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The new compounds LiMosOlo (I) and ZnMoaO,,, (II) have been prepared via reactions in sealed Mo- 
tubes at 1370-1450°C between Li2Mo04, Mo09, and MO (3 : 16: 29 mole ratio), and ZnO, MOOR, and 
MO (1: 3 : 5 mole ratio), respectively. The isomorphous compounds are tetragonal, space group Z4,md, 
Z = 4, with lattice constants a = 5.8515(6) A, c = 24.783(3) A for I, and a = 5.8961(4) A, c = 24.840(3) 
A for II, as determined from Guinier X-ray powder patterns. Single crystal structure determination 
shows that these compounds are constructed from infinite chains consisting of edge-shared octahedral 
cluster units. The structure can be viewed as a stacking along the c axis of layers consisting of parallel 
chains, with the chains in successive layers oriented alternately along the a and b axes. Intra- and 
interlayer crosslinking of the chains by MO-O-MO bonds is represented in the connective formula 
[(Mo~Mo~,~O~O.,~)O~~] for the octahedral cluster subunits. MO-MO bonding within the subunits is 
strong, but very irregular compared to analogous compounds containing such chains. Subunit 
MO-MO bond order sums indicate that the bond distortions are effective in accommodating a higher 
electron count in metal-metal bonding states. It is shown that the structures are related to the spine1 
and rock salt structures through an ordered-defect arrangement of the MO and 0 atoms. o 1986 
Academic Press, Inc 

Introduction 

There are now known several structure 
types, typified by NaMo406 (I), SC~.~S 

* Presented at the Symposium on Synthesis in Solid 
State Chemistry: Frontier Structures and Novel 
Results, held during the American Chemical Society 
Meeting, Chicago, Ill., September 9-11, 1985. 
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erated by Iowa State University under Contract W- 
7405Eng-82. This research was supported by the Di- 
rector of Energy Research, Office of Basic Energy 
Sciences. 

Zndfo& (21, Mn~.&fodh (3), and 
Ca5.45M01s032 (4), which contain infinite 
chains of octahedral cluster units fused on 
opposite (trans) edges. The chains can be 
regarded as being formed from condensa- 
tion of M6Xt2 cluster units (5) by elimina- 
tion of two X atoms bridging trans edges of 
the MS octahedral cluster unit and sharing 
of both M and X atoms between adjacent 
units along the chain, as indicated by the 
connective formula Nd(Mo2Mo4dh~ 
O&Od for NaMo406. In each of the 
above structure types the infinite chains 

$ To whom correspondence should be addressed. are extended along one crystallographic 
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axis to produce a material having pseudo- 
one-dimensional character. Coupling of 
the infinite chains through MO-O-MO 
crosslinking creates channels in which the 
ternary metal ions are located in sites sur- 
rounded by 0 atoms arranged in coordina- 
tion polyhedra of various geometries. 

Essential elements for formation of clus- 
ter units and their condensation to form infi- 
nite chains are reduction of the metal atoms 
to provide electrons for metal-metal bond- 
ing, and lowering of the X/M ratio to pro- 
mote unhindered close approach of the 
metal atoms and formation of strong M-M 
bonds (5, 6). Progressive reduction should 
lead from discrete cluster compounds, e.g., 
M,,Mo,Os (7) and M,MosO16 (8, 9), to infi- 
nite chains, e.g., Ca5.45Mo18032 (4) and Na 
Mo406 (I), and ultimately to structures 
condensed in three dimensions, like 
NbO(Nba/20& (10) and the metal itself. A 
logical result included as an intermediate 
step of this progression is formation of 
compounds having infinite chains extended 
in two directions. A few compounds having 
such structures are known, e.g., NaPt304 
(II), CaPt,Ob (12), and Hgz.seAsFh (13). We 
report here the synthesis and structures of 
LiMosOk, and ZnMosOlo, which constitute 
the first members with orthogonal, nonin- 
tersecting chains consisting of edge-fused 
octahedral cluster units. 

Synthesis 

LiMosOlo. Small chunky crystals of this 
compound were first discovered in a prod- 
uct mixture resulting from the reaction of 
LizMoOd, Mo03, and MO in a 3 : 8 : 13 mole 
ratio in a sealed MO-tube at 1450°C for 1 Sd. 
The composition of a crystal of this new 
compound, chosen from the product mix- 
ture, was established through subsequent 
X-ray structure determination. An essen- 
tially pure product was then prepared by 
heating a pressed pellet containing the re- 
quired amounts of powdered LizMoOd, 

Mo03, and MO (3 : 16 : 29 mole ratio) in a 
sealed MO-tube at 1410°C for 2d. A Guinier 
X-ray powder pattern faintly showed the 
strongest line of MO metal, but all other 
lines in the powder pattern could be in- 
dexed on the structure of LiMosOlo. This 
compound appears to be unreactive toward 
air and water over a period of at least a few 
hours. 

ZnMo801,-,. The appropriate quantities of 
powdered ZnO, Mo03, and MO (1: 3 : 5 
mole ratio) were mixed, pelletized, and 
heated in a sealed MO-tube at 1370°C for 2d. 
An X-ray powder pattern showed only the 
strongest line of MO metal in addition to the 
lines which could be indexed on the struc- 
ture of ZnMosOlO. A reaction performed at 
lower temperature (1250°C) for 65 hr re- 
sulted in a mixture containing ZnMosOIO, 
ZnzMo30s, MOO*, and MO. 

Other compounds. Attempts to prepare 
other compounds with the composition 
MMosOk, (M = Mg, Fe, Co, Ni, and Si) 
were unsuccessful. Reaction conditions 
and observed products are summarized as 
follows. 

MgMosOIO (MgO, Mo03, MO, 141O”C, 2 
days), MO&, MO, and Mg2Mo30s. Fe 
MosOlo (Fe203, MOOR, MO, 14OO”C, 42 hr), 
MoOz, MO, and Fe1.89M04.1107. SiMosOlo 
(Si, MOOS, MO, 1630°C 2 days), MO, SiO:! 
(JCPDS 11-695). CoMosO,o (COO, Mo03, 
MO, 1375°C 3 days), MoOz, MO. NiMosOlo 
(NiO, Mo03, MO, 1375°C 3 days), Mo02, 
MO, a-NiMoO.+ 

Preliminary Film Work and X-Ray 
Powder Diffraction 

A single crystal of the lithium compound 
in the form of a chunk was mounted on a 
Weissenberg camera with the a axis parallel 
to the rotation axis. Oscillation and Ok/-lkl 
layer photographs were registered. The 
Weissenberg photographs suggested that 
the Laue group was 4/mmm with the rough 
unit cell parameters a = b = 5.88 A, c = 
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24.7 A. Systematic absences were observed 
for hkl with h + k + 1 = 2n and hhl with 2h 
+ 1 = 4n. 

The film work on a single crystal of Zn 
MosOio indicated that it was isomorphous 
with LiMosOlo. The unit cell parameters 
which were calculated from the axial oscil- 
lation and Weissenberg photographs were a 
= b = 5.90 A, c = 24.9 A. 

The Guinier powder patterns of both 
compounds could be completely indexed 
on the basis of body-centered tetragonal 
cells with a = b = 5.8515(6) A, c = 
24.783(3) A for LiMosOlo, and a = b = 
5.8961(4) A, c = 24.840(3) A for ZnMo8010. 
Cell constants derived from the Guinier 
powder diffraction were used in later calcu- 
lations because of their high accuracy. 

Because ZnMosO1O showed a phase tran- 
sition in the magnetic susceptibility data 
(14) a low-temperature (100-I 10 K) X-ray 
powder pattern was taken below the transi- 
tion temperature (ca. 200 K) with a Rigaku 
powder diffractometer. NBS Si powder 
was mixed with the sample as an internal 
standard. Both R.T. and L.T. powder pat- 
terns were taken under the same conditions 
for data collection. C&o, (A = 1.54056 A) 
was used for calculating the unit cell param- 
eters. The cell constants calculated from 
these R.T. and L.T. powder patterns are 
a = b = 5.9003(4) A, c = 24.848(2) A, and 
a = b = 5.896(l) A, c = 24.836(j) A, re- 
spectively. No extra reflections were de- 
tected at 100 K. Although the intensities of 
a few diffraction peaks appear different at 
low temperature, atomic positions obtained 
from single crystal X-ray diffraction data 
collected at 160 K did not show any signifi- 
cant differences from those obtained using 
the room-temperature data. 

X-Ray Single Crystal Diffraction Studies 

The crystals were transferred to four-cir- 
cle diffractometers and were centered. The 
preliminary unit cell constants and orienta- 

tion matrices were determined by using an 
automatic indexing program (15) that uses 
reflections from o-oscillation pictures as in- 
put. Crystal data and details of the parame- 
ters associated with data collection for both 
compounds are tabulated in Table I. Cor- 
rections for absorption effects were based 
on (b scans of suitable reflections with x val- 
ues close to 90”. Lorentz and polarization 
corrections were also applied. Both data 
sets showed Wmmm Laue symmetry and 
the extinction conditions h + k + 1 = 2n for 
hkl reflections, and 2h + 1 = 4n for hhl re- 
flections. The possible spac_e groups thus 
were Z41md (No. 109), and Z42d (No. 122). 
The structures can be better described in 
space group Z41md (vide infra). The atomic 
scattering factors (16) for neutral atoms 
were used throughout the calculations. 
Both real and imaginary components of 
anomalous dispersion (17) were included 
for all atoms heavier than oxygen. The data 
sets were averaged in 41mmm symmetry 
without any reflections being eliminated. 

Structure solution ofLiA40~0~~. Initial at- 
tempts to solve this structure using either 
direct methods (MULTAN80) or Patterson 
Harker analysis were unsuccessful. The 
Patterson function was found to contain 
many overlapped peaks which prevented 
structural solution. Patterson superposition 
analyses were next employed using a vari- 
ety of shift vectors, initially without suc- 
cess, until an isolated vector which ap- 
peared to be a MO-O vector was selected 
for a weighted superposition. The top 40 
peaks that resulted clearly revealed the 
crystal structure. Subsequent refinement, 
however, indicated that no oxygen atom 
existed at the position corresponding to the 
head of the shift vector; instead a relatively 
large “ripple’ ’ arising from termination 
effects occupied this position. Since the 
Patterson function merely represents a 
self-convolution of the electron density 
function, even such a ripple can image the 
structure. This is the first example to our 



350 LII ET AL. 

TABLE 1 

CRYSTALLOGRAPHIC DATA FOR LiMosOlo AND ZnMosOk, 

LiMosOlo ZnMo80,,, 

Crystal system 
Space group 
Lattice constants (A) 

a 

Volt&e (A3) 
z 

Density (calcd) (g/cm3) 
Crystal dimensions (mm) 
Abs. coeff. (cm-i) 
Reflections for absorp. corr. 

(hkl, 209 TmadTmin) 

Radiation: MoZGY (A, A) 
Scan type: o-scan 
Monochromator: graphite 
Scan half-width (degree) 
Standard reflections 

Number monitored 
Frequency measured 
Intensity variation 

Reflections measured 

Max. 20 (degree) 
Reflections collected 

Observed [Z > 3u(Z)] 
Number unique reflns. [Z > 3u(Z)] 
Number parameters refined 

R (%‘0)8 
Rv (Wb 

Quality of fit indicatorc 

Tetragonal 
Z4,md 

5.8515(6) 5.8961(4) 
24.783(3) 24.840(3) 
848.6(2) 863.5(l) 
4 4 
7.317 7.640 
0.2 x 0.14 x 0.08 0.30 x 0.14 x 0.08 
112.1 137.8 

040, 28.08, 2.06 

0.71034 

0.5 

3 3 c 

Every 75 reflns. Every 50 reflns. 
None None 
hkl, Kkl, hkl, EEl, 
hkl hkl 
60 62.5 
2356 2022 
2156 2001 
374 443 
42 56 
4.2 2.6 
5.2 3.2 
1.94 1.315 

Tetragonal 
Z4,md 

600, 42.38, 1.61 
200, 13.84, 1.77 
0.70966 

0.6 

a R = XllF,, - IF,IIX(F,I. 
b Rv = [Zw(lF,I - IF,~)211Xw(F,~2; w = W(~F,I). 
’ Quality of fit = ]Zw(]F,I - jF# (N observations) - N(parameters))]i’2. 

knowledge where such a ripple effect has 
been used to aid in structure determination. 
We have subsequently verified this effect 
with a different structure and are now pur- 
suing its general ramifications. 

The position of all the oxygen atoms 
were revealed on a Fourier synthesis using 
phases from molybdenum atoms.’ Inspec- 

i Calculations were carried out on a VAX 11/780 
computer. Structure factor calculations and least- 
squares refinement were done using the block matrix/ 
full matrix program ALLS (R. L. Lapp and R. A. Ja- 

cobson, U.S. Department of Energy Report IS-4708, 
Iowa State University, Ames, Iowa, 1979), Fourier 
series calculations were done using the program 
FOUR (D. R. Powell and R. A. Jacobson, U.S. De- 
partment of Energy Report IS-4737, Iowa State Uni- 
versity, Ames, Iowa, 1980), and for molecular draw- 
ings the program ORTEP (C. K. Johnson, U.S. 
Atomic Energy Commission Report ORNL-3794, Oak 
Ridge National Laboratory, Oak Ridge, Tenn., 1970) 
was used. An empirical absorption correction was car- 
ried out using diffractometer +scan data and the pro- 
gram ABSN (B. A. Karcher, Ph.D. dissertation, Iowa 
State University, 1981). 
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TABLE II 

POSITIONAL PARAMETERS FOR LiMosOt 

Atom Position Multiplier x Y 2. B’ (A*) 

MO1 8b 
MO2 Sb 
Mo3 lib 
MO4 8b 
01 8b 
02 8b 
03 8b 
04 8b 
05 8b 
Li 4a 

0.5 0.5 0.2262(Z) 0.0 0.56 
0.5 0.0 0.2353(3) O.W29(6) 0.64 
0.5 0.0 0.2480(3) 0.328X(7) 0.96 
0.5 0.0 0.2760(2) 0.17549(6) 0.63 
0.5 0.5 0.246(2) 0.250(l) 0.59 
0.5 0.5 0.239(2) 0.0811(7) 0.48 
0.5 0.5 0.230(2) 0.4224(9) 1.06 
0.5 0.0 0.242(3) 0.085(l) 1.36 
0.5 0.0 0.263(2) 0.4144(9) 0.24 
0.25 0.5 0.5 0.13X2) 1.33 

LI The isotropic equivalent themal parameter is defined as B = 413 
[&I,, + b*,3u + &3,, + Zab(cosy)/3,z + 2ackms~),3,3 + 2bc(cos a)fld 

tion of observed and calculated structure 
factors showed that some reflections were 
strongly affected by secondary extinction 
effect. A least-squares refinement with an- 
isotropic thermal parameters on all molyb- 
denum atoms and with an isotropic extinc- 
tion factor yielded an agreement factor 
R = 4.7%. A subsequent AF map clearly 
showed peaks at the 4a special position 
which were most likely due to lithium ions. 
A refinement including the multiplier for 
the lithium atom resulted in m(Li) = 0.33(3) 
suggesting that the lithium site was proba- 
bly fully occupied. Final refinement of all 

TABLE III 

BOND DISTANCES (A) FOR LiMosOlo 

Mol-Mol 2.648(2) Mol-01 2.153(9) 
Mol-Mo2 2.9282(3) Mol-02 2.01(2) 
Mol-Mo3 2.757(2) Mol-05 2.12(2) 
Mol-Mo4 2.788(2) Mo2-01 2.149(9) 
Mo2-Mo2 2.754(3) Mo2-03 2.04(2) 
Mo2-Mo3 2.723(2) Mo2-04 2.01(3) 
Mo2-Mo4 2.725(2) Mo3-02 2.015(8) 
Mo3-Mo3 2.950(3) Mo3-04 2.05(l) 

2.902(3) Mo3-05 2.14(2) 
Mo4-Mo4 2.621(3) Mo4-03 2.05(l) 

3.230(3) Mo4-04 2.24(3) 
Mo3-Mo4” 3.258(2) Mo4-05 2.147(9) 
Mol-Mol” 3.204(2) Li-02 1.96(3) 
Mo2-Mo2” 3.098(3) Li-03 1.70(3) 

0 Interchain distance. 

positional parameters, anisotropic thermal 
parameters for MO atoms, isotropic thermal 
factors for oxygen and lithium atoms, and 
isotropic extinction factor led to conver- 
gence with R = 4.2% and R, = 5.2%. The 
oxygen atoms were isotropically refined be- 
cause some of them gave negative thermal 
parameters when they were anisotropically 
varied. The secondary extinction parame- 
ter was 4.38 x 10-4. A final difference- 
Fourier synthesis based on all data showed 
a maximum residual electron density of 1.1 
e/A3 which is near the Mol site. The final 
positional and isotropic thermal parameters 
are collected in Table II. The selected bond 
distances and bond angles are given in Ta- 
bles III and IV. 

In order to ensure that the correct space 
group (Z4imd) had indeed been selected, 
refinement was also carried out in space 
group Z42d. The former clearly resulted in 
significantly lower residual indices than the 
latter (R = 15.4, R, = 20.2%). 

TABLE IV 

BOND ANGLES (DEGREE) FOR LiMogOl$ 

Mol-Mol-Mo2 91.04(4) Ol-Mol-01 88.9(5) 
MoZ-Mol-Mo2 175.35(6)b Ol-Mol-02 88.4(8) 
Mol-Mo2-Mo2 88.96(4) 01-Mol-05 88.7(8) 
Mo4-Mol-Mol 61.64(3) 02-Mol-05 176.2(5) 
Mo4-Mo2-Mo2 59.65(3) 01-Mo2-01 87.5(5) 
Mo3-Mol-Mol 61.30(3) Ol-Mo2-03 83.1(8) 
Mo3-Mo2-Mo2 59.62(3) Ol-Mo2-04 92.0(8) 
Mo4-Mol-Mo2 56.89(4) 03-Mo2-04 173.2(6) 
Mo3-Mol-Mo2 57.14(4) 02-Mo3-02 87.8(5) 
Mol-01-Mo2 85.77(5) 02-Mo3-04 92.0(4) 
Mo2-04-Mo4 176.1(9) 02-Mo3-04 172.8(g) 
Mo3-04-Mo4 98.6(9) 02-Mo3-05 89.6(5) 
Mol-05-Mo3 179.4(7) 04-Mo3-04 87.3(7) 
Mo3-05-Mo4 98.9(7) 04-Mo3-05 83.2(8) 
02-Li-02 103(2) 03-Mo4-03 100.5(S) 
02-Li-03 112.4(4) 03-Mo4-04 91.1(7) 
03-Li-03 105(2) 03-Mo4-05 88.8(4) 

03-Mo4-05 166.5(7) 
04-Mo4-05 78.8(7) 
05-Mo4-05 80.5(5) 

a The atom labels refer to Fig. 2. 
b This angle corresponds to the dihedral angle be- 

tween basal planes of adjacent octahedra. 
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TABLE V 

POSITIONAL PARAMETERS FOR ZnMosOlo 

Atom Position Multiplier x Y z I?” (AZ) 

MO1 8b 
MO2 8b 
Mo3 8b 
MC4 8b 
01 lib 
02 8b 
03 8b 
04 8b 
05 8b 
Zn 4a 

0.5 0.5 0.2192(l) 0.0 0.23 
0.5 0.0 0.2389(l) 0.00451(4) 0.25 
0.5 0.0 0.2715(l) 0.32858(5) 0.22 
0.5 0.0 0.2752(2) 0.17670(5) 0.22 
0.5 0.5 0.244(2) 0.2538(7) 0.50 
0.5 0.5 0.226(2) 0.0814(4) 0.39 
0.5 0.5 0.238(l) 0.4236(5) 0.30 
0.5 0.0 0.266(2) 0.0876(7) 0.36 
0.5 0.0 0.276(2) 0.4168(7) 0.45 

0.25 0.5 0.5 0.12030(9) 0.44 

ZnMosOt~. In the initial stage of refine- 
ment, isotropic thermal parameters were 
assumed, and all the positional parameters 
for MO atoms were assigned initial values 
equal to LiMosOlo. The remaining atoms 
were located from successive AF maps. 
The structure was then refined with aniso- 
tropic thermal parameters for all atoms ex- 
cept 04 and with an isotropic extinction pa- 
rameter which yield final R = 2.6% and R, 
= 3.2%. The value for the secondary ex- 
tinction parameter was 2.91 x 10P4. A re- 
finement including the multiplier for the 
zinc atom gave m(Zn) = 0.251(2) indicating 

TABLE VI 

BOND DISTANCES (&FoRZ~M~~O,~ 

Mol-Mol 2.585(2) Mol-01 2.197(6) 
Mol-Mo2 2.9525(2) Mol-02 2.023(9) 
Mol-Mo3 2.836(l) Mol-05 2.068(2) 
Mol-Mo4 2.760(l) Mo2-01 2.154(6) 
Mo2-Mo2 2.817(2) Mo2-03 2.01(l) 
Mo2-Mo3 2.680(l) Mo2-04 2.07(2) 
Mo2-Mo4 2.734(l) Mo3-02 2.085(6) 
Mo3-Mo3 2.694(2) Mo3-04 2.080(7) 

3.202(2) Mo3-05 2.19(2) 
Mo4-Mo4 2.651(2) Mo4-03 2.037(6) 

3.245(2) Mo4-04 2.21(2) 
Mo3-Mo4” 3.223(l) Mo4-05 2.108(6) 
Mol-Mol” 3.31 l(2) Zn-02 1.881(9) 
Mo2-Mo2” 3.079(2) Zn-03 1.93(l) 

R Interchain distance. 

that the zinc site was fully loaded. A nega- 
tive temperature factor was obtained for 04 
when it was anisotropically refined. A dif- 
ference-Fourier map calculated from the fi- 
nal refinement showed the maximum resid- 
ual electron density of 0.8 e/A3 near Mo2. 
The final positional and isotropic thermal 
parameters are given in Table V. The se- 
lected bond distances and bond angles are 
listed in Tables VI and VII. 

Description of the Crystal Structures 

General features. The most prominent 
structural feature of these compounds 
MMosO10 (M = Li or Zn) is the presence 
of infinite chains composed of edge-shared 
octahedral cluster units, as shown in Fig. 1. 
The individual chains are interlinked in the 
ab plane by MO(W)-O-MO(W) bonding to 
form layers (MO(W) indicates waist atoms 
Mol and Mo2 along the chains). In the 
stacking of these layers along the c axis the 

TABLE VII 

BOND ANGLES (DEGREE) FOR ZnMosO,# 

Mol-Mol-Mo2 92.25(2) Ol-Mol-01 82.0(4) 
MoZ-Mol-Mo2 173.73(4)b Ol-Mol-02 86.7(5) 
Mol-Mo2-Mo2 87.75(2) Ol-Mol-05 91.8(5) 
Mo4-Mol-Mol 62.08(2) 02-Mol-05 178.0(4) 
Mo4-Mo2-Mo2 58.99(2) Ol-Mo2-01 88.8(3) 
Mo3-Mol-Mol 62.89(2) Ol-Mo2-03 86.7(5) 
Mo3-Mo2-Mo2 58.30(2) Ol-Mo2-04 87.3(5) 
Mo4-Mol-Mo2 57.08(3) 03-Mo2-04 171.7(3) 
Mo3-Mol-Mo2 55.12(3) 02-Mo3-02 79.5(4) 
Mol-01-Mo2 85.45(3) 02-Mo3-04 90.6(3) 
Mo2-04-Mo4 177.0(5) 02-Mo3-04 167.4(4) 
Mo3-04-Mo4 97.3(5) 02-Mo3-05 88.5(3) 
Mol-05-Mo3 179.8(5) 04-Mo3-04 97.9(3) 
Mo3-05-Mo4 97.1(5) 04-Mo3-05 83.4(5) 
02-Zn-02 118.2(6) 03-Mo4-03 98.6(3) 
02-Zn-03 110.6(2) 03-Mo4-04 88.7(4) 
03-Zn-03 93.3(6) 03-Mo4-05 91.2(2) 

03-Mo4-05 166.5(4) 
04-Mo4-05 82.2(5) 
05-Mo4-05 77.8(4) 

(1 The atom labels refer to Fig. 2. 
b This angle corresponds to the dihedral angle be- 

tween basal planes of adjacent octahedra. 
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FIG. 1. A section of one molybdenum oxide cluster chain in II~MosO,~ (M = Li or Zn). Mirror planes 
perpendicular to the chain axes contain the edge-shared bonds located at Mol and Mo2. Atoms Mo3, 
Mo4, 04, and 05 are contained in a mirror plane parallel to the chain axes. 

infinite chains are directed alternately along 
the a and b axes in successive layers, as 
shown in Fig. 2. The infinite chains in one 
layer are bound to those in layers above and 
below by MO(a)-O-MO(a) crosslinking 
(MO(a) indicates apical atoms Mo3 and Mo4 
along the chains). Sharing of atoms be- 
tween cluster units within a chain and be- 
tween chains is indicated by the connective 
formula (5) [(Mo&io~~0%0$)0~$] for the 
Mod05 subunit. Mirror planes perpendicu- 
lar to the chain axis pass through the shared 
cube faces defined by atoms Mol , 02,02’, 
05, 05’ and Mo2, 03, 03’, 04, 04’. Sym- 
metry-related mirror planes thus also con- 
tain the chain axis and atoms 04, Mo4, 
Mo3, 05. The true crystallographic repeat 
unit then contains two edge-shared octahe- 
dral cluster subunits. Because there is no 
mirror or glide plane relating Mo3 to Mo4 
or Mol to Mo2, the bonding within these 
octahedral subunits is far less regular then 
in the compounds MtMoMo40~ (2) which 

also contain two edge-shared octahedral 
cluster subunits in the true chain repeat 
unit. The latter, however, contain a glide 
plane which relates apical-to-apical, and 
waist-to-waist atoms along each chain. 

If one regards the infinite chain as a rec- 
tangular column, then the observed struc- 
ture can be regarded as a crosswise stack- 
ing of these columns perpendicular to the c 
axis as represented in Fig. 2. In the unit cell 
there are four layers of columns with z val- 
ues of 4, 8, 8, and g required by the body- 
centered structure. This arrangement can 
be described in the idealized space group 
Z4,lamd if the lack of the above-mentioned 
glide plane is disregarded. Some of the 
symmetry elements for the latter space 
group are shown in Fig. 3. The structure of 
these compounds A4MosO10 can be related 
to that of the compounds WiWMo~O~ 
(orthorhombic, space group Zmma) by sub- 
stitution of single metal atom chains (M”O~) 
for Mod05 cluster chains in alternate layers 
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FIG. 2. A section of the structure of LiMoSOlO as viewed down the tetragonal a axis. Open ellipsoids 
are MO, crossed spheres 0, and shaded spheres Li. 

of the crosswise stacking pattern. This 
analogy is emphasized by the formulations 
M’(M“02)(Mo405) and M’(Mo405)(Mo405) 
for the two structures, where M’ and M” 
indicate ternary metal ions in tetrahedral 
and octahedral coordination sites, respec- 
tively. 

It is interesting that each of the above 
structures is related to the cubic spine1 
structure Mtm04, space group Fd3m. If 
one elongates the spine1 structure along one 
crystallographic axis, a derivative structure 
is obtained which contains chains of metal 
atoms M” in the octahedral coordination 
sites running along the cubic [ 1101 and [ ITO] 

directions. With conventional choice of 
axes the new unit cell belongs to space 
group I4llamd, a tetragonal subgroup of 
Fd3m, as shown in Fig. 4. Substitution of 
the MOO2 chains by Mod05 cluster chains 
results in the structure of MtMo80n,, em- 
phasized by the related formulations 
Mt(MOO& and Mt(Mo40&. Substitution of 
Mod05 cluster chains only in alternate lay- 
ers of the spine1 structure gives the 
orthorhombic subgroup Zmma and the com- 
pounds M’(M”O~)(Mo~O~)(MtMoMo~O,), 
with the Moo2 chains oriented along the a 
axis, and the Mod05 chains along the b axis. 
Thus, just as the spine1 structure can be 
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FIG. 3. A projection of the MMosOro structure along 
the tetragonal c axis showing the molybdenum oxide 
chains represented as rectangular columns. Positions 
and directions of the symmetry elements for the ideal- 
ized space group I41,lamd are indicated. 

regarded as an ordered-defect NaCl struc- 
ture (disregarding the M’ atoms in tetrahe- 
dral coordination sites), so also can the 
structures of MtMosOlo and MtMoMo407 be 
viewed in this way. Related compounds 
having ordered-defect NaCl structures 
which result in metal-metal bonding are 
TiO and NbO (10). In particular, the defect 
ordering in NbO results in apex-shared oc- 
tahedral cluster units Nb6,20i2,4 forming infi- 
nite chains parallel to the three cubic axes. 
In this case each cluster is a member of 
three intersecting chains. 

Metal-metal bonding. The MO-MO 
bonding within the octahedral cluster units 
is quite distorted compared to the regular 
bonding pattern in NaMo40a (1). Whereas 
all apex-apex and waist-waist bond dis- 
tances are equal along the chains of Na 
MoJO~, these are alternately short and long 
for LiMosOl,-, and ZnMo80i0. As shown in 
Fig. 5 the pattern of apex-apex distances is 

slightly different for LiMosOlo than for Zn 
MosOio. In the Li compound when the 
apex-apex distance is short on one side of 
the chain it is long on the other side, while 
in the Zn compound this distance is either 
short or long at equal positions on both 
sides of the chain. The short distances of 
2.62 to 2.69 A represent strong pairwise 
coupling of the apex MO atoms with a 
MO-MO bond order of close to unity. 
Pairwise coupling of the apex atoms is also 
found in compounds with the Sco.75Zm25 
Mod07 structure (2). In these cases 
metal-centered electron counts (MCE) (18) 

Z= l/S 

2 = 5/B 

0 ,,“Q\ 
0 p” 0 ‘0. 0 

El 

2 = 710 
.a o,* 0 

“Q I’ 0 
00 

FIG. 4. A schematic representation of the spine1 
structure projected on (001). The four panels show 
successive layers of the structure. The filled and open 
circles represent octahedral metal and oxygen atoms, 
respectively. The tetrahedrally coordinated metal at- 
oms in the spine1 structure M’@O, are not shown. A 
smaller unit cell for the tetragonal space group I4,lamd 
is indicated by the dashed lines. 
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M-4 

FIG. 5. Sections of the octahedral cluster chains in 
(A) ZnMosOlo and (B) LiMosOlO. Only the bonds be- 
tween MO atoms are shown. 

in the Mob repeat units are all in the range 
14.5-15.0, while in NaMo406 with equal 
apex-apex spacings, MCE = 13.0. As noted 
elsewhere (28), the pairwise distortion 
along the chains appears to be driven by the 
higher MCE count. In effect, for MCE > 
13, continued addition of electrons causes 
distortions from the regular bonding in the 
cluster units so as to avoid occupation of 
antibonding states. The total MO-MO 
bond order,2 summed over all MO-MO 
bonds of the repeat unit, is thus greater for 
these distorted units than for the undis- 
torted units in NaModOb (IS). For example, 
these MO-MO bond order sums show in- 
creasing values of 6.35, 6.85, and 7.05 for 
the Mod units in NaMo406, LiMosOlo, and 
ZnMosOlO, respectively, even though the 
average MO-MO bond distance (averaged 
over all MO-MO bonds of the octahedral 

2 Individual MO-MO bond orders (n) are calculated 
from the Pauhng equation relating bond distance to 
bond order, d(n) = d(l) - 0.6 log n, where d(n) is the 
observed bond distance in Angstroms, d(1) is the dis- 
tance for a bond of order n = 1 (for MO d(1) = 2.614 
A). L. Pauling, “Nature of the Chemical Bond,” 3rd 
ed., p. 400, Cornell Univ. Press, Ithaca, N.Y., 1960. 

subunits) remains essentially constant 
(2.803, 2.800, and 2.809 A, respectively). 

The cause for the different pattern of 
apex-apex pairings in LiMosOlo vs those in 
ZnMosOi0 is difficult to assess. It is possible 
that the greater MCE of 15 for the latter, as 
opposed to 14.5 for the former, may be re- 
sponsible for this difference. However the 
interplay of MO-O and Li-0 or Zn-0 
bonding may also contribute to this effect. 
In LiMosO,,, we note that d(Li-03) < 
d(Li-02), whereas in ZnModho, 
d(Zn-03) > d(Zn-02). This reversal in 
the order of corresponding distance is 
transmitted to the MO-O bonding where in 
LiMosOlo, d(Mo4-03) > d(Mo3-02), 
but in ZnMosOi0, d(Mo4-03) < 
d(Mo3-02). Thus in ZnMO@Io, 
d(Mo3-02) = 2.085(6) A, and in LiMosOlo 
the corresponding distance is 2.015(8) A. In 
turn we find that the Mo3-Mo3 bond 
bridged by 02 is shorter, 2.694(2) A, for 
ZnMosOlo than for LiMosOlo, 2.950(3) A. 
Evidently, weakening of the Mo3-02 
bond in ZnMosOlo permits a strengthening 
of the Mo3-Mo3 bond bridged by 02. 
Whether the difference in MCE counts or 
effects arising from the difference in M-O 
(M = Li or Zn) bonding is more important 
in bringing about this interesting structural 
difference between LiMo80iO and Zn 
MosOlo cannot be decided. 

Another noteworthy feature of the 
MO-MO bonding in both of these com- 
pounds is the alternating lengths of the 
bonds between waist atoms on the shared 
edges of the octahedral cluster units. The 
Mol-Mol distances are 2.648(2) and 
2.585(2) A, respectively, for LiMosOlo and 
ZnMosOi,,, while the Mo2-Mo2 distances 
are 2.754(3) and 2.817(2) A, respectively. 
Perhaps this feature is most striking be- 
cause of the very short Mol-Mol distance 
of 2.585 A in ZnMo80i0. By comparison 
with the distance 2.614 A, which has been 
established as a very acceptable value for 
the MO-MO single bond distance in com- 
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pounds containing these octahedral cluster 
chains (18), the 2.585-A distance indicates 
multiple bond character. The possibility of 
both u and n contributions to the M--M 
bonds between metal atoms on the shared 
edges of the units in these chains has re- 
cently been demonstrated by the band 
calculations of Bullett (19). Again this be- 
havior emphasizes the point that with 
increasing MCE count beyond about 13el 
unit, the bonding within the repeat units 
becomes more irregular. Apparently in- 
creasing electron concentration favors 
localization of electrons by pairwise (two- 
center) bonding, especially apex-apex and 
waist-waist pairing, where the latter occurs 
perpendicular to the chain axis. This result 
is also observed in the remarkable new 
compound In1rMo40062, which contains dis- 
crete cluster units Mor8028 and Mo22034, 
consisting of four and five edge-shared oc- 
tahedral cluster subunits, respectively (20). 
More extensive examination of these sys- 
tems by band structure calculations is 
needed to provide additional insight about 
the relation between electron concentration 
and the pairwise distortions within the clus- 
ter units. 

Metal-oxygen bonding. The five crystal- 
lographically different 0 atoms can be 
grouped into three distinct types according 
to their coordination geometries, as can be 
discerned from Fig. 2. Atoms 02 and 03 
are pseudotetrahedral, each bonded to 
three MO and one ternary metal atom (Li or 
Zn). The intralayer, interchain bridging at- 
oms 01 are coordinated by four waist MO 
atoms (Mol and Mo2) in approximate 
square-planar symmetry. Atoms 04 and 05 
are each bonded to two apex and one waist 
MO atom within one chain and one apex MO 
in a neighboring chain in a geometry like 
the bond configuration about the sulfur 
atom in SF.+ In fact, while these latter two 
bond configurations about 0 atoms are 
unusual, they are also evident in other 
compounds containing octahedral cluster 

cha& e.g., Mndo8Oll (3), %.dh2~ 
Mo407 (2), and NbO (10). Notably these 
bond configurations are generated in the or- 
dered-defect NaCl structures when vacan- 
cies are present in two of the six metal atom 
positions surrounding an 0 atom. 

The tetracoordinated ternary metal cat- 
ions are located on 4a special positions and 
have local symmetry of Czv. There are thus 
two different M-O bond distances, and all 
are somewhat shorter than the predicted 
value (1.98 A) using the effective ionic radii 
of Shannon (22). The Li-03 distance of 
1.70 A is unusually short, and the average 
Li-0 distance of 1.83 A appears to place 
the Li+ ion under unusual compression. As 
noted in the Synthesis section attempts to 
prepare isomorphous compounds contain- 
ing other small cations (Mg, Fe, Co, Ni, Si), 
known to readily accept tetrahedral coordi- 
nation, were unsuccessful. 

Note added in proof. Tables of anisotropic tempera- 
ture factors and structure factors: see NAPS Docu- 
ment No. 04396 for 5 pages of supplementary materials 
from ASWNAPS, Microfiche Publications, P.O. Box 
3513, Grand Central Station, New York, New York 
10163. Remit in advance $4.00 for microfiche copy or 
for photocopy, $7.75 up to 20 pages plus $.30 for each 
additional page. Ah orders must be prepaid. 
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