida]‘fashion, and are also coordinated to barium -
(see below). A third type of oxygen, 04 - Figure II-1, connects two
intrachain cluster units along one edge of the chain and also serves

as an interchain link hy bonding to an apical Mo atom, Mo3 - Figure
11-2, in an adjacent metal-oxide cluster chain. The fourth type of
oxygen atoms, 03 and 07 - Figures II-1 and II-2, respective]y, which
also connect individual cluster chains, are doubly bridging along an

outer edge of one M°40]6 cluster unit and singly bonded to an Mo atom
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in an adjacent metal-oxide cluster chain. Indivfdual chains are,
'thereforé,'eéch connected to four other cluster chains via Mo-0-Mo
bdndsL‘ These interchain-bridging oxygen atoms are in a trigonal planar-
1%ke'coordination with molybdenum atoms as evidenced by the sum of
Mo-0-Mo bond angles around each 0.atom, 359.5 to 360°. The inter-
Tinking of the cluster units within and between chains can be
répresénted in the connectivity formula M°40208/206/3 = M°408'

An interesting feature of the structure is that there are two
different types of infinite chains. One chain contains distorted
cluster units, as shown in Figure II-1, which have three short and two
lTong Mo-Mo bonds; 2.560(1)(1X), 2.546(1)(2X), and 2.847(1)(2X) A.
The‘other*chain consists of regular cluster units, as shown'in Figure
'II-2, where the five ‘Mo-Mo bonds in the edge-shared bitriang]é are
nearly equal; 2.578(1)(3X) and 2.616(1)(2X) R. Both types of cluster
chains possess 1 symmetry within the planar tetrameric cluster units.
There is also a point of inversion symmetry between individual clusters
along each chain, e.g., relating 02 with 02', Mol with Mol', etc.

| Withih the c]uster§ of regular geometry, the Mo-Mo bondipg is
uhderstqod as re5u1tiﬁg‘from 10 electrons in bonding o-orbital§
directed along the 5 bonded edges with each edge having a bond order
of ]EQ;. This indicates'that the Mo atoms on the shared edge of the
triang]eshfurnish 3 electrons each and are in the net oxidation state
3+, Qhereas_the Mo atoms on the outer apices furnish 2 electrons each
and are in the 4+ net oxidation state. Each regular cluster unit is

_then formulated as Mo4082'. From the Mo-Mo distances in the distorted
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cluster unit, it appears the three short bonds are of order 1.0 and .
the two elongated bonds are approximately of order 0.5. Thus, a total
of ca. 8 electrons is involved in the Mo-Mo bonding and the net
oxidation states are 3.5+ for the atoms on the §hared edge and 4.5+
for the atoms on the outer apices. In both the distofted and regu]ar
cluster units, the shortest Mo-0O distances are those around the outer
~apical Mo atoms; 2.02 vs 2.05 R (ave) in the distorted clusters, and
2.05 vs 2.06 R (avé) in the regular clusters, which supports their
assessment of a higher net oxidation state. In view of these consider-

ations, the compound may be formulated as the mixed-valence species

2+ 2- 0.28-
1.14(Mog0g" ) (Mo,0g ).

A 3-dimensional view down the cAaxisbof Ba1.14M°8016 is given in

Ba

Figure II-3 (only Bal.is showh). In this view, there is a strong
resemblance between this structure and that of NaMo406 (24) or
Ba0 62M°406 (25). In each case, the molybdenum-oxide cluster chains

2+ .
cations

are linked together to form tunnels in which the Na+ or Ba
are located. The structure of Ba1.14M°8016 is, however, more closely
related to the structure of the mineral hollandite (8), BaMn8016, but
is reduced in symmetry through strong metal-metal bonding to form the
tetranuclear cluster units.

The barium ions in Ba].14M°8016 are fractionally occupied in sites
of Tow symmetry. The eight intrachain oxygen atoms in the coordination
sphere of Bal form é distorted rectangular box compressed along the ¢
axis with Ba-0 distances from 2.68 to 2.89 K. Of these, the shortest

distances involve the O atoms, 01 and 05, which bridge three Mo atoms
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s R -
Nt A NS

Figure II-3. A three-dimensional view dowh the ¢ axis of Ba] 14M°8016'
. Molybdenum and barium atoms are 1abe1ed. Fifty percent
probability anisotropic thermal ellipsoids are shown.
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wfthin an Mo40]6 unit as shown ih Figures II-4 and II-5. Because

bxygen atoms 02 and 06 bridge two separate clusters within.a chain,

. they are located closer to the plane of Mo atoms and, therefore,
-further from barium. The oxygen coordination around the Ba2 ions is
depicted in Figure II-5. The partially occupied Ba2 site is disordered,
consisting of two inversion-related positions within a distorted
rectangular box'of eight oxygen atoms. This oxygen atom arrangement is
therefore similar to that of Bal except the cation has now been |
shifted upwards or downwards and to the side in the distorted
rectangular box. THis results in six short, 2.51-2.72 R, and two
long, 3.33 and 3.44 R, Ba-0 distances.

The fractional occupation numbers as well as the large B33 thermal
parameter for barium (Bal) suggested a superlattice ordering of Ba2+
jons within the channels, as frequently observed in hollandite-related
phases. For example, the compounds Ba Mg Tig 0 exhibit an.

2% Lons with

incommensurate superlattice ordering (26) of Ba
0.8 < x<1.33and x # 1.20. An axial oscillation photograph along

the ¢ axis of a single crystal of Ba].]4M°80]6 revealed layers of
superlattice reflections which indicated the true unit cell dimension
along the ¢ axis was 5n (5.726) R, where n is an integer. This, of
course, also implied that the superlattice ordering was commensurate
with the length of the subcell c axis. Using the fractional occupation
- numbers, ratio of occupation numbers, total barium content, and

reciproca1 Tattice layer spacings obtained from the axial photograph,

a value of n = 3 was calculated to best fit all of the above
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Figure II-4. A three-dimensional view down the c axis of Ba1.14M°8016
showing the oxygen coordination around barium ion. (Bal).
Fifty percent probability anisotropic Lhermal
ellipsoids are shown ‘ o
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Figure II-5. A view perpendicular to the ¢ axis of Ba].MMogO]6 _
showing the oxygen coordination around the two
barium ion sites. Fifty percent prohahility
anisotropic thermal ellipsoids are shown
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_informatidn. In this model, there would be 30 possible barium sites
,withfn each channel along the ¢ axis of the superlattice cell; 13 barium
ions would occupy sites similar to Bal and 4 would occupy sites similar
| to Ba2. However, thé'compOundtBa].]4Mo8016 may actually exhibit an
‘incommensurate superlattice ordering of barium ions with a c axis

repeat unit‘much Tess than 15(5.726) R (i.e., the superlattice repeat
unit would be a nonintegral multiple of the subcell ¢ axjs).

As can be discerned from Figure II-3, the structure also includes
additional oxygen-lined tunnels running parallel to the ¢ axis. These
tunnels have walls composed of the interchain, trigonal planar-like
oxygen atoms (03, 04, 07, and 08). The oxygen atoms are arranged along
the ¢ axis to form infinite chains of edge-sharing octahedra. A section
of one such chain is pictured in Figure II-6. These vacant channels

are the same as those found in ruti1e.(T102) and related metal

dioxides.
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Figure 1I-6. A section of one of the empty channels found in
' Ba; 14MogO;. showing the edge-sharing, octahedral
oxygen atom arrangement along the ¢ axis.
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CONCLUSIONS

Although the distorted Mo4016 clusters in Ba].]4Mo80]6 have only

1 (Ci) symmetry, the regular clusters very closely approximate 2/m (C2h)
symmetry and a molecular orbital bonding picture for both cluster types
can be sketched; TQo metal d orbitals per Mo atom are reserved fpr
Mo-O'bonding and the three. remaining metal d orbitals are used in
“forming Mo-Mo bonds. In the regular c]usters,Athese 12 orbitals

combine in.C2h symmetry to provide a set of five bonding

(2ag + bg ta, ¢t bu), two nonbonding (ag + bu), and five ‘antibonding
molecular orbita]s'(ag + bg + 2au + bu) (27). Therefore, the 10 metal
electrons in the regular cluster fill the five bonding Tevelé and result
in an average Mo-Mo bond order of 1.0. This molecular orbital scheme -
can be modified, however, by considering Mo-0 pi bonding interactions.
Evidence for metal-oxygen pi orbital overlap comes from a study of the
molybdenum-oxygen distances in the regular M°4016 cluster units. The
shortest Mo-0 distances in these clusters, 1.936(6) R, are those
involving the apical Mo atoms, Mo3, and the trigonal planar-like,
interchain oxygen atoms, 07, which are edge bridging to the individual
cluster units. The unhybridized p orbital on these oxygenAatoms can
effectively overlap with the mo]ybdenum d orbitals that are nonbonding
with respect to Mo-Mo interactions, i.e., the (ag + bu) set. Thjs pi
~orbital overlap would Tower the energy of these oxygen p orbitals and

consequently raise the energy of the otherwise nonbonding set of

molybdenum molecular orbitals to an antibonding position. The five
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- bonding ]eQe]s would remain essentially unchanged. It may therefore
be very difficu]t to further reduce these 10-electron M°4016 clusters
because additional electrons would have to reside in antibonding.
orbitals.

The distérted clusters, which poSsess only CiAsymmetny, also
exhibit this mode of'pi bonding interaction between atoms Mol and 03 as
seen in the Mo-0 bond length of 1.931(6) K. More important for the
distorted clusters, however, is the interaction between this apica] Mol
atom and the terminally bonded, spz-like oxygen atom, 08, which results
in a very short Mo-0 bond distance of 1.894(6)‘3. This short bond
length arises, in part, from a higher net oxidation state fof this Mo
-atom, thereby inéreasing the Mo-0 electrostatic attraction. However,

_ the strongest interaction between these two atoms, which giVes rise to
the short Mo-0 bond distance, is a pi bonding interaction. The
unhybridized p orbital on this oxygen atom is in a position to pi bond
with the same molybdenum d orbital involved in forming the long bond
between atoms Mol-Mo2 and Mol'-Mo2'. Because this d orbital
participates in an electron-deficient Mo-Mo bond, it is more accessible
to pi bonding with oxygen atom 08. This interaction raises one of tHe
five bonding molecular orbitals to higher energy leaving four bonding
MO's to hold eight electrons. It therefore seems-likely that this
compound could be reduced by ca. 2 electrons to give equivalent,
regular cluster units in}all of the molybdenum-oxide cluster chains.

| However, reduction of the compound Ba].]4M080]6 by the insertion

. of additional Ba2+ jons into the channels to give BaZMORO]ﬁ does not
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éppear Tikely for two reasons. The first reason is that the divalent
barium ions wbu]d have to occupy sites that are only 2.86 R apart |
making e]ectrostatic»repu]sion a desfabi]izing effect. Secondly, the
two barium ijon sites within the unit ée]] are not equivalent, and one
of the sites is apparently favored as evidenced by the occupation
numbers of 0.87 for Bal and 0.27 for Ba2. The latter site 15 located -
in front of four surrounding molybdenum-oxide clusters while the former
site is situated in between four linked pairs of molybdenum-oxide
clusters that form a section of the tunnel walls. It may be possible
1to reduce Ba].14M°8016 by gg,‘one electron by substituting trivalent
cations for barium ions within the channels to make, for'example,'
LaMQ8016'

As mentioned previously, the structure of Ba].]4M°8016 also
possesses vacant tunnels consisting of edge-shared octahedra of oxygen
atoms such as those found in rutile and related metal dioxides. Several
of these MO2 cqmpounds are known to react with butyllithium at rdom
temperature to form compounds LiXMO2 (x < 2) with varying T1ithium
content (28). It may be possible to reduce the ‘electron-deficient'

clusters inABa] 14M°8016 by similar reactions that would insert

hydrogen or lithium into the vacant oxygen-lined channels. "
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SECTION III. SYNTHESIS AND CRYSTAL STRUCTURE OF NaMo406.

A METALLIC INFINITE~CHAIN POLYMER DERIVED BY
CONDENSATION OF OCTAHEDRAL CLUSTERS
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INTRODUCTION

Over the past severa]_years, there has been considerable interest
in sq]id state compounds containing discrete transition metal atom .
clusters and condensed transition metal atom clusters which form chain
and sheet structures. Some examples of solid state compounds containing
discrete clusters are NbO, (1), LiZngMoj0g (2), Bay q4Mog0; (3), and
PbMoGS (4) with dimeric, trimeric, planar tetrameric and octahédra]
hexameric metal atom clusters, respectively. The halide compounds

Gd,Cl, (5), Sc.Cl, (6) and Sc7C1]0 (7) contain infinite chains of

2 5°°8
bonded metal atom clusters while the metal-rich compound ZrC1 (8) is
composed of sheets of Zr and C] atoms in a double-layer stacking
arrahgément. The chain structure of.Gd2C13 is derived from clusters of
the type M6X8 (an octahedral metal atom cluster with X atoms bridging
each face of the octahedron) sharing the metal atoms on -opposite edges.
The anionic chain structure in the compound Sc5C18==[ScC12+][S¢4C16-J
can be conceptually formed by condensation of M6X12 cluster units
(X brjdging all edges of the M6 octahedron) with sharing of Sc and C1
atoms on frans edges as represented by the formula
[SCZSC4/2C18/ZCI2/2JC]2/2-; This compound was the first example of
an M6X12'type of condensation. |

This section reports the synthesis, single crystal sthucture,
chemical and electrical properties of the recently described ternary

oxide, NaMo4O6 (9). This compound contains infinite molybdenum-oxide

cluster chains extended parallel to the ¢ axis. The Na* ions occupy
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sites in channels formed by four metal-oxide cluster chains crosslinked
by molybdenum-oxygen bonds. The sodium can be rep]acéd, in pért, with
~lithium or potassium by ion-exchange in molten LiCl or KCI salts,
respective]yw The structure‘of NaMo406 is the second example of M6X]2
cluster condensation and provides evidencé ihatzthe range of compounds
- with suth structureé may extend over numerous metal-nonmetal

‘combinations.
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EXPERIMENTAL , . -
Matéria]s

Sodium molybdate dihydrate (Fisher Certified A.C.S.) was dehydrated
by drying in a 120°C oven for several days and then stored over CaSO4.
"The KC1 (Fisher Certified A.C.S.) was dried at 120°C for a few hours
just before use. Lithium chloride was dried by heating slowly undef
vacuum to a final temperature of 500°C (over a period of one day) and
then stored in a dry box. Molybdenum dioxide was prepared by the
hydrogen reduction of MoO3 (Fisher Certified A.C.S.) at 460°C for

48 hours. The Mo0, was washed several times with alternate portions of

2

3M NH,OH, deionized water, and 3M HC1 until the washings were colorless,

4
and finally dried in vacuo at 110°C. Chemical analyses for molybdenum
were performed gravimetrically by oxidizing weighed samples of MoO2 to

- MoO Anal. Calculated for MoOZ: Mo, 74.99. Found: Mo, 74.96.

3.
Molybdenum tubing was obtained from Thermo-Electron Corp, (99.97%),

Mo sheet from Rembar Co. (99.95%), and Mo powder from Aldrich (99.99%).

Syntheses

NaMo406

This phase was first discovered as one product obtained from a
.reaction of Na2M004, M002, and /ZnU in mole ratio-1:5:2. The reactant
mixture was ground in a mortar, pelletized under 700 Kg/cmz, electron

beam welded in an evacuated molybdenum tube (2.5 cm long x 1.9 cm diam)

which, in turn, was sealed in an evacuated fused quartz protection tube,
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and fired at 1100°C for 2 days. The ﬁew compound drew from the surface
of the pressed reaction pellet and molybdenum container walls as thin,
metallic-colored need]es.: The other identified prbduct that was formed
in -the pressed be]]et was the well-known compound Zn2Mo308 (10).
Electron mfcroprobe analysis of theAneedles established that Na and Mo
were the only meta]]i; eiements present. The composition of NaMo406
was determined from single crystal x-ray diffraction data (see below).
Subsequent. work showed that essentfa]]y puré NaMo406'cou1d be prepared
from the stoichiometric quantities of Na2M004, MoOz, and Mo with a two
percent by weight excess of Na2M004. This reactant mixture was pressed
into a pe11et, sealed in an evacuated Mo tubé, and fired at 1100°C for
7 days (shorter reaction times were not investigated). The product
pellet was powdered, washed several times with deionized water, rinséd
with methanol, and vacuum dried at 110°C. A Guinier x-ray powder
diffraction pattern of the washed product contained the lines of
NaMo406 and faintly showed thé strongest line of Mo metal. In order to
obtain a net oxidation state of the product, oxidation-reduction
titrations were performed by dissolving weighed §émp1es in aliquots of
standardized ceric sulfate - 3M H2504 solution and titrating the
unreacted Ce(IV) with standard Fe(II) solution after domp]ete oxidation
~of molybdenum to Mo(VI). The analyseé, based on the ca]cu]atgd value
of 76.3% Mo for NaMo,Oc, resulted in a molybdenum oxidation state of
+2.74'¢ompared to the calculated formal oxidation state of +2.75. |

Therefore, the amount of Mo metal impurity was assumed to be very

small.
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Li;_NaMo,0,

Reactions between solid NaMo406 and motten LiCl resulted in a
partial ion exchange of sodium by lithium ions (x is approximately equal
to b.25), and a chahge in structure from tetraQona] to orthorhombic
symmethy. In a typical reaction, 500 mg of NaMo406 pswder and 8.5 g
LiC1 were sealed in an evacuated fused quartz ampoule and held at 700°C
for 18 tq 48 hours. After coo]ing‘to room temperature, the contents of
the ampoule were placed in a beaker of deionized water until all of the
+LiC1 was dissolved; then the black solid was washed with seVera]

"~ portions of deionized water and air dried. Guinier x-ray powder
diffraction patterns of the products were all the same regardless of
reaction timef They showed the lines of a new NaMo406-re]ated ortho-
rhombic phase (see x-ray powder diffraction data), Mo0, and Mo metal
which was an impurity in the starting material (see above), but lines -
for tetragonal NaMo406 were not obseryed. Chemical analyses were
obtained for Li and Na by atomic absorption spectroscopy, and Mo
spectrophotometrically on the product of a 48 hour ionQexchange
reaction. Found: Li, 1.0; Na, 1.7; Mo, 77.7. These results
estab]ished a Li/Na ratio of 3.0, and a Mo/Li ratio of 4/0.71.
Cq1cu1ated values for an assumed formula L10.75Na0.25M0406 are:

Li, 1.1; Na, 1.2; Mo, 78.2. A ten percent by weight impurity ot MoU2
would lower theseé calculated values fo those found by chemical
analyses. The reason for MoO2 formation was not apparent but it could
have been formed from residual moisture or oxide-hydroxide impurities

in the LiCl, or from water adsorbed on the walls of the fused quartz
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ampoule. Fof example, the following reaction:

2 NaMo4O6 +6 H20 —_— Na2M004

+ 7 M002 + 6 H2

would require 6.0 mg HZO‘to give a ten percent MoO2 impurity in the iqn-

exchange reactions described above, and the reaction:

-~ + 2 Hs0

6 5 > 11 MoO., + 5 Mo + 4 NaOH

2

4 NaM04O
would on]y require 1.3 mg H20 to give the estimated level of M002.

NaxK]-xM°406

A reaction between solid NaMo406 and moTten KC1 resulted in some
ion exchange of sodium with potassium jons and an increase in the
tetfagonal unit cell volume. Two ion exchange reactions were conducted
éach consisting of 500 mg of powdered NaMQ406 and 11 g KC1 sealed in an
evacuated fused quartz tube and held at 800°C for 24 hours in a tube
fuknace and 85 hours in a rocking furnace, respectively. The contents
.of the tubes were placed in beakers and covered with deionized water
until the KC1 dissolved; then the black products were washed several
times with deionized water and air drieq. Guinier x-ray powder
diffraction patterns for the two products were eésentia]]y the same.
They contained theA]ines of NaMo406, M002, Mo, and a set of Tines like
those of NaMo406 positioned at slightly lower diffraction angles and
with approximately equal intensities (see x-ray powder diffraction data
below). Chemical ana]yses_of the mixed product obtained from the 85

hour jon-exchange reaction established a Na/K ratio of 1.2, However,
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it was hot possible :to determine whether the potassium was present as
pure KM04O6 or as a mixed alkali metal compound. Also, the origin of
molybdenum dioxide formation was not apparent but assumed to be a
result of reactfon with residual moisture as described above for the

LiC1 ion-exchange reactions.
Physical and Chemical Properties

'Cnystals of NaMo4O6 wefe grown up to 1 mm in length but only
0.02 mm in width ahd they exhibited a tendency to separate into thinner
whiskers along the ¢ axis (long dimension). It was determined that
NaMo4O6 is stable in air up to at least 300°C by viewing crystals on a
hot stage microscope. The compound NaMo406 in powder form appeared
stable to concentrated hydrochloric acid but was decomposed in 3M HNO3

with gas evolution.
X-Ray Powder Diffraction Data

An Enraf Nonius Delft triple focusing Guinier x-ray powder
diffraction camera was used with Cu Ka] radiation (X = 1.54056 R) to
obtain unit cell data. National Bureau of Standards silicon powder was
mixed with all samples as an interna] standard. The ]atticé parameters
for NaMo406, Li]'_XNaXMo4O6 and K]-xNaxM°406 were calculated by a least
squares method and are Tisted in Table III-1. Lattice parameters for
NaMo406, calculated using the strongest 17 lines observed in the x-ray
. powder pattern, compare very well with those obtained from single

crystal data. The compound Li,_ Na Mo,0. was indexed on the basis of
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Lattice parameters for NaMo Li]_xNaXMo406, and
K]-xNaxM°406
Compound a, & b, A c, R v, ﬂ3
NaMo,0p 9.570(3) 9.570(3) 2.8634(8) 262.22
9.567(1) 9.567(1) 2.8618(2) 26].9b
. b
L1]_xNaxMo406 9.578(4) 9.726(3) 2.832(1) 2638
S b

'KT-xNaxM°406 9.642(1) 9.642(1) 2.8772(2) 267.5

% rom single crystal x-ray diffraction data.

bFrom powder x-ray diffraction data.
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an orthorhombicAunit cell and K]-xNaxM°406 on the basis of a tetragonal
unit cell. The lattice parameters for both compounds were calculated

" using all of the reflections remaining when the lines of all other
known phases were removed. . These data are shown in Tabies III-2 and

I1I-3.
Pressed Pellet Electrical Resistivity Measurement

A pe]iet of NaMo406 powder, 0.48 cm thick and 0.64 cm in diameter,
containing less than one percent of Mo metal impurity was pressed
under 700 Kg/cm2 and fouf platinum wire connections made with silver
adhesive. Electrical resistivity measurements were made using a
standard four probe a.c. (27.5 Hz) method-by recording the voltage
across the pressed pellet as a function of temperature., 'The cooling
rate was adjusted to 1-2 degrees/minute and temperature readings were
provided by Pt and Ge resistance thermometers. Voltage readings were
recorded approximately every 2.5 degrees- in the interval 20-280 K
and at least every degree from 20 to 2.4 K. The voltage across a
calibrated standard resistor was measured periodically and showed no
significant change during the experiment. The ratio of the measured
resistivity to- that measured at 280 K was graphed as a function of

tempcraturc.
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Table III-2. X-ray powder diffraction data for Li,_,Na,Mo,0

h k 2 d d 1

obsd calcd obsd
11 0 . 6.842 6.825 s
2 1 0 4.299 4.297 vw
1 30 3.072 3,071 m
310 3.038 3.034 m
2 30 2.688 | . 2.685 - m.
111 2.618 2.616 m
121 | 2.37 2.371 s
2 1 1 2.365 2.365 s
330 2.275 . 2.275 W
2 2 7 2.181 2179 W
13 1 2.083 2.082 m
2 31 1.948 1.948 m
321 1.942 1.942 . s.
34 0 | 1.934 1.934 m
2 5 0 1.802 1.802 W
3 31 1.773 1.774 W
151 1.581 1.581 | W
5 2 1  1.508 1.509 W
0 0 2 1.416 1.416 | m

a

s = strong, m = medium, w = weak, vw = very weak.
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| Table III-3. X-ray powder diffraction data for K]-xNaxM°406

h k '2 dobsd : dca]cd obsdq
T 10 6.828 - 6.818 s
2 1 0 a2 4.312 W
31 0 3.047 3,049 m
32 0 2.674 ©2.674 W
111 265 2,651 W
2 .0 1 2.470 2.471 m
2 1 1 | 2.394 2.393 s
3 30 2.273 2.273 VW
2 21 2.199 2.199 W
311 2.092 2.093 W
3.2 1 1.958 1.959 s
30 1,929 1.928 W
4 0 1.704 1,704 v
5 2 1 1.521 1520 vw
00 2 1.439 1.439 m
112 1.408 1.408 W
31 2 .30 | 1.301 W

85 = strong, m = medium, w = weak, vw = very weak.
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Photoelectron Spectra

The valence band ultraviolet photoelectron spectrum of NaMo406
was obtained with an AEI-200B instrument using monochromatic Hel
radiation (21.2 eV). The valence band x-ray photoelectron spectrum was
- obtained with the same instrument using Al Ko radiatfon (1486.6 eV).
Photoelectron binding energies were referenced against silver metal.
The powdered sample of NaMo406, which contained less than one percent
of Mo metal impurity, had been washed several times with deionized

water and dried in vacuo at 110°C.
X-Ray Data Collection

A sing]e crystal of NaMo406 in the shape of a thin needle with
dimensions 0.36 x 0.02 x 0.02 mm was selected for x-ray data collection
and was mounted with epoxy adhesive on the tip of a glass fiber with
the ¢ axis (long dimension) parallel with the Tong fiber axis. The
crystal was indexed as tetragonal on a four-circle x-ray diffractometer
(designed and built in Ames Laboratory) (11) with an automatic indexing
program (12) that uses reflections obtained from several w-oscillation
photographs at various yx and ¢ settings as input. The data set was
collected at room temperature on the same x-ray diffractometer usihg
Mo Ko radiation (A = 0.71034 K) monochromatized with a graphite single
crystal. An w-scan mode was used to collect all data in the HKL, HKL ,
HK[, and HKL octants with 20 < 60°, The peak heights of three standard
reflections which were remeasured every 75 reflections did not show any

significant change over the period of data collection. Final cell
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parameters and their standard deviations were obtained from the same
crystal by a 1east-sqdares refinement of +26 values of 7 independent
reflections randomly distributed in reciprocal space having 26 > 28°.

The results are listed in Table III-1.
Structhre Determination and Refinement

" The observed intensities were corrected for Lorentz-polarization
effects and standard deviations calculated (13) to give 1497
Aref]ections with I > 30(1). Examination of the data set revealed the
Systematic nonextinction condition Ok&: k = 2n. The data were averaged
in 4/mmm Laue symmetry to yield a total of 216 independent reflections
for the final data set. |

A Patterson—superposition-methdd (14) was used to locate the
bositions of all 8 molybdenum atoms contained in the unit cell. Space
group P4/mbm (no. 127) was selected and the molybdenum atoms assigned to
“mirror planes with site symmetry mm a} z =0 and %. A full-matrix
1east-squarés refinement (15) on the positional and isotropic thermal
paramétersAofvthe molybdenum atoms resulted inla residual
R = ZIIF°|-|FC||/Z|FOI of 6.262. Oxygen atom positions were located
from an electron density‘Fourier map (16) and subseqhent refinement of
Mo and d»positiona] and'isotropic thermal parameters convergéd to give
R = 0.081 and R = 0.111 where R = [2u(|Fy|-F )%/mlFy|°T% and
w = gFiz. _At this point, an electron density map revealed four peaks

of sodium electron density spaced at ca. 0.5 R from one another in a

square pattern around the special position 0, 0, 1/2 and with very
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shallow minima between peaks. This implied that the sodium ions were
statistically disordered around that special position. Attempts to
refine the structure with sodium at these positions resulted in very
‘Jarge positional shifts and a diverging refinement. The sodium was
then constfained at the position 0, 0, 1/2 and a full isotropic
refinement gave R = 0.062 and Rw = 0.076 with a sodium isotropic
temperature factor of 7.3 52. Further refinement of the scale factor,
positional parameters, sodium multiplier and all anisotropic thermal
parameters gave convergence at R = 0.045 and Rw = 0.054 with a sodium
atom occupancy per site of 1.02(6). An absorption correction was not
'considered ﬁecessary because the calculated transmission factors varied
from only 0.85 to 0.87 over all crystal orientations. A final
difference Fourier synthesis map was flat to < 1.5e/ﬂ3. The atomic
scattering factors used were those of Hanson et al. (17) for neutral

atoms and molybdenum was corrected for the real and imaginary parts of

anomalous dispersion (18).
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RESULTS
‘Structure Description

The final positional parameters for NaMo406 are given in Table
I1I-4, thermal parameters in Table III-5, and important interatomic
distances and angles in Table III-6. Observedland calculated structure
factors are available as supplementary material.

Figure III-1 is an ORTEP drawing, with labels feferring to
Tab]e II1-6, of a section of one metal-oxide cluster chain showing the
repeat unit along the ¢ axis. Bonds between molybdenum atoms are
represented by the solid-filled Tines and Mo-0 bonding by the open
unfilled lines. A1l Mol and 02 atoms lie in mirror planes perpendicular
to the c axis at z = 0 and 1, while the Mo2 and 01 atoms lie in a

mirror plane at z = 1/2. Two other mirror planes are present in this
strueture; one contains all of the Mol atoms as well as Ola and Olb,
the other mirror contains the Mo2, Olc and 01d atoms and bisects the
bonds between Mola - Molb and Molc - Mold, The atoms Mol, Mo2, and 01,
therefore, 11e on sites of nim symmetry while the 02 atoms reside on
sites of m symmetry. Note that if atoms OQlc and d were removed and
oxygen atoms placed so as to bridge the edges Mola - Molb and Molc -
Mold, then the Moc0,, 'building block' would result. However, in this
condensed cluster system, the atoms at z = 0 and 1 also constitute
parts of neighboring unit cells.

An extended view of one of the chains running parallel to the c

axis is provided in Figure II1I-2, This drawing shows the architecture
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Table III-4. Positional parameters for NaMo406

Atom Positiona Mu]tfp]iér X y z

Mol 449 0.250 0.6017(2) 0.1017 0.00
Wz b 0.250 .0.1438(2) 0.6438 0.50
01 4h ' 0.250 0.293(2) 0.793 0.5
02 8 10.50 0.0457(9) 0.7599(9) 0.00
Na 2b 0.127(8) ~0.00 0.00 050

aSpace group P4/mbm (no. 127).
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Table III-5. Thermal parameters for'NaM0406a

Atom - By B,y Bss By

Mol 0.59(4) 0.59 0.72(5) 0.01(3)
Mo2 " 0.60(4) 0.60 1.45(6) -0.03(4)
01 1.02(25) 1.02 1.20(46) -0.43(33)
02 | 1.36(31) 1.22(30) 0.91(28) -0.15(25)
Nal 9.0(11) 9.0 2.9(7) 0.00

A The general thermal parameter expression used is _
* . .
exp[-1/4(B,1h%a" 2 + B, k%™ + ... 2B,5keb*c*)], however, By 5= B,3=0

by symmetry.
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Table III-6.  ‘Interatomic distances and angles in NaMo40

a
6

Mola-Molb
Mola-Mo?2
Mola-Molc
 Mola-Mold .
Mo2-Mo?2

01a-02a
01c-02a
02a-02b
02a-02e

Mola-Molb-Mold
Mola-Mo2-Molb
Mola-Mo2-Molc
_AMolb-Mo1a—M02
Molc-Mola-Mo2

Mola-02a-Mo2
Mola-0la-Molc

2
2
2

Interatomic Distances (R)

753
.780(
8618

2
3.971(2)
)

.892(

90.
- 58,
61.
60.
59.

85.
90.

3) -
2)
(

)

3

Mola-02a
Mola-Ola
Mo2-01c
Mo2-02a

Nal-01
Nal-02

0la-Mola-02
02a-Mola-02
01c-Mo2-02a
02a-Mo2-02b
02a-Mo2-02e
02a-Mo2-02f

2.068
2.015
2.024
2.040

8
8
1
6

)

~ o~ o~ o~
—r o e

3.433(9)
2.742(8)

a 88.6(4
c 176.0(5
86.6(3
90.5(3
89.1(3
173.2(5

— e ws

— e S

4Calculated using the unit cell parameters obtained

x-ray powder diffraction data.

from Guinier
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Figure III-1. - A section of one molybdenum-oxide cluster chain in
NaMo406 shoWing. the repeat unit along the c axis.
Fifty percent probability anisotropic thermal
ellipsoids are shown ' '
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Figure III-2. A view of one molybdenum-oxide cluster chain, [M°2M°4/208/202/2]02/2_,~ :

extended parallel to the c axis

L6
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of the chains as comprised of‘Mo6O]2-type clusters fused at'opposite
edges by removal of two edge-bridging 0 atoms and sharing of the metal
and remaining oxygen atoms between cluster units. The doubly bridging .
and exo oXygen atoms, 1abe1ed as 01 in Figure III-1, are bonded to and
consequenfly connecf neighboring metal-oxide cluster chains as
indicated by the formulation Na+[M02Mo4/208/202/2]02/2'. The stfucﬁure
- of thesé chains is essentially the same as that in the anion of
[S£C12+][SC4C1 "]. However, because of the greater number of valence
electrons available per repeat unit for metal-metal bonding in the Mo
chains, 13 in [Mo,0."] vs 7 in [Sc,C1."], the metal-metal bonds are
stronger and closer to being equivalent over the various edges of the
octahedral units. The shortest Mo-Mo bond length, 2.753(3) R, is found
on the shared edges of the octahedral units perpendicular to the ¢ axis
direction.whi1e fhe longest Mo-Mo bond distance, 2.8618(2) K; is equal
and para]]e] to the length of the ¢ akis. The bonds between waist and
apex molybdenum atoms, Mol-Mo2, are intermediate in length, 2,780(2) R
The Mo-Mo bond distances within the repeat unit, 2.753(3)(1X),
2.8618(2)(4x) and 2.780(2)(8X) R, result in an average distance of
2.803 R which is only 0.078 R longer than the distance between nearest
neighbors in bce molybdenum metal. These 13 Mo-Mo bonds within the |
M°406 repeat unit contain 13 electrons and result in an average bond
orderlof 0.5. The metal-oxide cluster chains contain molybdenum in two
different environments, both eleven coordfnate; the waist Mo atoms, Mol,
are bonded to seven molybdenum and four oxygen'atoms, and the apical

Mo.atoms, Moz, which are bonded to six mo]ybdénum and five oxygen atoms.



99

The oxygehlétoms in this structure are each strongly bonded to
three Mo atoms in two different geometries. Oxygen atoms, 02 in
Figure [TI-1, which are shared between octahedral units within the
chains are each in a trigoné] pyramidal-like coordination to two apica]
molybdenum atoms, Mo2, and one waist molybdenum atom, Mol. The doubly,
edge-bridging oxygen atoms in Figure III-2 are'also the exo-bonded
oxygen atoms on a neighboring metal-oxide cluster chain just as the exo
oxygen atoms pictured are doubly bridging to molybdenum atoms along the
edge of another neighboring cluster chain. The result is a trigonal
planar-iike arrangement of Mo atoms around these equivalent, interchain
bridging oxygen atoms, 01 in Figure III—l.' The arrangement of oxygen
atomé within and between cluster chains is more clearly depicted in
Figure III-3 which is a view of the structure down the ¢ axis and
perpendicd]ar to the a-b plane. The average intrachain Mo-0 bond length
is 2.049 & compared to the shorter avérage interchain Mo-0 bond

distance of 2.018 &.

| Figure III-3 also shows that the N§+ ions occupy sites in channels
formed by four heta]—oxide cluster chains crosslinked by metal-oxygen
bonds as described above. Each sodium ion is surrounded by eight
intrachain oxygen atoms at a distance of 2.742(8) R in tetragonal
symmetry. The eight O atoms in the coordination sphere of Na* form a
square box compressed along the c axis with 0-0 distances of 2.862 and
3.307 R. The Na-0 distance is ca. 0.16 R longer than the sum of ionic
radii, 2.58 R using the ionic radii of Shannon and Prewitt (19), and

the Na® ions exhibit large thermal parameters in the a-b plane,
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Figure III-3. The structure of NaMo,0. as viewed down the c axis
showing the interlinking of cluster chains and
sodium ion positions along the channels
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9.0(11) KZ. However, as mentioned previously, the sodium ions may not
.actually reside on these sites of 4/m symmetry but may be statistically
disordered in the a-b plane around this inversion center. Some of the
Na-0 distances would then be shorter and some 1ohger than 2.74 R and
the individual sodium thermal parameters would be much smaller than

9.0 RZ.’ Perhaps low temperature x-ray difffaction data would prove

useful in providing information on the sodium jon positions.
Electrical Resistivity Measurement

A pressed pellet electrical resistivity ratio vs temperature curve
for NaMo406 is shown in Figure III-4. The value of the pressed pellet

2 ohm-cm and

electrical resistivity at room temperature is ca. 10
represents some kind of averaged (pll and gl) electrical resistance. .
The resistivity increases slowly, at first, as the temperature is

Towered, but it is not an exponential increase indicative of a semi-
conductor. The increase in resistivity becomes more rapid starting at
approximately 100 K and reaches a maximum value at T = 11T K with roughly
eight times the room temperature electrical resistance. The

resistivity then drops sharply in the temperature range 10 to 2.4 K.
However, a superconducting transition for NaMo406 was not observed

during a.c. susceptibility measurements taken in the temperature

interval 1.1 - 30 K. There was also no evjdenqe for a magnetic phase
transition within this temperature range. The %éxﬁmhm in the

resistivity ratio vs temperature curve could be due to a structural.

phase transition. If such a transition occurs, it should be detectable
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by heat capacity experiments or by low temperature x-ray diffraction

studies.
Ultraviolet Photoelectron Spectrum .

The valence band u]travid]et photoe]ectron spectrum of NaMo4O6 is.
shown in Figure III-5. The spectrum contains two broad overlapping
bands which are approximately 3.5 --4 eV wide. Maxima in the spectrum
occur at 2 and 5.5 eV below the Fermi 1éve]. The presence of e]ectfon
‘density at the Fermi level of NaMo4O6 is indicative of a metallic
compound, but the density of states neaF EF is low. The maximum of
this band is observed at a relatively high binding energy of 2 eV.

A similar spectrum for the valence band of NaMo406 was obtained using
x-ray photoelectron spectroscopy. The observed spectra may, however,
reflect a surface contamination due to the handling and treatment of

the sample as described above.
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Figure III-5. Valence band ultraviolet photoelectron spectrum

of NaMo406
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DISCUSSION AND CONCLUSIONS

The infinite-chain, polymeric structure of NaMo406 is clearly
dominated by strong Mo-Mo bonding. Within the chains, each Mo406 repeat
unit has available 13 electrons to participate in MojMo bonding and
each unit has 13 metal-metal bonds. If all 13 electrons reside in
bonding orbitals, then the average Mo-Mo bond order is 0.5. Use of the
Pauling empirical equation (20), Dn =Dy - 0.6 Tog n, permit; calcu-
lation of the bond order n associated with each Mo-Mo bbnd in the
repeat unit of length Dn relative to the 1ength of a single Mo-Mo bond,
D] = 2.614 R (21). When averaged over all 13 Mo-Mo bonds, the result
js n = 0.49 which provides evidence that the 13 electrons reside in
bonding orbitals.

| Several other features of this structure should be noted. One
feature is that the repeat distance between units of 2,862 R constitutes
both the bonded Mo-Mo and nonbonded 0-0 distance along the direction of
the chain. Another feature is that the relatively 1ongér average Mo-0
dislance of 2.049 R for the intrachain oxygen atoms results, in part,
from their sp3—1ike geometry and coordination to sodium. The shorter
average Mo-0 bond Tength ofA2.018 K for the interchain oxygen atoms may
result from their sp2-]ike hybridizatioﬁ and resultant ability to form
.pi bonds to the molybdenum cluster chains.

A pi bonding interaction could serve as a mechanism for electron
de]oca]ization.frbm chain to chain and be responsible for the fact

‘that crystals of NaMo406 are opaque to polarized light perpendicular to
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-the ¢ axis.' A single crystal electrical resistivity measurement along-
.the ¢ axis has shown NaMo406 to be a moderately good electrical
conductor with p ca. 10‘4 ohm-cm, but the resistivity perpendicular to
. the ¢ axis, which would provide information regardihg interchain
electronic transport properties, has not been measured because of the
very small crystal dimension (< 0.02 mm).

'Another interesting structural feature of NaMo406 is the
relatively large site occupied by Na® ions within the channels. This
site appeéred to be of sufficient size to accommodate ions as large as
Ba’t and possibly K",. and because of the 'loose fit' of the Na' ions,
the question also arose as to whether a smaller cation such as Lf+
could be placed in the channels. A reaction designed to prepare the
isoelectronic compound Ba0_5M0406 was successful in preparing the néw
compound Ba0.62M°406 (22) which also contains a commensurate super-
lattice ordering of barium ions. Attempts to prepare KM04O6 always
resulted in the formation of a new phase tentatively formulated as
K2+XM0120]9 (23). Reactions balanced to give L1‘Mo406 gave instead
a new lithium mo]ybdenum»oxide which is presently under investigation.

The possibility of ion exchanging the sodium for Kt or Li+ was
also considered. Aqueous ion exchange reactions at room temperature'
using KC1 and LiC1 solutions were unsuccessful. However, an ion-
exchange reaction between NaMo406 and molten LiC1 at 700°C was

successful in forming Li,_,Na Mo,0. with x ca. 0.25. The lithiated

1-x
structure was Towered in symmetry from tetragonal to orthorhombic,

sec Table III-1, but no explanation for this structural transition is
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apparent. If the transition results from a change in the nﬁmber of
electrons per M°406 repeat unit, then the structure must contain more
or less than-one é]ka]i metal ion per site along the channels. It may
be possible to reduce the molybdenum-oxygen cluster chains by inserting
additional Tithium into the channels to give some sites containing two
Li* dons each in approximately four-coordination with oxygen. A
-certain amount of NaMo406}wou1d also be oxidized, possibly forming some
MoOZ. The 0.6% increase in unit cell volume of the lithiated compound
relative to NaMo406 could, therefore, result from a small overall
1engfhening.of Mo-Mo and Mo-0 bonds, However, another reason for this
volume increase could simply be the result of less efficient space
filling by the atoms in the orthorhombic structure. Similar ion-
exchange reactions between NaMo406 and molten KC1 at 800°C were
successfu] in exchanging some Na+ with Kf_with a resultant 2% increase
in the tetragonal unit-ce1] volume (see Table III-1), th as mentioned
earlier, it is not known whether the potassium is present as KM0406 or
as a mixed alkali metal compound. -The fact that 24 and 85 hour
reaction times resulted in the same ratio of NaMo,0. to Na K,_,Mo,0.
implies that formation of the potassium compound becomes inhibited.
This could be due.to a coating of the potassium compound on the
particles of NaMo406, thereby hindering further reaction. It can thus
be concluded that the sodium jons are indeed exchangeable under the
proper experimental cohditions. it may also be possible to remove the
Na® dons altogether in an oxidatfve process leaving intact the M°406

structure wilh empty sites along the channels 7.5 - 3 R in diameter or
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to;prepare cqmpouﬁds M2+[Mo406xn'] with n = 2, x > 0.5, or n = 3,
X > 0.33 such that the eTectron/metd] ratio is varied over the range
3.0 -v3.75. |

A final comment is made on the mechanism of crystal growth for
'NaMo406. The crystals grew not only from the pressed reaction pellet
but also from the walls and ends of the molybdenum reaction vessel.
‘This suggests a vapar transport mechanism. Under the conditions of the
reaction, some possible vapor state species are Na20(g), M003(g),
M002(0H)2(g) and H,. The first two gaseous compounds could be generated
by the thérmal decomposition of Na2MoO4 and the latter two arising
from the reaction of‘MOO2 with residuai moisture (24); but it is not

possible to say at this time which, if any, are involved in single

crystal growth. -
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SECTION IV. THE SYNTHESIS AND CRYSTAL STRUCTURE OF Ba0.62M0406'
. A METALLIC INFINITE-CHAIN POLYMER DERIVED BY
CONDENSATION OF OCTAHEDRAL CLUSTERS AND CONTAINING
A SUPERLATTICE ORDERING OF BARIUM IONS
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‘INTRODUCTION

‘The synthesis and structure of the compound NaMo4O6 was recently )
described (1) as containing octahedral mo]ybdenuh atom cluster units
Afused on opposife edges to form 1jnear chains. Oxygen atoms bridge the
outwardly exposed edges of the octahedral cluster chains andvconnectAone
chain to another through Mo-0-Mo bridges as indicated in fhe connectivity
formula Na+[(M02Mo4/208/202/2)02/2"]. These infinite chains are inter-
1inked in such a manner that channels accommodating the Na+ ions are
provided. This structure possesses many interesting features, but the
strong metal-metal bondfnglc1ear1y dominates in determining the
architecture of the cHains. In the course of further research dealing
~with this structure type, a related barium compound was synthesizedl(z).
~ This séction reports the preparation and crystal structure of the
compound 830;62M°406‘ The new compound exhibits a superlattice ordering
of barium ions within the channels. Efforts made to solve the super-
structure of this compound from single crystal x-ray diffraction data

are also discussed.
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- EXPERIMENTAL
Materials

Barium molybdate was prepared by mixing an aqueous solution of
BaC1,-2H,0 ('Baker Analyzed' Reagent, 99.6%)_with an aqueous solution
containing the stoichiometric quantity of ammonium heptamolybdate
tetrahydrate ('Baker Analyzed' Reagent, 83.0% as M003) and ammonium
hydroxide. The white'precipitate was filtered, washed several times
with deionized water, dried at 120°C for 20 hours, and stored over P40]0.
Molybdenum dioxide was prepared by the hydrogen reduction of MoO3
(Fishér Certified A.C.S.) at 460°C for 40 hours. The reduced material
was washed several times with alternate portions of 3M NH40H,
deionized water, andASM HC1 until the washings were colorless, and
finally dried in vacuo at 110°C. Anal. Calculated for Mo0O,: Mo, 74.99.
Found:' Mo, 74.96. Molybdenum tubing was. obtained from Thermo-Electron
Corp. (99.97%), Mo sheet from Rembar Co. (99.95%), and Mo powder from
Aldrich (99.99%). |

Synthesis

An attempt was made to prepare the compound Ba0.5Mo406 (which would
be isoelectronic with the NaMo,0, phase) using BaMo0,, MoO,, and Mo
powder in a 1:4:3 mnle ratio. The reaction mixture was ground in a
mortar, pelletized under 700 kg/cmz, sealed in an evacuated molybdenum
tube (3 cm long x 1 cm diam) which, in turn, was sealed in an evacuated

inconel protection tube, and held at 1100°C for one week. The product
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pellet was covered with small, needle-shaped crystals possessing
metallic luster. Some of these crystals were scraped from the pellet
and powdered in a mortar. An x-ray powder diffraction pattern of this
material contéined the lines of a new phase related to tetrdgdna]
‘NaMo406 as well as the strongest lines of Mo0, and Mo metal. The |
composition of the new phase was determined as Ba0.62Mo406 from single
crystal x-ray diffraction data (see below). The experiment was repeated
- using a 5 day reaction time and identical results were'obtained. If

the compound Ba0 62M°406 were the only phase formed in the reaction,

then unreactedMoO2 and Mo would be expected.
X-Ray Data Collection for the Ba0‘62M0406 Subcell

A single crysta] of Ba0.62M°406 in the shape of a thin needle with
dimensions 0.22 x 0.02 x 0.02 mm was selected for x-ray data collection
and was mounted in a 0.2 mm Lindemann glass capillary with a small
amount of sﬁ]icone grease. The crystal was aligned with its Tong
dimension nearly collinear with the phi-circle axis on a four-circle
x-ray diffractometer designed and built in the Ames Laboratory (3).
Four w-oscillation photographs were then taken at various x and ¢
settings. Reflections obtained from these photographs were input into
an automatic indexing program (4) from which an orthorhombic unit cell
was calculated with lattice parameters similar to those of NaMo,Oc.

The data set was collected at ambient temperature on the same x-ray
diffractometer using Mo Ko radiation (A = 0.71034 &) monochromatized

with a graphite single crystal. An w-scan mode was used ‘to collect all
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data in the HKL ARL, and AKL octants with 26 < 60°. The peak he1ghts
of three standard ref]ect1ons which were remeasured every 75
reflect1ons‘d1d not show any significant change over the period of data
co]]ection;» Final cell paraméters and'their standard deviations were
obtained from the same crystal by a least-squareé refinement of 20
values of 16 independent reflections randomly distributed in reciprocal
spaée héving 26 > 27°. The results were a = 9.509(2) &, b = 9.825(2) &,
= 2.853(1) R, and v = 266.5 R3.

Structure Refinement of the Ba0.62M°406

Subcell

The observed intensities were corrected for Lorentz and polari-
zation effects and standard deviatibns calculated as described previously
(5) to give 1076'fef1ections with I > 30(I). Examination of the data set
revealed the systematic nonextinction conditions hO%: h = 2n, and 0k&:

k = 2n. The data were averaged in mmm Laue symmetry to yield a total
of 394 independent reflections for the final data set.

The positional parameters of NaMo406 were used as the starting:
set of positions for the new barium compound in space group Pbam
(nof 55). Barium was constra1ned on the 2b pos1t1ons (0,0,%; 292’3) and
_its‘multlpITer fixed to give an occupancy of one Ba atom per‘un1t cell
(i.e., Ba0.5M0406). A'full-matrix least-squares isotropic refinement
(6) resulted in a residual R = Z||F0|-|FC||/Z|F0] of 0.212 with a large
barium isotropic thermal parameter of 3.6 Kz. The barium atom was

removed from the atomic parameter 1ist and an electron density Fourier
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map was calculated (7) using only the phases derived from the Mo and

0 positions. This map clearly showed a region of electron density,
elongated along the c axis, consisting of two peaks symmetrically
related at (0,0,+z) with z approximately 0.375. Therefore, these 4e
positions, rather than 2b sites, were assigned to the barium atom with
'an initial multiplier value of 0.125 (1 Ba atom/cell). An isotropic
refinement including the barium atom position and multiplier converged
to give R-= 0.093 and R = 0.149 where R = [Zw(|F,|-|F |)%/50|F | °T?
and w = oF'zﬁ An absorption correction was made (p = 121 cm'])‘using
an empirical ¢-scan method (8) where the intensity of a selected
ref]ection at x approximately 90° was measured every 10° ih ¢ with the.
aid of the x-ray diffractometer; however, this correction made no
significant change in'the refinement. A fu]]lanisotropic refinement
"gave R = 6.08] and Rw = 0.123 with a total barium occupancy of 1.25(3)
'atoms/cé1]. A Targe barium B33 thermal parameter of 2.6(3) Kz also
resulted from the refinement. A final difference Fourier synthesis map
contained electron densities as high as 7.5e_/l°\3 on molybdenum sites and
| 3.3e//33 on the inversion center at (0,0,%). :

It was observed that the high angle data (sin /A > 0.6) refined
to a relatively high residual R of 0.14.  A full anisotropic refinement
using only data with 26 < 50° (265 reflections) resulted in R = 0.056
and Rw = (0.091 with no significant change fn the barium atom
multiplier; there was also no increase in the positional and thermal
parameter standard deviations. An electron density difference map was

generated after this refinement and it revealed electron peak densities



117

of 5e/ﬂ3 on all molybdenum atom sites, and 3e/ﬁ3 at the positions
(0,0,%; %,%,%). The residual electron density, fractional occupation
of barium, and large 833 thermal parameter for barium all suggested the
possibi]fty of a superlattice ordering of barium ions within the
channels. It was believed that the barium ion ordering could affect
the cluster chains and result in several slightly different molybdenum
. and oxygen atomic positions along the chains in the supercell.

The atomic scattering factors used were those of Hanson et al.

" (9) for neutral atoms. Molybdenum and barium were cdrrected for the

real and imaginary parts of anomalous dispersion (10).
Superlattice Determination

Several crystals of Ba0.62Mo406 were mounted in 0.2 mm Lindemann
~glass capillaries, and oscillation photographs along the c axis (long
dimension) were obtained.A They all showed the presence of weak super-
lattice layers, consisting of discrete diffraction spots, indicating the
true unit cell dimension along the c axis to be 8(2.853) R. This
_suggested a commensurate superlattice orderjng with barium ions |

occupying five of the eight possible cation sites along each channel in

the supercell. This occupation scheme would result in the stoithiometry .

BagMo3,0,g = Bag g, M

analysis described ahnve.

0 Ba 0,0, as.ohserved from the single crystal structure -
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X-Ray pata Collection for the Ba0.62M0406

. Supercell

A crystal of Ba0 62M°406 of dimensions 0.18 x 0.02 x 0.02 mm was
selected for x-ray data collection. The crystal was mounted on the
four-circle x-ray diffractometer and indexed as orthorhombic with the
same lattice parameters previously obtained for the subce]] The
crystal's orientation matrix was transformed to g1ve a ¢ axis which was
eight times the length of the subcell ¢ axis. The data set was
collected at room temperature'using Mo Ka radiation (A = 0.71034 R)
monochromatized with a graphite single crystal. An w-scan mode was
used to collect all data in the HKL and HKL octants with 26 < 60°. The
peak heights of three standard reflections which were remeasured every
75: reflections did net.show any significant change over the period of
data collection. Final cell parameters and their standard deviations
were obtained from the~same crystal by a least-squares refinement of
+28 values of 17 independent reflections randomly distributed ih‘
reciprocal space having 268 > 27°, The results were a = 9.517(1) R,

b = 9.822(1) R, ¢ = 22.813(4) &, and v = 2132.4 &3,

Structure Refinement of the Ba0.62M°406'

Supercell

Examination of the data set revealed that all observed reflections
‘satisfied the nonextinction conditions hOL: h = 2n, and Ok&: k = 2n.
An absorption correction was made using an empirical ¢-scan method (as

described above for the Ba0 62Mo406 subcell), and the intensities were
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corrected for Lorentz-polarization effects to yield 1121 reflections
with I > 30(I). The data were finally avéraged in nm2 symmetry to give
' 639 independent reflections for the final data set.

The starting set of molybdenum and oxygén positions were taken from
subcell refinement; only the z fractional éoordinates

the Ba 0

0.62"°40%
were changed to form 8 subcells stacked into one supercell. With all

of the Mo and O atoms fixed in,these(positions, a refinement of only

the scale factor in the noncentrosymmetric space group Pba2 (no. 32)
‘gave an R of 0.42. Because of pseudosymmetry created by the molybdenum
atom positions, a centric electron density map resulted from this
refinement; all eight subcells contained barium electron density
elongated along the ¢ axis. To disperse this pseudosymmetry, the

' mb]ybdenum atom positions were next allowed to vary, but severe
positional correlatibns among the Mo atoms caused a diverging refine-
ment. This problem was circumvented by employing a cyclic process where
the molybdenum atoms were varied in groups of two or three while all
other atoms remained fixed in position. In this manner, a residual R

of 0.34 was obtained. A difference map now displayed a range of barium
electron density in the eight sites along each channel. The position

of the strongest peak in this map was assigned to a barium ion and it
Was refined along with the molybdenum atom positions through the atomic
cycling process; then another electron density difference map was
generated. This procedure was repeated until a fifth barium ion was
locéted and a difference map showed only low levels of residual

electron density along the channels. The least-squares full-matrix
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réfinement gave R = 0.125 at this point. A study of the atomic

_ positioﬁs indicated that the structure was actually centrosymmetric;
therefore, the origin of the cell was changed and a barium atom
constrained on the inversion center at (0,0,%), with the remaining |
barium atoms on 4e positions (0,0,+z). An e;sentia]]y identical refine-
hent resu]ted in space group Pbam, with the added benefit of a decrease
in bositiona] correlations and overall standard deviatiohs.

| The oXygeﬁ atom positions were next refined tﬁrough the cycling
process until all positional shifts were less than the positional
standard deviations. The isotropic thermal parameters for oxygen had
been constrained to 1.0'32 and remained fixed at.this value for the
entire structural refinement. The barium and molybdenum isotropic
'thermai pafameters were then included in the cyclic process of refine-

ment. After many individual barium, molybdenum, and oxygen cycles, the

isotropic refinement converged at R = 0.072 and RW = 0.091 where

R, = [Zw(JFOI-IFC|)Z/Zw|FOIJ% and w = GF—Z- Further cyclic refinement
of atomic positions and heavy atom anisotropic thermal parameters, which
were very sensitive to correlation effects, resulted in R = 0.066 and

RW = 0.083. A1l positional, thermal, and occupational parameter
standard deviations were also lowered by the anisotropic treatment.
Variation of the occupation parameters for the three independent barium
ion sites gave converged values of 1.028(24), 1.020(20), and 0.936(16).
A difference map disclosed two small inversion-related peaks with

densities of 6e//33 in one of the 'empty' barium sites. This site was

adjacent to that of the barium ion possessing the low occupation number.
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A fourth Ba atom was placed at this new position-and assigned a 1ow
value for its multiplier. The cyclic process of refinement was'again
: employed and inc]uded the occupation. parameters of the fourth Ba atom
and its neighbor. A residual R = 0.064 and R = 0.077 was obtained with
occupation values of 0.10(2) and 0.88(2) for the two barium ion sites.
Th%s result implied that the true barium ion superlattice ordering was
more complicated than had been anticipated. A final electron density
difference map was flat to < 3e/ﬂ3. (A final anisotropic refinement of
the four barium ion positions in a supercell containing anisotropic
molybdenum and isotropic oxygen atoms, constrained using the equivalent
_subcell positional and thermal parameters, resulted in R = 0.135 and
.Rw = 0.1907)

Positional parameter,standard deviations were obtained from one
cycle of least-squares full-matrix refinement where all atomic
positions were simultaneously varied. Thermal parameter standard
deviations are those obtained from the atomic cycling process; therefore,
the values are slightly lower than those that would have been obtained
from a simultaneous refinement. Atomic scattering factor tables and
corrections for anomalous dispersion used in the structural refinement

were as described for the Ba0.62Mo4O6 subcell refinement.
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RESULTS AND DISCUSSION
Structure Description and Discussion of the Ba0 62M°406 Subcell

The final positional parameters for the Ba, (,Mo,0, subcell are
listed in Table IV-1, and thermal parameters are given in Table IV-2.
Important interatomic distances and ahg]es are given in Table IV-3.
The atomic labels in this table correspond to those in Figure IV-1.
The information listed in these tables is the result of the refinement
where R = 0.081 and Rw = 0.123. Observed and calculated structure
factors are available as supplementary material.

Figure IV-1 fs an ORTEP drawing of a section of one ho]ybdenum-
oxide cluster chain showing the repeat unit along the c axis. Bonds
between md]ybdenum atoms are represented by the solid, filled lines;
Mo-0 bonding is represented by the open, unfilled lines. From thi§
figure, it can be seen that the molybdenum-oxide cluster chains in

Ba Mo,0,. are essentially the same as those in NaMo406 (11), except

0.62 7476

the former possess lower symmetry. A1l molybdenum and oxygen atoms lie
on sites of m symmetry in this subcell refinement. The Mol, 02, and 03
atoms lie in mirror planes perpendicular to the ¢ axis at z = 0 and 1,
while the Mo2 and 01 atoms lie in a mirror plane at z = 1/2. There

is also a two-fold rotation axis running parallel with the c axis and
“passing through the midpoint of the bonds between Mola - Molb and
Mo]é-—Mo]d. Consequently, inversion centers are located at the midpoint

of these two Mo-Mo bonds as well as in the center of the octahedral

cluster repeat unit.
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’Tab]é,IV?]. Positional parameters for the Ba0 62M°406 subcel1?

Atom Positionb Multiplier X y z
Bal 4e 0.156(4) 0.00 0.00 0.369(2)
Mol 4q 0.50 -0.6102(2) 0.0935(2) 0.00
Mo2 4h 0.50 0.1345(2) 0.6501(2) 0.50
01 - 4h . 0.50 | 0.2727(18) . 0.8147(20) 0.50
.02 4q 0.50 . 0.0290(16) 0.7562(15) 0.00
(15)  0.00

03 4g 1 0.50 0.2427(17)  0.0613

3positional parameters obtained from the refinement using all
collected data with 20 < 60° (R = 0.081; Rw = 0.123).

bSpace group Pbam (no. 55).
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fab1e IV-2. Thermal parameters for the Ba0 62M°406 subce]]a’b

Atom By, By By By,

Bal 1.11(14) 0.94(15) 2.63(25) ~0.02(9)

Mol 0.71(8) . 0.99(8) 0.64(8) 0.07(4)
Moz 0.87(8) 0.62(8) - 1.69(9)  -0.04(4)

0 0.97(62)  1.59(66) < 1.17(74) -0.16(52)

02 1.54(52) - 0.79(47) 1.50(76) ~0.49(39)

03 1.33(53) 0.34(45) 0.91(61) -0.08(41)

AThe general thermal parameter expression used is

exp[—1/4(B”h2a*2 + Bzzkzb*2 + ... 2823k2b*c*)], however,

B]3'é 823_= 0 by symmetry.

' bTherma] parameters obtained from the refinement using all
collected data with 26 < 60° (R = 0.081; Rw = 0.123).
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Table IV-3. Interatomic distances and angles in the Ba0.62M°406 subcel |?
Distances (&)
Mola-Molb 2.787(4) Mola-0la 2.022(13)
Mola-Molc 2.853(1) "Mola-02a 2.075(15)
Mola-Mo2a 2.785(2) Mola-03b 2.067(16)
Mola-Mold 3.988(3) Mo2a-01c 2.084(19)
Mo1b-Mo2a 2.795(2) Mo2a-02a 2.032(11)
Mo2a-Mo2b - 3,904(4) Mo2a-03a 2.039(11)
OTa—OZa 2.908(20) Bal-02 2.632(14)
01a-03b - 2.826(21) Bal-02 3.009(13)
0lc-02a 2.782(20) Bal-03 2.607(15)
01c-03a 2.873(22) Bal1-03 2.987(13)
02a-02c 2.853(1) Bal-01 3.190(18)
02a-03a 2.895(22) Bal-01 C3.791(19)
Angles (deg)
Mola-Molc-Mold 90.00 - 0la-Mola-02a 90.4(6)
Mola-Molc~MoZ2a 59.19(3) 0la-Mola-03b 87.5(6)
Mola-Molc-Mo2b 59.32(3) 02a-Mola-03b 177.0(6).
Mola-Molb-Mo2a 59.87(7) 02a-Mo2a-03a 90.6(4)
Mola-Mo2a-Molb 59.91(7) 02a-Mo2a-01c 85.0(6)
Mo]a-Moéa-Molc 61.62(6) 02a-Mo2a-02c 89.2(6)
Mola-Mo2b-Molc 61.37(6) 02a-Mo2a-03c 173.3(6)
Molb-Mola-Mo2a  60.22(7) 03a-Mo2a-03c 88.8(6)
Mo2a-Mola-Mo2b 88.78(7) 03a-Mo2a-01c 88.3(6)
Mola-0la-Molc 89.7(7)
Mola-02a-Mo2a 85.4(5)
Mola-03b-Mo2b 85.8(5

4istances and angles obtained using the positional parameters in

Table IV-1.
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Figure IV-1. A section of one molybdenum-oxide cluster chain in the
‘ Ba0.62M°406 subcell showing the repeat unit along the
c axis (parallel with the Mola-Molc bond). The fifty
percent probability isotropic thermal ellipsoids are
shown | '
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An extended view of one of the cluster chains running parailel
with the c axis is provided in ngure IV-2. The architecture of the
chains is comprised of clusters of the type M°6012 fused at opposite
edgés by removal of two edge-bridging oxygen atoms and sharing of the
metal aﬁd remainihg oxygen atoms on those edges between cluster units.
The doubly-bridging and exo oxygen atoms, 01 atoms in Figure IV-1, are
structurally equivalent, and connect each metal-oxide cluster chain to
four other adjacent cluster chains. The connectivity within and

between chains can be represented by the formulation

2+ 1.24-
BaO.62[(M°2M°4/208/202/2)02/2 ].

contain two types of molybdenum atoms, both eleven coordinate; the

The molybdenum-oxide cluster chains

waist Mo atoms, Mol, which are bonded to seven Mo and four O atoms, and
the apical Mo atoﬁs, Mo2, which are bonded to six Mo and five O atoms.
One of the shortest Mo-Mo bond lengths, 2.787(4) ﬁ, is found on the
shared edges of the octahedral units perpendicular to the ¢ axis
diréction. The longest Mo-Mo bond distance, 2.853(1) R, is equal and
parallel to the length of the.c axis. There are two different Mo-Mo
bond lengths of 2.785(2) & and 2.794(2) R between molybdenum atoms Mol
and Mo2. The molybdenum bond distances within the repeat unit,
2.787(4)(1X), 2.853(1)(4x), 2.785(2)(4X), and 2.794(2)(4X) R, result in
an average distance of 2.809 A. This value is only 0.004 it longer than
the average distance 1in NaMo406, and 0.082 R longer than the distan;e
between nearest neighbors in bcc molybdenum metal.

The oxygen atoms in this structure are each bonded to three

molybdenum atoms in two different geometries. Oxygen atoms 02 and 03



Figure IV-2. A view of one rolybdenum-oxide cluster chain in~Ba0 62M°406 =

2+ 1.24- . .
Ea0.62[(M02M04,.208/202/2)02/2 ] extended parallel with the c axis.

Fifty percent probability isotropic thermal ellipsoids are shown

8cl
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(Figure IV-1) are shared between octahedral units within the chaiﬁs, as
depicted in Figure IV-2, and are in a trigonal pyramidal-like
coordination with two Mo2 atoms and one Mol atom. The doubly-bridging
oxygen atoms in Figure IV-2 are also the singly-bonded oxygen atoms on
a neighboring metal-oxide cluster chain; just as the singly-bonded
oxygen atoms pictured are doub]y—bridging to molybdenum atoms along the
edge of another adjacent cluster chain. As a result, the molybdenum
atoms are arranged around these interchain oxygen atoms in approxi-
mately trigonal planar coordination. A view of the structure down the
é axis, Figure IV-3, shows the arrangement of oxygen atoms within and
between cluster chains. The average intrachain Mo-0 bond length of
2.053 R in this compound is quite comparable to the value of 2.049 KA‘
found in NaMo406. However, the interchain Mo-0 bond lengths consisting
of two short bonds, 2.022(13) R, and one Tong bond, 2.084(]9)'3,
. result in a longer average Mo-0 distance relative to that observed in
NaMo4O6, !ig,, 2.043 R vs. 2.018 R. The two.short Mo-0 bonds involve
the Mol atoms where the interchain oxygen atom is doub]y—bridgiﬁg on an
edge of the octahedral cluster repedal unil.

| It cén also be seen from Figure IV-3 that the principal features
of this structure are éxatt]y 1ike those of NaMo4O6 except the unit cell
is distorted from tetragoné] to orthorhombic symmetry. In part, this is
a result of a slight rotation of each Mo,0, chain about its own axis
paralle] to the c axis. The rotation of each chain is in a direction
opposite to that of each of its neighbors. Thus, the 0-0 distances
between atoms in neighboring chains are reduced in one direction‘and

increased in the other direction within the a-b plane.



130

oz
R

AN

Figure IV-3. The structure of'Bao;62M0406 (subce]l reffnement)
as viewed down the ¢ axis showing the crosslinking
of cluster chains and barium ion positions along
the channels
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A Figure IV-3 also shows that the Ba2+,ions occupy sites in channels
formed by four metal-oxide cluster chains crosslinked by Mo-0-Mo bonds
as described above. Each barium ion is surrounded by eight intrachain
oxygen atoms, 02 and 03, forming a rectangular box (angles in the a-bv
mirror plane are actually 90.6° and 89.4°) compressed along the c axis
with 0-0 distances of 2.853(1), 3.144(22), and 3.622(22) R. This box
contains two barium ion sites symmetrically ré]afed through the
inversion center located at the center of the box. Only one of these
two sftes, which are 0.74 K apart, can be occupied by a barium ion at
any time. The barium ion position gives rise to two average Ba-0
distances of 2.620 A and 2.998 &. In addition, there are two inter-
chain oxygen atoms, 01 in Figure IV-3, as next-nearest neighbors to
barium each with a Ba-0 distance of 3.19 R.

The cause of the reduction in symmetry from tetragonal for NaMo406
to orthorhombic for Ba0.62M°406 is not obvious. If the effect is
electronically driven, then it results from only an additiona] 0.24
electrons per Mo406 unit. A lowering of the structural symmetry could
also be due to the presence of the more highly charged Ba2+ ions. In
NaMo406, the sp2-1ike oxygen atoms, each bridging two individual |
cluster chains, possess the capability of pi bonding to the molybdenum
chains through the unhybridized p orbitals. In 830.62M°406’ these Tone
pair p orbitals weakly interact with the Ba2+ ions as evidenced by the
Ba-01 interatomic distance of 3.19 A. This distance is approximate]y
0.35 & longer than the sum of jonic radii (12) for barium and oxygen.

Each barium ion can attract electron density from the unhybridized
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p orbitals of two interchain oxygen atoms through opposite faces of
the surrounding rectangular box of intrachain oxygen atoms. Only one

" lobe of each lone pair p orbital is proper]y directed and close enough
for interaction wfth barium. The resulting po]arization of e]ectroﬁ
density in these orbitals towards the divalent cation Cou1d, therefore,
cause loss of the sp2-1ike p1énarity, and reduction in overall

structural symmetry as shown in Figure IV-3.

Structure Description and Discussion of the

Ba0_62Mo406 Supercell

The final positional parameters for the Ba0.62M°406 supercell are
1isted in Table IV-4. Thermal parameters are given in Table IV-5;
however, the significance of these numbers is questionable due to
strong correlation effects in the structural refinement. Important
molybdenum interatomic distances are listed in Table IV-6, and Mo-Mo-Mo
bond angles are given in Table IV-7. The atomic labels in these two
tables correspond to those shown in Figure IV-4. Mo]ybdenum—oxygen and
barium-oxygen interatomic distances are not tabulated because of their
very high standard deviations, 0.08 R (ave); all of the Mo-0 bond
distances are well within 30 of being equivalent. The Mo-0-Mo bond
angles are not listed because they possess large standard deviations of
3-4 degrees. The high standard deviations for the metal-oxygen
distances and Mo-0-Mo angles are'also a consequence of the correlation
problem encountered during the structural refinement. Observed and

calculated structure factors are available as supplementary material.



Table IV-4. Positional
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parameters for the Ba0}62M°406 supercell
Atom X y z
Bal 0.00 0.00 -0.50
Ba?2 0.00 0.00 0.1083(4)
Ba3 0.00 0.00 0.2686(3)
Ba4 0.00 0.00 A 0.0289(18)
MoA1 0.1318(18) 0.6605(15) 0.00
MoA2 0.1279(7) 0.6463(11) 0.1319(3)
MoA3 0.1419(10) 0.6507(14) 0.2474(4)
MoA4 0.1326(9) 0.6457(10) 0.3803(3)
MoA5 0.1412(11) 0.6565(14) 0.50
MoB1 0.6087(14) 0.0884(13) 0.0660(3)
MoB2 0.6146(10) 0.0982(9) 0.1863(5)
MoB3 0.6076(9) 0.0922(8) 0.3170(3)
MoB4 0.6110(15) 0.0920(13) 0.4347(3)
0A1 0.280(12) 10.799(10) 0.00
0A2 0.273(10) 0.822(7) 0.124(3)
0A3 0.265(9) 0.810(11) 0.251(4)
0A4 0.276(9) 0.827(6) 0.375(3)
0A5 0.271(16) 0.803(11) 0.50
0B1 0.041(8) 0.755(10) 0.061(3)
0B3 0.011(8) 0.760(6) 0.191(3)
- 0B5 0.024(5) 0.745(6) 0.315(3)
0B7 0.021(11) 0.764(11) 0.442(3)
082 0.238(9) 0.064(12) 0.061(3)
0B4 0.226(5) 0.055(6) 0.194(2)
0B6 0.253(7) 0.066(8) 0.311(4)
0B8 0.251(7) 0.058(9) 0.439(2)




Table IV-5. Thermal parameters for the Ba Mo ,0 superce]]a’b

0.62 7476

Atom B11 B22 B33 By2 B13 - By
Bal 0.67(28) 0.80(30) 3.47(42) - -0.56(30) 0.00 0.00
Ba2 1.34(22) 1.13(23) 2.61(33) 70(22) 00 0.00
Ba3 0.46(15) 1.22(19) 1.45(20) 03(17) 00 00
Ba4® 0.29(123)
MoAl 1.16(29) 0.47(29) 1.32(27) 0.13(24) 0.00 .0.00 :
MoA2 0.16(14) 0.69(18) 0.98(19) -0.18(14) 0.34(15) -0.15(18)
MoA3 1.04(19) 0.46(18) 1.22(21) -0.24(15) -0.38(18) -0.41(21)
MoA4 0.09(12) 0.19(14) 0.10(13) -0.03(12) 0.05(13) - -0.06(13)
MoAS5 0.02(22) 0.41(27) 1.07(24) -0.01(25) .00 0.00
MoB1 0.87(16) 1.17(19) 0.02(18) 0.12(14) -0.02(18) -0.06(18)
MoB2 0.65(14) 0.46(15) © 0.48(14) 0.19(12) -0.27(15) -0.26(15)
MoB3 0.14(13) 0.57(15) 0.21(15) -0.09(11) -0.13(15) -0.17(15)
MoB4 0.78(17) 0.47(17) 0.30(16) -0.12(13) -0.33(15) -0.06(15)

The genera1 thermal parameter express1on used is exp[- 1/4( ] 2a*2 + Bzzkzb*2 +
28B. 3kJLb c*) 1.

bOxygen atoms constrained isotkopica]]y with B =1.0 Kz.

CIsotropic value.

el
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Table IV-6. Molybdenum-molybdenum bond distances (ﬂ) in the
Ba0»62M0406 supercell

A1-A2 3.014(7) » A4-B3' 2.757(12)

(

A1-B1 2.830(18) A4-B4 2.682(15)
A1-B1' 2.880(17) A4-B4' 2.652(15)
A2-A3 2.637(11) A5-B4 2.895(15)
A2-Bi 2.767(13) ‘ A5-B4' 2.874(17)
A2-B1' 2.759(15) | B1-B1' 2.700(26)
A2-B2 2.661(12) B1.'-B1" - 3.012(12)
A2-B2' 2.705(14) B1-B2 2.746(13)
A3-A4 3.033(11) | B2-B2' 2.912(18)
A3-B2 ' 2.858(14) B2-B3 2.985(13)
A3-B2' 2.826(16) B3-B3' 2.734(17)
A3-B3 2.914(12) B3-B4 2.684(10)
A3-B3' 2.885(15) B4-B4' 2.780(27)
Ad4-AS 2.735(6) B4-B4" 2.981(15)
A4-B3 2.754(11)




Table IV-7.

Selected Mo-Mo-Mo bond angles (deg) in the Ba
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Mo ,0

supercell 0.6274°6
B1-A1-B1" 56.4(5) A3-B2-B2" 58.7(4)
B1'-A1'-B1" 64.3(5) A3-B2-B3 159.8(3)
B1'-A1-B1" 63.1(5) A3-B2'-B2 59.7(3)
B1-A2-B1" 58.5(5) A3'-B2-B3 59.5(3)
B1-A2-B2 60.7(3) B1-B2-B2" 87.8(3)
B1-A2'-B2 60.3(4) B1-B2-B3 176.0(5)
B2-A2-B2' 65.7(4) B2'-B2-B3 88.3(2)
B2-A3-B2' 61.6(4) A3-B3-A3' 87.4(4)
B2-A3-B3 62.3(3) A3-B3-B2 57.9(3)
B2-A3'-B3 63.0(4) A3-B3-B3' 61.3(4)
B3-A3-B3' 56.3(4) A3'-B3-B2 57.5(3)
B3-A4-B3' 59.5(4) A3-B3'-B3 62.4(3)
B3-A4-B4 59.2(3) A4-B3-A4" 87.7(4)
B3-A4'-B4 59.5(3) A4-B3-B3' 60.3(3)
B4-A4-B4' 62.8(5) A4-B3-B4 59.1(4)
B4-A5-B4 "' 57.6(5) A4-B3'-B3 60.2(3)
B4-A5-B4" 62.0(4) A4'-B3-B4 58.3(3)
B4-A5'-B4" - 62.5(5) B2-B3-B3' 91.7(2)
Al-B1-AT" 1 89.8(5) B2-B3-B4 177.8(5)
A1-BY-B1" 62,7(b) B3'-B3-B4 90.5(3)
A1-B1'-B1 60.9(5) A4-B4-A4' - 91.4(5)
A2-B1-B1’ 60.6(5) A4-B4-B3 61.8(3)
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Tab]é_IV-7. (,Continued')

A2-B1-B2 57.7(3) : A4-B4-B4' 58.
A2-B1'-Bl 60.9(4) | - A4'-B4-B3 62.
A2'-B1-B2 58.9(3) | A4-B4' -B4 59.
A2-B1-A2' | 86.0(4) A5-B4-A5" 90.
- B1'-B1-B2 92.2(3) A5-B4-B4' ~ 60.
A2-B2-A2" 89.2(4) A5-B4-B4" 59.
A2-B2-B1 61.5(4) A5-B4'-B4 61.
A2-B2-B2' 57.9(4) A5'-B4-BA" 58.
A2'-B2-Bl 60.8(4) B3-B4-B4' 89.
A2-B2'-B2 56.4(3) B3-B4-B4" 179.
A3-B2-A3' 89.6(5) B4'-B4-B4" 90.0
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ngure IV-4 is an ORTEP drawing of a section of one mo]ybdeﬁum-'
oxide cluster chain showing five of the eight subcell units extended
along the c axis; Bonds between molybdenum atoms are represented by
the solid, filled 1lines, while Mo-0 bonding is represented by the open,
unfi]]ed lines; only fhe mo]ybdenum atoms are labeled. Atoms Al and A5
Tie in mirror~p1ane§ perpendicular to the ¢ axis at z = 0 and 1/2,
respectively, and all other Mo atoms occupy general positions in space
' group Pbam. There is a twq-fo]d axis of rotation running parallel with
the ¢ axis and passing through the midpoint of. the bonds between atoms
B1-B1', B2-B2', etc. However, inversion centers in these cluster chains
are only located midway between molybdenum atoms Al1-Al1' and A5-A5'.

It can be seen from this figure that the supercell molybdenum-oxide
ciuster chains are distorted from the highly symmetric chains found in
NaMo406 (11). The architecture of the chains and the connectivity
within and between'cluster chains is basically the same as described
for the Ba0.62Mo406 subcell (see above). The most obvious structural
difference between these distorted chains and those of the subcell is
the alternating long-short-long molybdenum bond distances along the
c axis direction of the supercell (see Table IV-6). The average
molybdenum bond lengths per octahedral unit also alternate along the
chain. Of the five bonded octahedral cluster units shown in Figure
IV-4, the first, third, and fifth have an average Mo-Mo bond length of
2.880 A; the second and fourth octahedral units have an average bond
]engfh of 2.743 R. The bverall average molybdenum bond distance within

the supercell repeat unit is 2.811 ﬁ, which compares favorably with the



Figure IV-4. A section of one mo]ybdenum-oxide cluster chain in the Ba0.62M°406 supercell
.showing one-half of the repeat unit along the c axis between atoms AT1(Al1')
and A5(A5'). 0Only the molybdenum atoms are labeled. An average isotropic
value for molysdenum and oxygen are represented by the fifty percent

probability tharmal ellipsoids

6el
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subcell average bond Tength of 2.809 R. Within and between the
infinite chains, the average Mo-0 bond distances remain quite compa-

rable to those in the Ba, (oMo 0. subcell, viz., 2.053 and 2.043 R in
the subcell vs. 2.059 and 2.047 R in the supercell, for the intrachain
and interchain oxygen atoms, respectively.

A three-dimensional view of the superstructure down the c axis is
“given in Figure IV-5. This drawing shows. the crosslinking of the
distorted molybdenum-oxide cluster chains and the resulting barium ion
sites along the channels, Each barium ion is surrounded by eight
intrachain oxygen atoms forming a distorted rectangular box compressed
along the ¢ axis. To a first approximation, only five of the eight
boxes stacked along the c axis of the unit cell are occupied by barium
ions. The arrangement of these barium ions along one channel of the
unit cell is shown in Figqure IV-6. The barium ion at the center of the
channel, Bal, lies on an inversion center at (0,0,1/2); its two
adjacent sites are empty. The average Ba-0 bond distance for this atom
is 2.75(8) R. The two Ba2 ions and the two Ba3 ions are related
through the jnversion center at (0,0,1/2). Barium ions Ba2 and Ba3
occupy adjacent sites along the channel, but they are shifted away from
each other along the c axis to minimize electrostatic repulsion. The
positions of these cations along the channels result-in a short and
long average barium-oxygen bond distance for each; 2,.63(9) ﬂ and A
2.99(6) A for Ba2, and 2.70(7) R and 2.88(6) & for Ba3. The refined
occupation numbers of 1.03(2) for Bal and 1.02(2) for Ba3 indicate full

occupancy for these two cations, whereas a partial occupation value of
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Figure IV-5. The superstructure of BaO 62Mo406'as viewed down the
¢ axis showing the crosslinking of cluster chains and
barium ion positions along the channels
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0.88(2) for Béz was‘obtained. A fourth barium ion site was diécovered
from<the structural refinement (Ba4 in Table IV-4), and fs labeled

-with an x in Figure IV-6. This site,lwhich is adjacent to the Ba2 site,
 is dn]y-partially occupiéd with a refined occupation number of 0.10(2).
Thus, it appears thdt the Ba2vion is statistically disordered between - -
two neighboring sites with a distribution ratio 6f 9:1. This

apparent- disorder in the supercell suggésts fhe‘existehce of an even
larger supercell where a]]kof the barium 16ns are brdered in fu11y

occupied sites.
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CONCLUSIONS

The Mo406.structure type is now known to incorporate Li, Na, K,
énd Ba jons within its channels (2,11). Compared to NaMo406, the
ABAO.62M°406 phase is slightly more reduced by ca. 0.25 electrons. The
Tonger overall average Mo-Mo bond distance in this compound, viz.,
2.810 R for Ba, (oMo,0p vs. 2.803 R for NaMo,Op, suggests that the
additional electrons occupy antibonding orbitals (or bands), but other
effects coﬁ]d also be responsible for this small difference (e.g., size
and charge of the cation within the channels, or extent of Mo-0 pi
bonding). The 16nger average Mo-0 bond distance fof the interchain
oxygen atoms in'the barium compouhd, re]ative‘to‘NaMo406, could result
from a diminished bi bonding interactibn or from the reduction of |
synmetry from tetragonal to orthorhombic. However, explanations for
the adoption of orthorhombic symmetry and its affect on the structural
detgi]s are only speculative at this time.

'. ~ The superlattice ordering of barium ions in the channe]s_qf
.Ba0.62M°406 is similar fo that observed in hollandites (13) gnd

related materials (e.g., BaxTig_ngxO]é). The ghanne]s in these -
ho]]andité phases are essentially identical to. those in the Mo_406
compand;..'Apparently, the barium ions in the Ba0.62M0406 superce11‘
are 6fdered’jn a mannér:that minimizeé the barium-barium electrostatic
repulsion contribution to the lattice energy. Least-squares refinemenf

of the sdperstructure was plagued with correlation prob]emslwhich made

‘a final comparison of Mo-0 bond distances impossible. In spite of
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these problems, the alternating Mo-Mo bond distances along the c axis
of the supercell appear statistica]]yAsignificant, but there is no
obvious connection.between this pattern and that of the barium ion
ordering. There is no doubt that the presence of barium-in the
channels influences the relative positions of its surrounding-oxygen
atoms. It is very possible that the molybdenum atoms associated with
these oxygen atdms also 'feel' the presence of the barium ions and
become positioned in the observed periodic manner. Further research
into the Mo406 structure type will, hopefully, answer many of the

questions raised by the present superstructure analysis.
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SECTION V. THE PREPARATION AND PARTIAL CHARACTERIZATION OF
SOME REDUCED TERNARY OXIDES OF MOLYBDENUM CONTAINING
Na, K, AND Ca
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INTRODUCTION

The syntheses and characterizations of several new reduced
moTybdenum oxides have recently been reported (1,2). Some of these
compounds incorporate discrete trimeric or tetrameric molybdenum atom
ciusters, while others contain infinite chains of bonded molybdenum |
atoms. In the course of this reducea molybdenum oxide research, three
_more new compounds have been synthesized. From analytical and x-ray
pbwder diffraction data, the tentative formulas K2+XM012019,
Na2+XMo]2019, and CaM0508 have been assigned to these compounds. This
section reports the preparation and partial characterization of these

new ternary molybdenum oxides.
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EXPERIMENTAL
Materials

The starting materials used were Fisher.Certified A.C.S. MoO3 and

"KOH, 'Baker Analyzed' Reagent'(NH4)6M07024-4H20 (83.0% as Mo0,) and

3
anhydrous CaCl, (97.8%), Aldrich molybdenum powder (99.99%), Thermo-
Electron Corp. molybdenum tubing (99.97%), and Rembar Co. molybdenum
sheet (99.95%). Potassium molybdate was prepared by the reaction of KOH
‘with the stoichiometric quantity of MoO3 in deionized water. The
molybdate solution was filtered, its volume reduced by heating, and the
precipitate collected on a glass frit. The product was finally dried at
120°C and étored over P4Oi0. Calcium molybdate was prepared by mixing a
filtered aqueous solution of CaC]2 with an aqueous solution containing
the stoichiometric quantity of ammonium heptamolybdate tetrahydrate

and ammonium hydroxide. The white precipitate was collected on a glass
frit, washed several times with deionized water, dried at 110°C for one
hour and at 500°C overnight, and stored over P40]0. Molybdenum dioxide
was prepared by the hydrogen reduction of MoO3 at 460°C for 40 hours.
The reduced materijal was washed several times with alternate bortions of
3M NH4OH, deionized water,‘and 3M HC1 until the washings were colorless,.

and finally dried in vacuo at 110°C. Anal. Calculated for MoO,: Mo,

74.99.‘ Found: Mo, 74.96,
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‘ Syntheses

KZ*XMO]ZO

19

In a typical reaction, MoO2 (1.32 g, 10.3 mmo1) and K2M004 (0.61 Q,
2.6 mmole) were mixed by grinding.inAa mortar and sealed in an |
evacuated molybdenum reaction tube (3.5 cm long, 1.3 cmo.d.). This
Mo tube was sealed in an evacuated inconel protection tube, and then
held at 1100°C for 5-7 days. The contents of the tube were washed
several tihes with deionized water to remove unreacted K2M004, rinsed
with several portions of acetone, and air dried.

‘A range of product crystallinity was ohserved from one preparation
to another. One of these reactions produced many small black crystals
each consisting of three intergrown hexagonal platelets. Guinier x-ray
powder diffraction patterns were always free of MoO2 and Mo lines.
Elemental analyses and oxidation state determinations on molybdenum
were perfbrmed for the products of two separate reqctions. For determi-
nation of the molybdenum oxidation state, weighed samples wefe dissolved
in standardized ceric sulfate-3M H,50, solution. After complete
oxidation of all molybdenum to Mo(VI), the excess Ce(IV) was titrated
with standard Fe(II) solution. The analytical results for the two
reaction products were:

1) K, 5.05; Mo, 74.0; Mo (+2.95)
2) K, 6.26; Mo, 74.0; Mo (+2.94).
The first set of results gave a Mo/K ratio of 6/1, and the stoichiom-

étﬁy K2M°12019 was obtained., Calculated values for this composition

were: K, 5.10; Mo, 75.1; Mo (+3.00). The second set of analytical
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data, which gave a Mo/K ratio of 6/1.25, resulted in the formula
K2 5M°12019' Calculated values for this composition were: K, 6.29;
Mo, 74.1; Mo (+2.96). Based on the combined analytical information

given aboye, the tentative formula K2+XM012019 was assigned.

Nas, Mo1904g

This phase was first discovered as small crystals growing on the
‘ends of a molybdenum reaction vessel used in the preparétion of the
combound NaMo406 (2,3). Only a few milligrams of this hew phase Were
‘obtained. Electron microprobe analyses confirmed the presence of sodium
and molybdenum as well as the absence of potassium in this phase. From
Guinier x-ray powder diffraction data, the sodium compound appeared to
be isomorphous with K2+xM°]2019; therefore, the 1’o_rmu1a'Na2+xMo]20]9 was

assigned.

CaM0508

Calcium molybdate and molybdenum dioxide in mole ratio 1:] were
mixed by grinding in a mortar and sealed in an evacuated mo]ybdenum'
reaction tube (3.5 cm long, 1.9 cm 0.d.). This Mo tube was sealed in
an evacuated fuéed quartz tube and the reaction mixture he]d at 1100°C
for 7 days. One end of the molybdenum tube contained bundles of small,
black, chunk-Tike crystals mixed with unreacted CaMoO4. The other end
of the tube contained thin whiskers of MoO2 as evidenced froﬁ'an Xx-ray
powder dfffraction pattern. The chunk-1ike crystals were isolated from
the calcium molybdate by dissolving the latter in 0.5 M HC1L There was

no apparent affect on the new compound by this treatment. A Guinier
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'x-ray powder diffraction pattern of powdered crystals did not show any
lines for Mo, M002, or CaMoO4. The stoichiometry CaM0508 was obtained
from elemental analyses and results of oxidation-reduction titrations
Mo,,0,4). Anal. Calculated for CaMo_0:

" R2ex 12719 5°8°
Ca, 6.19; Mo, 74.1; Mo (+2.80). Found: Ca, 6.25; Mo, 72.0; Mo (+2.80).

(as described above for K

The compound CaM0508 was also prepared from the stoichiometric
quantities of CaMoO4, Mo0,, and Mo in the presence of a C52M004'f]ux.
Thus, CaMoO4 (0.62 g, 3.1 mmole), MoO,, (0.79 g, 6.2 mmole), Mo (0.59 g,
6.2 mmole), and Cs,Mo0, (0;30 g, 0.70 mmole) were mixed by grinding in
a mortar, pelletized under 700 kg/cmz, and sealed in an evacuated
mo]ybdendm reaction tube (3.5 cm long, 1.3 cm o0.d.). After sealing
this Mo tube in an evacuated inconel protection tube, the reaction
mixture was held at 1100°C for 5 days. The product was washed several
times with 1.5 M HC1 until the washings were colorless, then rinsed with
deionized water and dried in vacuo at 110°C. A Guinier x-ray powder
diffraction pattern 6f this polycrystalline material was identical to
that obtained from the powdefed crystals; the lines of MoO2 and Mo were
absent. The composition of this preparation was also calculated as
CaMo 0, from élemental analyses and oxidation state determinations for

afloglg
molybdenum. The results were: Ca, 5.87; Mo, 74.8; Mo (+2.84).

X-Ray Powder Diffraction Data

An Enraf Nonius Delft triple focusing Guinier x-ray powder
diffraction camera was used with Cu K a; radiation (A = 1.54056 R) to
obtain d-spacings. National Bureau of Standards silicon powder was

mixed with all samples as an internal standard. The lines and their
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relative intensities for the compounds K,  Mo,,0;q> Na,,,Mo150y9s and.

CaM0508 are listed in Tables V-1 through V-3, respectively.

‘Table V-1. Observed d-spacings for K2+xMo]20]9

d-Spacing Intensitya : d-Spacing Intensitya

6.776 vs 2.203 m
6.136 W 2.045 ‘m
4.559 vw 1.953 s
4.231 vw 1.948 s
4.051 ' VW 1.941 .S
3.112 m - 1.909 m
2.967 , m 1.834 m
2.838 W 1.826 m
2.508 m 1.708 m
2.483 m 1.701 m
2.420 m 1.497 W
2.415 m 1.493 m
2.399 m 1.449 m
2.335 m 1.439 m
2.280 m 1.435 m
2.265 W 1.379 W
2.209 m 1

.323 W

a .
vs = very strong, s = strong, m = medium, w = weak, vw = very
weak. -



Table V-2. Observed d-spaéings for NaanMO 0
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12719

d-Spacing Intensitya d-Spacing Intensitya
6.654 Vs 2.198 W
6.047 W - 2.184 - W
5.178 W 2.059 W
4.401 W 2.040 w
4.002 VW 2.026 W
3.423 1.941 s
3.110 - 1,931 S
3.048 wo 1.894 m
3.030 vw 1.822 w
2.931 s 1.814 W

- 2.875 W 1.787 vw
2.811 W 1.743 vw
2.763 W 1.696
2.687 s 1.689 m.
2.502 m 1.581 VW
2.486 S 1.505 W
2.481 m 1.486 W
2,414 - 1.481 m
2.396 s 1.440 m
2.308 m 1.439 m
2.266 m 1.429 m
2.25%1 W 1.324 w
2.208 W '

a

weak.

vs = very strong, S

= strong, m = medium, w

= weak, vw = very
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Table V-3. Observed d-spacings for CaM0508

d-Spacing Intensitya d-Spacing Intensitya‘
6.555 Vs 1.976 W
5.513 W 1.943 W
4.322 W 0 1.925 s
3.793. W 1.904 s
3.110 m 1.849 m
2.954 m 1.822 m
2.898 W 1.798 W
2.877 5 1.780 m
2.843 m 1.701 W
2.769 W 1.679 m
2.750 W 1.674 W
2.673 s 1.665 m
2.498 s 1.648 W
2.480 m 1.567 W
2.451 m 1.469 m
2.435 W 1.465 m

. 2.406 m 1.461 W
2.393 s 1.459 m
2.366 s 1.445 m
2.266 m 1.427 m
2.232 m 1.419 m
2.192 s 1.351 W
2.]74 w 1.324 W
2,165 W 1.294 W
2.054 S

qys = very strong, s = strong, m = medium, w = weak, vw = very
- weak.
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Crystal Indexing

Crystals of K2+XMO]20]9, Na2+xMo]2019, and CaMo5O8‘were placed on
the tip of é glass fiber with epoxy adhesive, or in a 0.2 mm Lindemann
glass capillary with a small amount of silicone grease. Each crystal
was mounted on an automated four-circle x-ray diffractométer designed
and built in the Ames Laboratory (4). Three or four w-oscillation
photographs were then taken at various yx and ¢ settings. Several
reflections obtained from these photographs were inpuf into an
automatic indexing program (5)._ Lattice parameters calculated by this

program were not refined.
Pressed Pellet Electrical Resistivity Measurement .

A pellet of K2+XM0120]9'powder (0.32 cm diam, 0.2 cm thick) was

2 and sintered in an evacuated fused quartz .

pressed under 500 kg/cm
Aampou]e at 900°C for 60 hours. Four pﬁatinum wire leads were attached
to the pellet with silver adhesive. Electrical resistivity measure-
ments were made using a standard four probe a.c. (27.5 Hz)‘method by
recording the voltage across the pressed pellet as a function of
temperature. The cooling rate.was adjusted to 1-2 degrees/minute

and temperature read1ngs were provided by Pt and Ge resistance
thermometers. Voltage readings were recorded approximately every two
degrees in the interval 20-280 K and at Tcast cvery degree from 1.5 -

20 K. The voltage across a standard cajibrated resistor was measured

periodically and showed no significant change during the course of the
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experiment. The ratio of the measured resistivity to that measured at

288 K was graphed as a function of temperature.
Magnetic Susceptibility Measurement

The magnetic susceptibility of ﬁhe solid compound K2+xM°12019
was measured by the Gouy method in air at room temperature. The molar A
susceptibility was corrected for diamagnetic contributions from the
constituent atoms. Assuming the average composition K2.25Mo]2019, |
a value for the corrected molar susceptibility, X , of 1200 x 107° (cgs
uni;s)/formu]a unit or 100 x 10-6 (cgs)/gram atom of Mo was obtained.
The corresponding effective magnetic moment values of 1.7 and 0.5 B.M.,
respectively, were calculated assuming the compound obeyed the Curie

law, pype = 2.84 (x! Ve,
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RESULTS AND DISCUSSION

The compound K2+xM°12019 can be easily prepared from K2MoO4,
M002, and Mo (Supplied by the molybdenum reaction vessel) at 1100°C
as long as a two-fo]d excess of K2M004 is present. Reactions 1nVo]ving
the stoichiometric qﬁantities of K2M004, M002, and Mo powder, including
a ten percent excess of potassium molybdate, always gave mixtures of
K2+xM°120]9 and unreacted‘starting materials. Slightly different
analytical results Were obtained on the products of two separate
preparations (i.e., KoMoq 0,4 and K2.5Mo]20]9)._ These results may
indicate é structure possessing a variable potassium ion level.
Although crystals o1°‘K2+xMo]20]9 were obtained in one reaction product,
the conditions for crystal growth have not yet been established. A
problem associated with these crystals, as well as those of

Na M0]20]9, is that they are actually composed of two or more inter-

2+X
grown single crystals. Several of these multiple crystals were broken_
into smaller pieces with the hope of obtaining a segment of a single
crystal. The segments were of dimensions on the order of 0.1 mm

along each edgei- The potassium and sodium compounds were indexed, and
Targe unit cells were calculated for both. A hexagonal unit cell was

obtained for eéch of several K Mo]ZO]9 crystals with cell dimensions

2+X
of a=40.5A and ¢ = 9.35 &. Only one crystal of Na2+xMo]2019 was
indexed, and it also appeared to be hexagonal with unit cell dimensions
of a = 40.0 R and ¢ = 9.30 R. The smaller unit cell volume for the

sodium compound was consistent with x-ray powder diffraction data
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(Tables V-1 ahd V-2). If the large axial ]atticé parameters are
correct, an x-ray strqcture determination for either of the two
compounds will be very difffcu]t.

A pressed pellet e]ectrica] resistivity ratio vs. temperature curve
“was obtained for K2+xM°12019 and is shown in Figure V-1. The value of
the pressed pellet electrical resistivity at room temperature is
ca. 5 x 10—2 ohm-cm. Injtia]]y, the resistivity increases slowly as
the temperature is lowered and is almost linear to 120 K. At this
| point,‘the increase in resistivity becomes more rapid and reaches a
maximum va]ue'at T = 8 K with roughly twelve times the room temperature
electrical resistance. The resistivity then drops sharp]y in the
temperature interval 7 - 1.5 K. However, a.c. susceptibility measure-
ments in the temperature range 1.1 - 30 K showed no evidence for a
magnetic phase trahsition. The pressed pellet electrical resistivity

behavior of K Mo]ZO].9 is essentially identical to that of the

2+X
compound NaMo4O6 (3). A magnetic phase transition in the temperature
interval 1.1 - 30 K is also absent for the latter compound.

The observed magnetic moment of approximately 1.7 B.M. for
Ko4x101 2019 ,
unit. However, this value could very well be due to a temperature-

0, implies the presence of one unpaired electron per formula
_'jndepehdent paramagnetic contribution. A TIP effect is suggested by
the correcied molar susceptibility value of only 100 x 10-6 (cgs)/gram
atom Mo. Furthermore, there was no change in the a.c. susceptibility

of K2+xM°12019 through the temperature interval 30 - 1.1 K.
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Figure V-1. Electrical resistivity ratio vs. temperature curve for a pressed pellet

of the compound K2+xM°120]9‘ The resistivity at room temperature is
approximately 5 x 10" ° ohm-cm

09t
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The compound CaM0508 can be prepared from the stoichiometric
quantities of CaMoO4, M002, and Mo powder at 1100°C in the presence of
a fluxing material such as cesium molybdate. Without the aid of a
fluxing agent, significant levels of unreacted MoO2 remained in the
product.  The Targest cryétals of CaM0508,‘however,,were obtained from
aAreaction product which included long needles of MoO2 as well as
unreacted CaM004._ Oscillation photographs were taken on many of these |
CaM0508 crystals. The photographs revealed that most of the chunk-like
specimens were actually twinned or multiple crystals. Three apparently
single crystals were found, with average dimensions of 0.15 mm/edge,
and indexed as orthorhombic with unit cell dimensions of a = 14.41 R,

b =24.46 R, and ¢ = 9.06 A. However, there were some weak low-angle
reflections visible in the axial oscillation photographs that indicated
‘the existence of a much larger unit cell than the one calculated by the

indexing program.
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CONCLUSIONS

Three new reduced ternary oxides of molybdenum'have been
synthesized. The compounds K2+xM°12019’ Na2+XMo]20]9, and CaM0508
contain molybdenum in an average'oxidation state of approximately +3.
~With an average of three electrons per molybdenum atom available for
metal-metal bonding, these compounds wou?d be expected to contain metal
atom clusters of some sort. For example, the compound NaMo406 (3), with
an average Mo oxidation state of +2.75, contains infinite chains of
bonded molybdenum atoms.A In the compound Ba]']4Mo8016‘(6), containing
molybdenum in a net oxidation state of +3.72, discrete tetrameric
molybdenum atom clusters are found. Strong similarities in the
electrical resistivity vs. temperature curves for NaM6406 and

K +XM0120]9 suggest a structural relationship between the two compounds .

2
HoWever,‘crysta] morphology indicates otherwise; NaMo406 grows as long
needles, while K2+XM0120]9 crystallizes as hexagonal plates. Single
crystal x-ray diffraction data will be necessary to determine the

structures of the three new reduced molybdenum oxides reported-here.
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SUMMARY

The original goal of this research project was to prepare reduced
solid state molybdenum oxide compounds containihg trinuctear metal atom
clusters in which the number of electrons available for molybdenum-
molybdenum bonding was varied. This was accomplished with the
synthesis of LiZn2M0308, ScZnMo308, and Zn3Mo308. Metal-centered
molecular orbitals in Mo3O]3 clusters are now known to accommodate six,
seven, and eight electrons as observed in the compounds Zn2M0308,
LiZn2M0308, and Zn3Mo308, respectively. Differences between these
tompounds regarding Mo-Mo and Mo-0 bond lengths were rationalized in
terms of molybdenum-oxygen pi bonding interactions and their affect on
the cluster's molecular orbitals.

In the course of further reéearch in reduced mo]ybdenhm oxide
chemistry, the compound Ba] 14M°8016 was synthesized. It is the first
example of an ox1de system conta1n1ng tetrameric metal atom c1usters,
and is also the first example of a molybdenum hollandite. The
structure of Ba1 14M080]6 was found to contain infinite molybdenum-oxide
c]ﬁster chains extended parallel with the c axis. Four of these metal-
oxidé ciuster chains are interlinked via Mo-0-Mo bridge bonding to
create tunnels in which the Ba2+ ions resfde. There are two different‘

2-

- types of infinite chains in this compound which contain Mo408 and

0.28-
408
Mo,0," units were described as containing a total of ten electrons

4 8
with two electrons per bond; whereas, the M04080'28-

Mo cluster units, respectively. The five Mo-Mo bonds in the

units contain
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uapproximate]y eigﬁt electrons distributed in 3 two-electron bonds, and
2 one-e]ectroﬁ bonds. The, compound Ba].mMogO]6 also exhibits a super-
lattice ordering of barium ions within the partially océupied channels.

The most interesting material to emerge from this ﬁo]ybdenum-
oxide research was the compound NaMo406. The strucfure of NaMo4O6
consists of infinite chains of bonded molybdenum atom c]ustérs. These
chains are comprised 6f clusters of the type Mpﬁo]z'fused at opbosite
edges by removal of two edge—bfidging oxygen atoms, and sharing of the
metal and remaining oxygen atoms between cluster units. Crosslinking
of the infinite chains by Mo-0-Mo bonds provides channels parallel with
the ¢ axis in which the Na+ jons reside. The connectivity within and
between molybdenum-oxide cluster chains can be representéd by the
formulation (M°2M°4)208/202/2)02/2-' There are thirteen electrons in
thirteen Mo-Mo bonds in every Mo406 repeat unit; this results in an
average metal-metal bond order of 0.5. Each sodium ion is coordinated
 to eight oxygen atoms at the corners of a compressed cube. The sodium
jons can be partially ion exchanged with Li+ and K+ in molten LiCl and
KC1 salts, respectively. | |

A continuation of this research into highly reduced molybdenum
oxide compounds led to the preparation of Ba0.62M°406' The struéture
of Ba0.62Mo4O6 is essentially the same as that of NaMo406, but of lower
symmetry. Cluster chains in the barium compound possess an additional
0.24 electrons ber Mo406 repeat unit. Barium ion ordering Within the

channels creates a superlattice where the cations are positioned in a

manner that minimizes Ba2+—Ba2f electrostatic repulsions,
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The syntheses and partial characterizations of the compounds

Koy Moy 0o

Unfortunately, crystal structurés for these compounds have not yet

Na2+xMo]20]9; and CaM9508 were also discussed.

been determined.

The research preéénted above has uncovered several new and
interésting solid state compounds, and has opened the door to some
exciting reduced mo1ybdénum—oxide chemistry. There can be-little
doubt that the future hb]dsAmany more surprising results as reseafch

in this area continues.
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