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has a-d occupied, and the two Y5 compounds have a-e occupied. 
To go beyond mere geometric description, and to understand the 
stability of these octahedral fragments, note that every triangular 
Y3 face is capped by a monoanionic p3 ligand (Cl- or OR-). This 
makes the unifying feature of all observed structures the 
achievement of coordination number six for yttrium,18 generally 
as a (distorted) octahedron. In this context, the (surprising!) 
incorporation of an oxo ligand is most efficient and compliant since 
it can be three-coordinate, four-coordinate or five-c~ordinate’~ 
and thus can serve to complete the favored coordination number 
of three, four, or even five yttrium centers. 

The lack of a suitable cation under the conditions of eq 1 
probably favors the formation of molecular (Le., uncharged) 
reaction products; molecular reactants favor production of mo- 
lecular (Le., uncharged) reaction products. Thus, complete en- 
capsulation of oxygen, to give Y60(p2-OR) 12(OR)2-, is perhaps 
not observed in eq 1 due in part to lack of a suitable partner cation. 

The problem of achieving coordination number six in a mo- 
lecular species is more readily accomplished for tetravalent metals 
(e. g . , U 30( O‘Bu) o,2° Zr 3S( StBu) o?l and Mo30 (OCHiBu) l ~ z )  

than for trivalent metals, since fewer anionic ligands are available 
in the latter case. One solution to this problem for trivalent metals 
is to aggregate more than three metals into a closed polyhedral 
fragment. In this way, the ratio of bridging to terminal ligands 
increases, thereby increasing the coordination number of each 
metal. The tolerance of 02- to bind simultaneously a large number 
of metals also favors its incorporation. 

The hypothesis that it is the yttrium coordination number that 
dictates product stoichiometry (identity) quite naturally explains 
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lentine, T. M. Acta Crystallogr. 1969, 825, 2140. 
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Chem. Commun. 1985, 1224. 
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Chem. 1984, 23, 1021. 

the retention of two T H F  molecules in two isomers of Y3Cl- 
(O’BU)~(THF)~ and in La3(OtBu)9(THF)z. This hypothesis 
predicts that a tetrahedron is an unsuitable polyhedron for a 
Y&.$-O) cluster since (Y0R).$0(p2-OR), has only five-coordinate 
yttrium. It likewise rationalizes why the reported Y 4 0  species 
is a ”butterfly” and not planar (inefficient use of oxide ligand and 
its orbitals) as well as why it retains two chloride ligands: hy- 
pothetical (YOtBu)40(pz-OtBu)4(~3-OtBu)2 would have two 
five-coordinate metal centers (at the “wingtips”), each of which 
is observed to bind one chloride. 

A final question revolves around why the synthesis reported 
here does not yield a stable Y30(0iPr)7(‘PrOH)3, structural unit 
similar to that of Y3Cl(OtBu)8(THF)z. We suggest that this is 
a combination of the more appropriate size and greater donor 
character of 0 vs C1, and the smaller size of O’Pr with respect 
to O‘Bu. The Occurrence of a Y50(OR)8 core both in this synthesis 
and from the reaction of KOMe-MeOH with ( v ~ - C ~ ) ~ Y C ~ ( T H F ) ’ ~  
suggests special stability for this structural unit. The solubility 
of Y50(OR)13, as well as the lability of the alkoxide ligands, allows 
its use as molecular precursors for multicomponent yttrium oxide 
materials by h y d r ~ l y s i s . ~ ~  
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A0.33M003 (A = K, Rb, CS, TI) 

Tight-binding band structure calculations were performed on the molybdenum red bronzes Cs,,&iOO3 and Tlo,,,Mo03 to examine 
whether they are regular semiconductors or Mott insulators. Our calculations show that these red bronzes have a band gap and 
that their valence and conduction bands are as wide as those calculated for the blue bronze &.,MOO,, which is a metal at room 
temperature. Thus, the red bronzes Ao,,,MoO3 (A = K, Rb, Cs, TI) are not Mott insulators but regular semiconductors. Our 
analysis of the to-block band orbitals reveals that the band gap of the red bronzes occurs as a direct consequence of the 0-Mo-0 
alternations in their MOO, octahedra. 

Molybdenum bronzes refer to a class of solid oxide phases of 
composition A,Mo,O,, where A is an alkali metal or T1, and 
exhibit intense color and metallic luster. Recentlv. Dhvsical 

bands determines whether the bronze is a metal or a semicon- 
ductor. Alkali-metal molybdenum oxides are classified into three 

, I  1 < 

properties of several molybdenum bronzes have extensively been 
studied in connection with the charge density wave phenomenon 
arising from their low-dimensional metallic character.’-3 In the 
molybdenum bronze, alkali metal or T1 donates its valence electron 
to the transition metal, so that the nature of its low-lying d-block 
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groups:’ blue bronzes &.3Mo03,’32 purple bronzes Ao.gMo6017,133 
and red bronzes A0.33M003.”~ The blue and purple bronzes are 
metals a t  room temperature but exhibit resistivity anomalies at 
low temperature.’,’ These electrical properties of the blue and 
purple bronzes have recently been explained on the basis of their 
band electronic  structure^.^ 

All red bronzes Ao,’~MOO’ (A = Li, K, Rb, Cs, TI) are found 
to be s e m i c o n d u c t o r ~ . ~ ~ ~  Lio,33M0034d has a three-dimensional 
structure in that it contains neither isolated metal-oxygen chains 
nor isolated metal-oxygen layers. A band electronic structure 
study6 suggests that this red bronze is a regular semiconductor. 
Other red bronzes Ao,&foO3 (A = K, Rb, Cs, Tl)4b*d-f consist 
of isolated layers of composition MOO’, and hence may be referred 
to as two-dimensional (2D) red bronzes. The M A  bonds of the 
2D red bronze K0,33MO03 are slightly longer than those of the 
blue bronze &,3M003. On the basis of this observation, Travaglini 
and Wachter proposed7 that the 2D red bronze b , 3 3 M o 0 3  is not 
a regular semiconductor (Le., one that has no partially filled bands 
in a one-electron band picture) but a Mott insulator8 (i.e., a 
semiconductor or an insulator despite the presence of partially 
filled bands in a one-electron band picture). The insulating 
property of Mott insulators originates from electron localization, 
which is caused by electron-electron repulsion.8 In general, a 
system with a partially filled band is expected to be a Mott 
insulator when its bandwidth, W, is narrow (precisely speaking, 
when W is smaller than the on-site repulsion, v).8 The d-block 
bandwidths of molybdenum bronzes increase with the overlap 
between molybdenum d orbitals and bridging-oxygen p orbitals. 
Therefore, it is not surprising to speculate’ that the longer Mo-0 
bonds of the 2D red bronze K,,33M003 (with respect to those of 
the blue bronze &,3MOO3) might provide a narrow enough band 
susceptible to Mott electron localization. 
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Figure 1. Bottom portion of the t,,-block bands of the real Mo6OI8 layer. 
In units of the reciprocal vectors a*, b*, and c*, the points r, Y, and 2 
are defined as I‘ = (0, 0, 0), Y = (0, b * / 2 ,  0 ) ,  and 2 = (0, 0, c*/2). 

However, magnetic susceptibility and ESR s t u d i e ~ ~ ~ ? ~  suggest 
that the 2D red bronzes have delocalized d electrons and have 
very little spin density. These findings are not consistent with the 
proposal that the 2D red bronzes are Mott insulators. To examine 
whether the 2D red bronzes are regular semiconductors or Mott 
insulators, we performed tight-binding band structure calcula- 
tiomlo on Cso,33M003 and Tlo,&fOO3 within the framework of 
the extended Huckel method.” The atomic parameters used in 
this work are identical with those employed for our earlier work 
on the blue bronze K0,33M003Sa and the purple bronzes 
M06017Sb and Li0,9M06017.sC The band electronic structures 
calculated for Tb,33M003 and C~,33MO03 are practically identical, 
and thus we discuss only those results concerning Tlo.33MO03 in 
the following sections. 

Crystal Structure 

In analyzing how the band electronic structures of the 2D 
bronzes are related to their crystal structures, it is convenient to 
construct the crystal structures in terms of the M06026 clusters 
1.6 Upon sharing the corners of the Mo6OZ6 clusters, one obtains 

1 

the M06024 chain 2. Removal of the hump Moo6 octahedra (Le., 

2 
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Figure 2. Bottom portion of the t,,-block bands of the real Mo4OI8 chain. 

those that do not form a continuous chain) from 2 leads to the 
Mo401g chain 3. 

Y 

t 

3 

A projection view of 2 along the chain direction can be rep- 
resented by 4. Then the Mo6OI8 layer (Le., MOO, layer) 5 is 

4 

5 

obtained by sharing the corners and edges of the Mo6024 chains. 
For the purpose of clarity, every second M o ~ O ~ ~  chain is shaded 
in 5. In the 2D red bronzes Ao,&iO03, the Mo6018 layers 5 
alternate with the layers of the cations A+ along the crystallo- 
graphic a direction. If the hump octahedra are removed from 
5, one obtains the M04014 layer 6. 

6 

Band Electronic Structure 

Figure 1 shows the dispersion relations for the bottom portion 
of the t2,-block bands of Tlo,33Mo03. With two electrons to fill 
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these bands (i.e., I / ,  for MOO, or 2 for Mo60,g), only the bottom 
band a is filled so that an indirect band gap of about 0.12 eV exists 
between bands a and c. Furthermore, these bands are as dispersive 
as the corresponding bands calculated for the blue bronze &,,- 
M003.5a Thus, the 2D red bronzes cannot be Mott insulators, 
which are characterized by partially filled narrow bands.8 Ac- 
cording to the present study, therefore, the 2D red bronzes are 
not Mott insulators but regular semiconductors. 

Our result that the lowest lying t2,-block band is separated from 
those bands lying above with an indirect band gap of -0.12 eV 
is consistent with several experimental observations: the optical 
reflectivity of the red bronze &&io03 suggests a band gap of 
0.5 eV,4a and the temperature dependence of the resistivity in 
Cso,33M0034C and Tlo,33M0034b" indicates a band gap of 0.24 and 
0.52 eV, respectively. 

For the purpose of comparison, Figure 2 shows the dispersion 
relations for the bottom portion of the t2,-block bands of the 
Mo4OI8 chain 3. Those bands are very similar in nature to the 
corresponding ones of the Mo6OI8 layer (in the r - Y region), 
except for the minor difference that band c is slightly lower in 
energy in the Mo6018 layer than in the Mo4018 chain. Thus, in 
understanding why an energy gap exists between bands a and c 
of the Mo6OI8 layer (and hence in the red bronze), it is necessary 
to analyze why the corresponding band gap occurs in the Mo4O1g 
chain. This is discussed in the following section. 

Band Gap and O-Mo.-O Alternation 

A. t,,-Level Splitting. The nature of the t2,-block bands of 
Li0,33M003 critically depends upon the Mo-0 bond length var- 
iation.6 For a regular Moo6 octahedron 7a, the t2,-block levels 

l a  

x z  X Y  Y Z  
7b 

may be represented by 7b. Though omitted for simplicity in 7b, 
the oxygen orbitals combine out-of-phase with the metal orbitals. 
Thus, in general, the t2,-block levels are raised when the Mo-0 
bond is shortened. The Mo-0 bond shortening 7a - 8a leads 

8a 8b 

9a 9b 

to the t2,-level splitting shown in Sb. That is, the 7a - Sa dis- 
tortion raises the ?r orbitals but leaves the 6 orbital intact. (Here, 
the ?r and 6 symmetry elements are taken with respect to the 
shortened Mo-0 bond axis.) When the Mo atom of 7a moves 
along the diagonal direction between two orthogonal Mo-0 bonds 
as described in 9a, all the t2, levels are raised in energy as shown 
in 9b. Thus, in a system that has both the 7a - Sa and the 7a 
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r Y 
Figure 3. xy bands of the ideal Mo4OI8 chain. 

- 9a distortions, the bottom tz,-block level of 8b will become the 
lowest lying d-block level. 

Shown in 10 and 11 are the various Mc-0  bond lengths found 
in the Mo6OI8 layers of Tlo,33Mo0,. The hump octahedra have 

2.334 
/ 

10 

11 

a strong 0-Mo-0 bond alternation of type 7a - 9a, while the 
chain octahedra (Le., those that are a part of the Mo4OI8 chain) 
have a strong 0-Mo-0 alternation of type 7a - 8a along the 
direction perpendicular to the chain axis. Thus, the t,-blcck levels 
of the hump octahedra are high in energy. Among the tz,-block 
levels of each chain octahedron, only one d level that is a 6 orbital 
with respect to the shortened Mo-0  bond (perpendicular to the 
chain axis) remains low in energy. This orbital, which may be 
chosen as an xy orbital without loss of generality, makes a n-type 
overlap with the oxygen p orbital along the chain axis (vide infra). 
Thus, it is sufficient to consider only the xy bands of the M04018 
chain in describing the nature of the low-lying d-block bands of 
the Mo6OI8 layer. 

B. xy Bands of the Mo4OI8 Chain. Figure 3 shows the xy bands 
of the ideal M o ~ O , ~  chain in which all Moo6 octahedra are 
r e g ~ l a r . ~  Shown in 12 are cluster orbitals relevant for band orbital 
construction. It is obvious from 12 that the energies of these 
orbitals increase in the order 12a < 12b, 12c < 12d. Band a a t  
r has the nodal property 13. Bands a and b at Y have the nodal 

1 Za 12b 

12c 12d 

I I 

13 14 

properties 14 and 15, respectively. Band c a t  r has the nodal 

1 1 1 1 

I + 

15 16 

property 16. For the ideal Mo4OI8 chain, bands a and b at  Yare 
degenerate with band c a t  I'. Eventually, how this degeneracy 
is lifted in the real Mo4OI8 chain determines the band gap of the 
real Mo6OI8 layer. 

As can be seen from 11, there exists a bond length alternation 
of the type Mo-O-.Mo-O-Mo along the chain (Le., 2.069, 2.069, 
1.887, and 1.887 A). This destroys the degeneracy between 14 
and 15. The short Mo-0  bonds (1.882 A) in the Mo-0-Mo 
linkages of 10, perpendicular to the chain, are comparable to the 
short Mo-0  bonds (1.887 A) of 11 along the chain. Thus, in the 
real Mo4OI8 chain, the extents of Mo-0  antibonding in 15 and 
16 are comparable. Therefore, band a a t  Yis lowered, while band 
b at Y and band c at r are raised in energy when the Mo4018 chain 
distorts from the ideal to the real structure. This is why the real 
Mo4OI8 chain has a band gap. 

C. Interchain Interactions via Hump Octahedra. We now 
examine how the t,,-block bands of the real Mo4OI8 chain are 
shifted in energy by the interchain interactions in the Mo6OI8 layer. 
Comparison of Figures 1 and 2 shows that band a remains un- 
changed in energy along r - Y but is lowered in energy along 
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r - Z .  Band c is shifted downward in energy along r - Y but 
is raised in energy along 

When viewed along the chain, band orbitals 13-15 are repre- 
sented by 17, and band orbital 16 by 18. With such repre- 

- 2. 

17 

18 

sentations, bands a and b of Figure 1 at r are described by 19, 

19 

and band c of Figure 1 at r is described by 20. Note from 19 

20 
and 20 that the p orbital of each external oxygen atom of one 
Mo4OI8 chain is located along the nodal plane of the xy orbital 
of the adjacent Mo4OI8 chain. Thus, no direct interchain inter- 
actions are expected in the MosOis layer. 

The essential orbital patterns of 19 and 20 around the hump 
MOO, octahedra are given by 21 and 22, respectively. Since the 

21 

22 
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d-block levels of the hump octahedra are higher lying in energy, 
they act as acceptor orbitals; Le., they combine in-phase with the 
chain d-block levels if allowed by symmetry. As illustrated in 23 

23 

and 24, the symmetry of 21 does not allow such a mixing but that 

24 

of 22 does. When this mixing occurs, the oxygen p-orbital con- 
tribution of the inner two oxygen atoms of 22 decreases because 
the p orbital is located close to the nodal plane of the xy orbital 
of the hump octahedron as shown in 25. Along r - Y, bands 

U 
25 

a and c retain the orbital characters 21 and 22, respectively. Thus, 
the whole band c of the Mo6OI8 layer is lowered with respect to 
that of the Mo4OI8 chain, while band a remains unshifted. 
However, along r - Z ,  the relative orbital phases between ad- 
jacent chains must change from in-phase to out-of-phase or vice 
versa. Therefore, bands a and c gradually pick up the orbital 
patterns of 22 and 21, respectively. Therefore, along I' - Z ,  band 
a is lowered but band c is raised in energy. 

Concluding Remarks 

The present band structure calculations reveal that the 2D red 
bronzes A0,3JM~03 have a band gap and that their valence and 
conduction bands are as wide as those calculated for the blue 
bronze A0.3M003. Therefore, Mott localization is not responsible 
for the semiconducting properties of the 2D red bronzes. They 
are simply regular semiconductors. Our analysis of the t,,-block 
band orbitals shows that the 2D red bronzes have a band gap as 
a direct consequence of the 0 - M a - 0  bond alternation in their 
Moo6 octahedra. 
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