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The crystal structure of Li, 3;3M00;, the first structurally well-characterized triclinic bronze, has been
determined from single-crystal X-ray diffraction data. Liy33MoO; crystallizes in space group P1 with a
=13.079%(2), b = 15.453(2), ¢ = 7.476(1) &, a = 96.97(2), B = 106.56(2), y = 103.368(9)°, Z = 24, and Ry
= 0.032 for 10,664 reflections with F2 = 3o(F?). Distorted lithium and molybdenum octahedra form
V,0s-type layers parallel to the ac plane. Each layer contains six unique MoOg¢ units and two unique
LiOg units. Four such layers, two of which are unique, are interconnected through edge and corner
sharing to form a three-dimensional network structure. The location of lithium atoms at completely
occupied octahedral sites establishes the stoichiometric composition LiM0;0,. Examination of the
structure suggests that Li, ;;M00; should be a semiconductor except along ¢ where metallic conduc-

tion is possible. © 1986 Academic Press, Inc.

Introduction

Because of their interesting structural
and electrical properties, the molybdenum
oxide bronzes, M,MoO,, have attracted
considerable attention. Several materials
for which M is a group IA metal have been
prepared and characterized. The potassium
blue bronze K,3Mo00; is a quasi-one-di-
mensional metallic conductor and under-
goes a charge-density wave-driven phase
transition at 180 K (7). A recent redetermi-
nation of the structure of the Csg33:M00;
red bronze (2) shows that is it isostructural
with the Kg3MoO; analog (3). These
bronzes are semiconducting (4, 5) at room
temperature despite the similarity of their
structure to that of Kq3MoO; (6).

Single crystals of the blue bronze Li,
Mo0; (0.31 = x < 0.39) were first prepared
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by Reau et al. (7). According to their study,
this material crystallized in the monoclinic
system with a = 24.54(5), b = 7.450(6), ¢ =
15.114) A, and B = 106° + 5'. Later,
Greenblatt and co-workers prepared single
crystals of Li;33MoO; using electrolysis (5,
8) and temperature gradient flux (9) tech-
niques. Three crystal habits (needles,
prisms, and plates) were observed and the
range of composition noted by Reau et al.
was not reproduced. Crystals obtained by
electrolysis at 560°C (5) typically were
twinned and were characterized as mono-
clinic with cell dimensions similar to those
reported by Reau et al. (7), whereas crys-
tals grown by the gradient flux technique
could not be indexed uniquely using mono-
clinic symmetry. Physical propertics were
also reported (5), but on poor quality,
twinned, and very small crystals. Ligs;
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TABLE I
CRYSTAL AND REFINEMENT DATA FOR Lig3:M00,

fw 146.23
a, A 13.079(2)
b, A 15.453(2)
¢, A 7.476(1)
a, deg 96.97(2)
B, deg 106.56(2)
v, deg 103.368(9)
v, A3 1380.4(9)
Space group P1

z 24

No. of reficns used to
determine cell constants

25 (22.95 = 6 =< 30.48)

deated, glem’ 4.22
dobsd’ g/cm’ 421(7)
AMoKa), A 0.71073
Monochromator Graphite
Linear abs coeff, cm~! 52.6

Cryst dimens, mm
Relative transmission factor

0.12 x 0.15 x 0.58

range 0.90-1.00
Diffractometer Enraf-Nonius CAD-4
Data collection method 0-20
20 range, deg 2-70
Temp, K 296(1)
Scan range, deg 1.0 + 0.35tan 6
No. of std reflcns 3
% variation in std intens +0.25
No of unique data collected 12,095
No. of data used in refine-
ment (F2 = 30F?Y) 10,664
Data: parameter ratio 42.0
Final GOF“ 1.92
Final Rz? 0.032
Final R, ¢ 0.055
Weighting scheme? w = 4F/oX(F})

Systematic absences ob-

served None
Data collected hxk=xl
Final largest shift/esd 0.07
Highest peak in final differ-

ence map, e/A’ 2.5

¢ GOF: Esd of an observation of unit weight.

b Rp = 3||F,| — [FJ/ZIF,.

¢ Ryr = Gw(|F,| — |F)¥EwF2)\2.
4 g(F) = [SXC + R?B) + (PFY)'"Lp where § is

the scan rate, C is the total integrated peak count, R is
the ratio of scan time to background counting time, B
is the total background count, Lp is the Lorentz-polar-
ization factor, and P is an experimental instability fac-
tor introduced to downweight intense reflections (P =
0.04 in this case).

MoO; was found to be a semiconductor
with a room temperature resistivity of ~5 €}
cm (9).

To help understand the structural/physi-
cal property relationships in this system, a
single-crystal X-ray diffraction study was
undertaken on a prismatic crystal from the
temperature gradient preparation (9). To
our surprise, the crystal was triclinic. No
triclinic molybdenum bronze has been ob-
served previously. Indeed, there is only
one report of any transition metal bronze
that may be triclinic. This system, sodium
tungsten oxide, however, is not well char-
acterized and may not be a single phase
(10). We report here the structure of this
unusual stoichiometric bronze; the results
of transport property measurements on
large single-crystal specimens will be re-
ported elsewhere.

Experimental

X-ray crystallography. Large, prism
shaped violet blue crystals of Lip33MoOs
were prepared using a temperature gradient
flux growth technique (9), and a single crys-
tal 0.12 x 0.15 x 0.58 mm was mounted
approximately along the ¢ axis on a glass
fiber. Details of the data collection process
and structure solution are given in Table I.
Diffractometer examination of the recipro-
cal lattice revealed a triclinic cell and no
systematic absences. Successful solution
and refinement of the structure fixed the
space group as P1. Intensity data were col-
lected and corrected for Lorentz polariza-
tion, absorption (empirical), and decay ef-
fects.

The structure was solved by a combina-
tion of direct methods and difference
Fourier techniques. The  program
MULTAN 82 (/1) and the Enraf-Nonius
Structure Determination Package (12) were
used. Full-matrix least-squares refinement
was based on F and neutral atom scattering
factors were used. Anomalous dispersion
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corrections were applied to the scattering
factors of the Mo and O atoms. All Mo and
O atoms were located from the initial £ map
and several difference Fourier maps. Re-
finement of the 12 unique Mo atoms (aniso-
tropic) and 36 unique O atoms (isotropic)
reduced Ry to 0.037. At this point, a differ-
ence map was prepared in an attempt to
locate the 4 unique Li atoms in the asym-
metric unit. The four largest peaks in the
map (5.5-7.2 e/A3, next largest peak 2.5 e/
A% were located at positions which would
complete distorted MOg octahedra, and
were assigned as Li. Lithium atoms were
added to the model and refined isotropi-
cally. All atoms, including lithium, refined
smoothly. Several cycles of refinement
with Mo atoms anisotropic and both O and
Li atoms isotropic led to convergence (larg-
est parameter shift = 0.070, where o is the
esd obtained from the inverse matrix) with
Rr = 0.032 and R, = 0.055. Final atomic
coordinates and isotropic thermal parame-
ters are given in Table II. A final difference
map revealed no unusual features. The larg-
est peak was 2.54 /A3 and was located 0.36
A from O(12). To test the occupancy of the
lithium sites, atom multipliers were refined
while holding the isotropic temperature fac-
tors constant at their refined values. Re-
fined lithium atom multipliers ranged from
0.95(2) to 1.05(2) (average 1.01(2)), indicat-
ing complete occupancy within experimen-
tal error. Further, we note that the average
isotropic temperature factors show Bj,(Li)
> B.q(Mo) with the lighter metal having the
higher temperature factors as might be ex-
pected. This effect has been observed pre-
viously with similar structures (17, 18); the
B(Li) and B(Mo) values for the present
structure (1.9(3), 0.61(8)) compare favor-
ably with those for both the high- and low-
temperature forms (1.7(4), 0.56(6) and
1.5(5), 0.71(6), respectively) of LisM04O;3,
which are structurally similar and which
contain completely occupied sites. This
provides further support for complete occu-

TABLE II
FRACTIONAL ATOMIC COORDINATES AND THERMAL
PARAMETERS
Bor

x y z Beq Ay
Mao(1) —0.429502)  —0.10927(2) 0.382134)  0.777(4)
Mo(2) 0.355912)  —0.1174%2) 0.01822(3)  0.608(4)
Mo(3) -0.14516(2)  —0.10903(2) 0.02645(4)  0.777(4)
Mo(4) 0.063742)  —0.11927(2) 0.382913)  0.5%4(4)
Mo(5) —0.04765(2) 0.16427(2) 0.14080(3)  0.578(4)
Mo(6) -0.34108(2) 0.16385(2) 0.49586(3)  0.591(4)
Mo(7) —0.23986(2) 0.59883(2) 0.411423)  0.554(4)
Mo(8) ~0.03586(2) 0.60010(2) 0.25764(3)  0.555(4)
Mo(9) —0.23984(2) 0.59644(2)  —0.101333)  0.527(4)
Mo(10)  —0.53360(2) 0.60115(2) 0.751673)  0.573(4)
Mo(11) 0.26420(2) 0.597092)  —0.09381(3)  0.536(4)
Mo(12)  —0.53429(2) 0.59914(2) 0.263733)  0.648(4)
o) 0.3681(2) ~0.1474(2) 0.7730(4) 1.22(4)*
oQ2) —0.4918(2) —0.1413Q2) 0.5666(3) 0.92(3)*
o3 0.2022(2) —0.1427(2) 0.4614(4) 1.31(4)*
0(4) 0.3987(2) -0.0074(2) 0.5794(4) 1.26(4)*
o(5) ~0.4878(2) —0.2872(2) 0.3190(4) 1.344)*
0(6) —0.4946(2) -0.1432(2) 0.1193(3) 0.943)*
o) 0.2982(2) —0.2879(2) —0.043%(4) 1133
0@8) 0.2014(2) —0.1428(2) —0.0798(4) 1.31(4)*
0©9) -0.0949(2) 0.0078(2) 0.0818(4) 1.32(4)*
0(10) —0.2153(2) -0.2911(2) —0.0560(4) 1.33(4)*
o) —0.0314(2) 0.1467(2) 0.3944(4) 1.18(4)*
o12) -0.0583(2) 0.1383(2) -0.1226(4) 1.67(4)*
0o(13) —0.0085(2) 0.2792(2) 0.1830(4) 1.30(4)*
0(14) 0.1050(2) 0.1438Q2) 0.1827(4) 0.98(3)*
o(15) -0.2850(2) —0.1324(2) ~0.0483(4) 1.53(4)*
0(16) 0.1031(2) 0.1424(2) 0.7391(4) 0.98(3)*
oan 0.0068(2) -0.2837(2) 0.3038(4) 1.173)*
o(18) -0.1001(2) 0.0054(2) 0.5666(4) 1.304)
019 0.3050(2) —0.2784(2) 0.4481(4) 1.414)*
0(20) -0.3483(2) 0.1375(2) 0.7375(4) 1.81(4)
oQl) 0.3045(2) 0.1332(2) 0.5616(4) 1.56(4)*
o) 0.3976(2) ~0.0038(2) 0.0617(4) 1.34(4)*
023) —0.4500(2) 0.4256(2) 0.5061(3) 1.02(3)*
0(24) -0.4314(2) 0.4149(2) 0.0136(3) 0.86(3)*
025) 0.4028(2) 0.4387(2) 0.1754(3) 0.733)*
0(26) ~0.4015(2) 0.5621(2) 0.3054(3) 0.803)*
o22n -0.2946(2) 0.4336(2) -0.1561(3) 0.63(3)*
0(28) -0.0880(2) 0.5835(2) 0.4683(3) 0.793)*
0(29) 0.2962(2) 0.5697(2) 0.6727(3) 0.80(3)
0(30) —0.226%(2) 0.5662(2) 0.1547(3) 0.76(3)*
o3 0.1186(2) 0.5608(2) -0.1776(3) 0.933)*
032 -0.2161(2) -0.2889(2) 0.4485(4) 1.424)*
0(33) —0.24152) 0.5686(2) 0.6456(3) 1.00(3)*
o) -0.0893(2) 0.5807(2) -0.0141(3) 0.77(3)*
o3s) 0.0839(2) 0.5657(2) 0.3106(3) 1.05G3)*
0o(36) -0.5147(2) 0.2854(2) 0.2026(4) 1.29(4)*
Li(1) —0.0308(5) 0.5872(5) —0.245(1) L.5(1)*
Li(2) 0.4457(6) 0.137%(5) 0.136(1) 1.1)*
Li(3) —0.1508(6) —0.136%(5) 0.518(1) 2.0(1)*
Li(4) 0.2427(6) 0.5897(5) 0.394(1) 2.(1)*

Note. Starred aloms were refined isotropically, and the equivalent
isotropic thermal parameter is given by Beq = 42;Z;8a; - a;)/3.

pancy of the lithium sites in the present
structure. Based on this evidence, we con-
clude that the structure is stoichiometric
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with empirical formula LiMo3;0Oy. Lists of
observed and calculated structure factors
and anisotropic temperature factors are
available.*

Results and Discussion

The chemical formula established by this
structural determination is LiMo;Os. The
structure can be viewed as derived from a
ReOs-type shear structure of V,0s-like lay-
ers (Fig. 1) (I3) containing distorted MoOq
and LiOg octahedra. A view of the structure
along b* (Fig. 2a) clearly shows a V,0s-like
layer in the ac plane. In this layer, every
fourth octahedron in the edge-shared zigzag
chains contains lithium, and the chains are
linked by corner sharing. The structure
contains four such layers (Fig. 2b) parallel
to the ac plane and interconnected by cor-
ner and edge sharing along b* to form a
three-dimensional network structure. Lay-
ers I and II, and II and III (Fig. 2b) are
connected by corner sharing while layers
III and IV are connected by edge sharing.
Finally, layers IV and I' are connected by
corner sharing. Only two of the layers (e.g.,
II and III) are unique and are related cen-
trosymmetrically to the remaining two.

Packing of the V,0s-like layers leads to
channels through the structure. Along b*,
these are the size of one-quarter of the
square-planar base of an octahedron (Fig.
2a). Along c¢ (Fig. 2b), there are several
channels, the largest of which is the size of
the base of an octahedron. Channels exist
in other directions (e.g., parallel to a + ¢),
but none are as large as those parallel to c.
We note that Fig. 2 is not completely realis-
tic in the depiction of these channels be-

* See NAPS document no. 04378 for 58 pages of
supplementary material. Order from NAPS c/o Micro-
fiche Publications, P.O. Box 3513, Grand Central Sta-
tion, New York, N.Y. 10163. Remit in advance in U.S.
funds only $19.15 for photocopies or $4.00 for micro-
fiche. Outside the U.S. and Canada, add postage of
$4.50 for the first 20 pages and $1.00 for each of 10
pages of material thereafter, $1.50 for microfiche post-

age.
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FIG. 1. Idealized V,0s and V0, structures derived
by shearing the ReO; structure type along the planes
indicated.

cause the ideal octahedra used in the model
create regular cavities compared with those
that actually exist in the structure.

A view of the structure approximately
along the b* direction, showing the atom
numbering scheme for the unique ions, is
given in Fig. 3, while selected interatomic
distances are listed in Table III (selected
interatomic bond angles are listed in sup-
plementary Table SII*). In the asymmetric
unit, there are 12 crystallographically non-
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FIG. 2. (a) View along b* of the Lig3MoQ; structure built from idealized MoO¢ (light) and LiOg
(dark) octahedra, and showing the V,Os-like planes. (b) View along ¢ of the Liy3;Mo00; structure

showing the V,0.-like lavers connected along b* (vertical direction) to form the three-dimensional

structure.

equivalent molybdenum and 4 unique lith-
inm ions, each associated with a distorted

MO octahedron. These octahedra all show
similar orientations: for each octahedron,
the three trans O - - - O vectors lie approx-
imately along the b*, ¢, and [310] direc-

tions. Mo-0 distances ranee from 1.663(2)

RUILS . VAUTRS RRISLGLLOUS IGLET I 1L.VV&)

to 2.7102) A while Li-O distances vary
from 1.922(6) to 2.674(6) A.
The Mo-O distances along [310] show a

large range (1.688(2)-2.7102) A) as do
those along b* (1.663(2)-2.684(2) A) while
those along ¢ show a much smaller varia-
tion (1.861(2)-1.995(2) A). Cis and trans O-
Mo-O angles span the ranges 66.20(7)-

107.30(9)° and 126.73(8)~178.49(9)°,

resnectivelv: corresnondinoe valuec for the
AVWUIpIvwRAY Wiy 3 WAIRL vuyul‘ullle ¥ ERAWUWLD AV Chiw

O-Li-O angles are 68.0(2)-109.3(3)° and
134.0(3)-177.8(4)°. Variations in Mo-O dis-
tances and O-Mo~O angles of this magni-
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TABLE I1I
SELECTED INTERATOMIC DISTANCES? (A) AND BOND VALENCE VALUES?, §

Metal-oxygen distances

Mo(1)-0(2)
-04)
~0(5)
-0(6)
-0(20)
=020

Mo(2)-0(1)
-0(6)
-0(7)
-0(8)
-0(20)
-0(22)

Mo(3)-0(9)
-0(10)
-0(12)
-0(14)
-0(15)
-0(16)

Mo(4)-0(3)
-0O(11)
—0(12)
-0(16)
-0(17)
-0(18)

s

Mo-0O octahedra

1.869(2)
2.306(2)
1.907(2)
1.920(2)
1.694(2)
2.036(2)
1.914(2)
2.036(2)
1.865(2)
2.306(2)
1.689(2)
1.923(2)
1.949(2)
1.986(2)
2.485(2)
1.990(2)
1.663(2)
1.871(2)
1.712(2)
1.909(2)
2.304(2)
2.396(2)
1.911(2)
1.725(2)

Li—O octahedra

1.8522) 1.10 Mo(5)-0(8)
1722  1.70 -0(9)
2.622(2) 0.14 -0(11)
1.8592) 1.08 -0(12)
2.697(2) 0.12 -0(13)
1.70622) 1.80 -0(14)
1.897(2)  0.95 Mo(6)-0(1)
2.0352) 0.63 -0Q)
2.5102) 0.18 -0(3)
1.869(2) 1.04 —0®)
1.915(2) 0.90 -0(19)
1.675(2)  2.01 —0(20)
1.726(2)  1.68 Mo(7)-0(26)
2.6842) 0.12 —0Q28)
2.7102)  0.11 -0(29)
1.846(2) 112 -0(30)
1.6882) 1.92 -0(32)
1.8552) 1.09 -0(33)
1.872(2) 1.03 Mo(8)-0(17)
1.903(2) 0.94 -0(28)
1.9122)  0.91 -0(30)
2.0372) 0.62 -031)
24232) 0.22 ~0(34)
1.6782) 1.9 -0(3%)
s
Li()-0(13)  1.971(6) 0.24
—0(28) 2.047(6) 0.21
—0(1) 2.023(6) 0.22
—0(33) 2.5776) 0.07
~0(34) 2.085(6) 0.19
—0(35) 2.251(6) O0.14
Li3)-0(11) 2.331(6) 0.12
—0(14) 2.170(7) 0.16
—0(16) 2.181(7) 0.16
-0(18) 2.097(7) 0.19
~0Q21) 1.543(6) 0.26
-0(32) 2.246(7) 0.14

1.04
0.30
0.92
0.89
1.88
0.62
0.90
0.62
1.06
0.30
1.91
0.88
0.81
0.72
0.19
0.72
2.10
1.04
1.76
0.92
0.30
0.23
0.91
1.69

Li(2)-0(1)
-0(2)
-0(6)
-0(15)
-0(22)
-0(36)

Li(4)-0(19)
-0(23)
-0@27
-029)
-0(33)
-0(35)

Mo(9)-0(10)
-0(25)
-027)
-0(30)
~-0(33)
—0O(34)

Mo(10)-0(23)
-0(24)
-0(25)
—0(26)
~0(29)
~0(36)

Mo(11)-0(7)
-0(24)
-0@27)
-0(29)
-0(30)
-031)

Mo(12)-0(5)
-0(23)
—0(24)
—0(25)
—0Q26)
027

2.297(6)
2.123(6)
2.183(6)
1.993(6)
2.090(7)
2.178(7)
1.957(7)
2.674(6)
2.095(7)
2.089(6)
2.424(7)
1.922(6)

0.12
0.18
0.16
0.23
0.19
0.16
0.25
0.06
0.19
0.19
0.10
0.27

1.666(2)
1.965(2)
2.400(2)
1.995(2)
1.882(2)
1.972(2)
1.861(2)
1.965(2)
1.908(2)
2.411(2)
2.055Q2)
1.677(2)
1.696(2)
2.154(2)
1.938(2)
1.929(2)
2.417Q2)
1.753(2)
1.678(2)
1.865(2)
1.966(2)
2.369(2)
1.906(2)
2.065(2)

2.08
0.77
0.23
0.70
1.00
0.76
1.07
0.77
0.92
0.23
0.59
2.00
1.87
0.44
0.84
0.86
0.22
1.53
1.99
1.06
0.77
0.25
0.93
0.57

Metal-metal distances

Mo(1)-Mo(2)
Mo(1)-Mo(6)
Mo(3)-Mo(4)

Mo-Mo edge-shared octahedra

3.2702(3)
3.3350(3)
3.2778(3)

Mo-Mo corner-shared octahedra

Mo(2)-Mo(5) 3.7283(3)
Mo(2)-Mo(6) 3.7652(3)
3.8369(3)
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TABLE IlI—Continued

Metal-metal distances

Mo-Mo edge-shared octahedra

Mo(3)-Mo(5) 3.3451(3)
Mo(7)-Mo(8) 3.1895(3)
Mo(8)-Mo(9) 3.1837(3)
Mo(10)-Mo(11)  3.1648(3)
Mo(10)-Mo(12)  3.4098(3)
Mo(11)-Mo(12)  3.1651(3)

Li-Mo edge-shared

Li(1)-Mo(7) 3.231(5)
-Mo(9) 3.237(5)
Li(1")-Mo(8) 3.208(5)
Li(2)-Mo(2) 3.186(6)
-Mo(6) 3.182(6)
Li(3)-Mo(4) 3.208(6)
~-Mo(5) 3.229(6)
Li(4)-Mo(10)  3.307(6)
-Mo(12)  3.305(6)
Li(4")-Mo(7) 3.409(6)
-Mo(9) 3.381(6)

Mo-Mo corner-shared octahedra

Mo(4)-Mo(5) 3.7647(3)
3.8304(3)

Mo(4)-Mo(6) 3.7264(3)
Mo(7)-Mo(9) 3.8304(3)
3.6484(3)

Mo(7)-Mo(12)  3.6921(3)
Mo(9)-Mo(10)  3.7032(3)
Mo(10)-Mo(12)  3.6428(3)
3.8358(3)

Li-Mo corner-shared

Li(1)-Mo(8) 3.762(5)
-Mo(8) 3.730(5)
-Mo(11)  3.658(5)
~Mo(5) 3.662(6)

Li(2)-Mo(1) 3.743(6)
-Mo(1) 3.784(6)
-Mo(3) 3.669(6)
-Mo(10)  3.844(6)

Li(2")-Mo(2) 3.762(6)

Li(3)-Mo(3) 3.770(6)
-Mo(3) 3.754(6)
-Mo(1) 3.635(6)
-Mo(7) 3.893(6)

Li(3")-Mo(4) 3.773(6)

Li(4)-Mo(6) 3.635(6)
-Mo(8) 3.540(6)
-Mo(11)  3.749(6)

Li(4')-Mo(11)  3.748(6)

2 Estimated standard deviations are given in parentheses.
b Primed and unprimed atoms are related by inversion.

tude have been noted previously for other
molybdenum bronze structures.

In the V,0stype layers, molybdenum
ions are arranged in clusters of six (Fig. 4).
Mo-Mo distances between corner-sharing
octahedra along the ¢ direction within these
clusters (e.g., Mo(2)-Mo(6) or Mo(5)-
Mo(4), Fig. 4, and related distances in Ta-
ble III) are significantly larger than the cor-
responding distances between two clusters
(e.g., Mo(6)-Mo(2'), etc.), an effect related
to coulombic repulsion. Long Mo-Mo dis-
tances are associated with octahedra that

edge share with molybdenum. In contrast,
the shorter Mo—Mo’ distances are associ-
ated with octahedra that edge share with
lithium.

The Mo-Mo distances are too long for
metallic bonding in any direction. Indeed,
the shortest Mo—Mo distance in the present
structure (3.1648(3) A) is longer than the
longest (adjacent) Mo—-Mo distance in typi-
cal molybdenum phases with strong metal-
lic interactions (14). Along ¢, MoOs octahe-
dra are connected by corner sharing to form
infinite chains (Fig. 2a) and the Mo—-O bond
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O
Li(4) 0(23) 0(33)

O
Litn

Fi1G. 3. ORTEP view approximately along b* of the Lip 33M00; structure showing the atom number-
ing scheme for the unique ions. The ¢ axis is approximately vertical.

distances are sufficiently short (1.861(2)-
1.995(2) A) for good Mo—O-Mo dty,-p7r or-
bital overlap. Hence, the highest electrical
conductivity would be expected along this
direction (15). Along b*, there is a continu-
ous Mo-O-Mo interaction arising from

Cluster [ Cluster I

FIG. 4. Sketch of the two unigue molybdenum clus-
ters illustrating the Mo—Mo interactions. The valence
of each molybdenum ion is also indicated.

corner and edge sharing (Fig. 2b). In this
case, however, the range of Mo-O dis-
tances is large (cf., Mo(9)-0(10), 1.666(2);
Mo(9)-0(27), 2.400(2) A) and some are too
long for good orbital overlap (15). There-
fore, the conductivity should be considera-
bly lower along the b* direction. Finally,
the Mo—O-Mo _interaction is not continu-
ous along the [310] direction (Fig. 2a) and
this should correspond to minimum con-
ductivity.

Mo-0 valences, s, calculated using the
equation (16) s = (d/dy)~V, are shown in
Table III. Here, 4 is the crystallographic
interatomic distance, while dy and N are
constants taken from the compilation of
Brown (/6). In the present work, values of
do = 1.882 A and N = 6.0 were used. Li-O
valences, calculated using the equation (/7)
s = exp[—(R — Ro)/B], where Ry = 1.292 A
and B = 0.48, are also shown in Table III.
For each molybdenum ion, there are one or
two interactions of low order, and thus, the
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net or effective coordination numbers of
the molybdenum ions might more properly
be regarded as four or five. The wide range
of Mo-0O distances in molybdenum oxide
structures and the consequent difficulties
associated with describing the coordination
geometry have been noted previously (3).
In the present structure, molybdenum sites
involved in edge sharing with two adjacent
molybdenum octahedra (e.g., the corner
molybdenum ions Mo(1), Mo(3), Mo(8),
and Mo(11) in Fig. 4) show two very strong
Mo-0 interactions (s = 1.53-1.92), two in-
teractions of intermediate strength (0.84-
1.12), and two very weak interactions
(0.11-0.44). Thus, these molybdenum ions
may be regarded as pseudo four-coordi-
nate. Their coordination polyhedra most
nearly correspond to four adjacent vertices
of an octahedron with the metal near the
center of a triangular face (i.e., a metal-cen-
tered octahedron with two cis sites vacant).
In contrast, the remaining eight unique oc-
tahedra are more nearly pseudo five-coordi-
nate with distorted square-pyramidal coor-
dination geometry. They each show one
strong interaction (1.88-2.10), four interac-
tions of intermediate strength (0.57-1.07),
and one very weak interaction (0.18-0.30).
For each pseudo four-coordinate molybde-
num, the weak interactions are approxi-
mately along b* and [310], while for the
pseudo five-coordinate molybdenum at-
oms, they are all along b*. In cluster 11,
which is linked to adjacent layers by corner
and edge sharing, weak interactions occur
along the edge-shared boundary between
layers III and IV (Fig. 2b) such that the
resulting pseudo four- and five-coordinate
polyhedra all ‘‘point away’’ from this
boundary. In cluster I, which is linked to
adjacent layers exclusively by corner shar-
ing, this directionality is not observed, and
within a given cluster, two polyhedra point
in a direction opposite to the remaining
four.

The valence for each molybdenum ion is
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shown in Fig. 4. The average valence, 5.71,
is quite close to the value of 5.67 expected
for Lip33M00;. Molybdenum ions on clus-
ter I show higher valences than those on
cluster II. Thus, the less densely packed
molybdenum ions (e.g., those linked to ad-
jacent layers along b* only by corner shar-
ing) exhibit the higher valences, as might be
expected from coulombic considerations.
Within a given cluster, corner molybdenum
ions (Mo(1), Mo(3), Mo(8), and Mo(11))
have the highest charge. The valence of
corner-shared molybdenum ions along ¢ are
lower and are uniform within a given chain,
providing additional evidence for good con-
ductivity in this direction. Indeed, it is pos-
sible that Lig 33M00; is a metallic conductor
along c. In any other direction, this material
should be semiconducting, as has been pre-
viously observed (5).

It has been suggested that Li;Mo04Oy; is a
precursor for the formation of Lip33MoO;
(5, 8, 9). The crystal structure of both the
high- and low-temperature polymorphs of
Li;Mo,0,; (17, 18) are derived from the
V¢O13 (18) structure type. V¢Oi3, in turn, is
closely related to the V,0s structure type
(Fig. 1), the building block of Lij33:M00;.
This close structural relationship between
Li;Mo0,4013 and Liy 33MoO; may help explain
why these two materials always appear to
coexist in reaction ampoules.

The crystal structures of Ky 33Mo0O; (3)
and Csy1:Mo0O; (2), the other known
M, 13sMoO; phases, are of the layered type
while Lij33:Mo00O; is three-dimensional even
though all three structures contain the six-
octahedra molybdenum cluster (Fig. 4) as
the basic building block. The difference in
structure is probably related to the small
size of the lithium ion which can fit easily
into vacant octahedral oxygen sites. Similar
effects of alkali ion size on crystal structure
have been observed in the M;Mo0,0,; series
18).

Finally, we note that this work clearly
establishes the structure and composition
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of the triclinic, stoichiometric, lithium mo-
lybdenum bronze, Lij33:M0oO;(LiMo;0s).
Further work will be required to determine
the relationship of this phase to the mono-
clinic phase(s?) reported previously by
other workers (see Introduction).
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