842 Inorg. Chem. 1987, 26, 842-844

Contribution from the Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27695-8204,
and Laboratoire de Chimie Theorique, Université de Paris-Sud, 91405 Orsay Cedex, France

Charge Density Wave as a Probable Cause for the Phase Transition at 125 K in the

Ternary Molybdenum Oxide La,Mo,0,

Myung-Hwan Whangbo*' and Enric Canadell*}
Received October 2, 1986

Tight-binding band calculations were performed to investigate the electronic structure of La;Mo,0,. Our calculations reveal that
La,Mo,0, is a pseudo-one-dimensional metal, and the two partially filled d-block bands it has lead to Fermi surface nesting with
the wave vectors q, == (0.5a*, 0.73¢*) and q, =~ (0, 0.27¢*). The charge density waves (CDW) associated with these nesting
vectors are expected to cause the phase transition of La,Mo0,0,, which occurs around 125 K. Furthermore, the bottom of an empty
band lies above but very close to the Fermi level in La,Mo0,05, so that the CDW’s are expected to exhibit an interesting temperature

dependence.

Recently, McCarroll et al.! prepared single crystals of La,-
Mo,0;, by fused-salt electrolysis of a mixture of Na,MoO,4, MoO;,
and La,0;. Other ternary oxides of molybdenum R,Mo,0; (R
=Y, Sm-Lu) obtained by solid-state reactions®* are polycrys-
talline and magnetically insulating.’ In contrast, La,Mo,0; is
metallic down to 125 K, below which it undergoes a phase tran-
sition.5 This phase transition is also detected by magnetic sus-
ceptibility measurements.5 La,Mo,0, has a pseudo-two-dimen-
sional (2D) crystal structure® as does the molybdenum blue bronze
Ag3MoO; (A = K, Rb),” which exhibits a charge density wave
(CDW).® Thus, it was suggested® that the phase transition in
La,Mo0,0; is associated with a CDW. In the present work, we
carry out out tight-binding band electronic structure calculations®
on La,Mo,0, based upon the extended Hiickel method!® in order
to probe the nature of its phase transition. The atomic parameters
employed in our calculations were taken from ref 8e.

Crystal Structure
It is convenient to describe the crystal structure of La,Mo,0;
in terms of its building blocks, MoOg octahedra. 1a is a perspective
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view of an Mo0,0, cluster that is obtained when two MoOQg oc-
tahedra share an edge. Such Mo,0,, clusters form a chain of
composition Mo,Og by sharing their “axial” oxygen atoms. The
projection view of this chain along the chain axis (i.e., the crys-
tallographic ¢ axis of La,Mo0,0,) is represented by 1b. Then, as
shown in 1¢, the M0,Og chains form an Mo,O; slab by sharing
their diagonally positioned “equatorial” oxygen atoms. The
La,Mo,0, crystal consists of such Mo,O; slabs, which are sep-
arated by layers of La’* cations.

According to the formal oxidation of (La3*),(Mo0,0;%), each
Mo,0, slab carries the formal charge of —6 per Mo,0, formula
so that each molybdenum is in the oxidation state Mo** (d?). In
each Mo,0 cluster of La,Mo,0+, the Mo~Mo distance across
the shared edge is 2.478 A, which is compatible with the Mo—Mo
distance that contains a double bond between Mo atoms.!! The
bottom six d-block orbitals of an Mo,0, cluster are derived
primarily from the t,, levels of each metal ion. They are g, (2a),
o (2b), 74 (3a), w_ (3b), 6; (4a), and &_ (4b), where the subscripts
+ and — indicate that the d orbitals are combined in phase and
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out of phase, respectively. It is noted that only the metal d orbitals
are shown in 2-4 for simplicity.
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Band Electronic Structure

The bottom six d-block bands calculated for a 2D Mo,O-% slab
are shown in Figure 1. These bands are largely represented by
the bottom six d-block orbitals of each Mo,0O, cluster shown in
2-4. Along the chain direction I'—Y, the ¢ bands (s, and ¢_)
are flat whereas the = bands (7, and 7_) have a substantial
dispersion as do the & bands (§, and.é,). This is expected because
both the 7 and § orbitals (3 and 4, respectively) make strong =-type
overlaps with the p orbitals of the shared “axial” oxygen atoms
along the chain direction while the o orbitals (2) do not overlap
with any orbitals of the shared “axial” oxygen. The = and 6 bands
are much less dispersive along the interchain direction I'=X than
along the chain direction 'Y, but the opposite is the case with
the ¢ bands.
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Figure 1. Six low-lying d-block bands for a 2D Mo,0,% slab, where T,
X, and Y are the wave vector points (0, 0), (a*/2, 0), and (0, c*/2),
respectively, in the first Brillouin zone of the reciprocal space. The
dahsed line refers to the Fermi level.

In each M0,0,, cluster, the g, g_, 7, and =_ bands have the
metal character of the o4, o_, 74, and 7_ orbitals, respectively.
The é; and 6, bands have the metal character of the 4, and 4_
orbitals, respectively, along I'—Y. Along I'=X, however, the
metal orbital character of the 6, and 4, bands switches so that
the 8, and 8, bands at X have the metal character of the é_ and
3. orbitals, respectively. This switch of the orbital character is
caused by the p orbitals of the shared “equatorial” oxygen atoms,
whose participation in bonding depends upon the wave vector.®>!2
The 8, and &, bands at T have the orbital characters of 5a and
5b, respectively, but those at X have the orbital characters of 6a
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and 6b, respectively. When the oxygen p orbitals are allowed by
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symmetry to interact with the metal d orbitals, the former make
an antibonding contribution to the d-block levels, thereby raising
their energies. With four d electrons to fill the d-block bands of
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Figure 2, Fermi surface associated with (a) the m,. band and (b) the §,
band. In each case, the region of the wave vectors enclosed by the Fermi
surface including T leads to filled band levels and the other region leads
to unfilled band levels.

Figure 1, the ¢, band is completely filled and the x.. and §; bands
are partially filled. The o, and 7, bands have metal-metal-
bonding character across the shared edge in each M0,0,, cluster.
On the other hand, the filled portion of the 8, band has mostly
metal-metal antibonding character. This antibonding effect of
the 6, band is expected to cancel some of the bonding effects of
the o, and 7, bands. Nevertheless, the Mo—Mo distance of 2.487
A in La,Mo,0; is extremely short, due presumably to the fact
that the antibonding effect of the &, band is negligible by virture
of its weak &-type overlap between metal ions.

Fermi Surface and CDW

The Fermi surface of a partially filled metallic band is defined
as the boundary surface of wave vectors that separate the wave
vectors leading to filled band levels from those leading to unfilled
band levels. Shown in parts a and b of Figure 2 are the Fermi
surfaces associated with the bands 7, and é,, respectively. In either
part a or part b of Figure 2, the Fermi surface consists of two
separate pieces, which are curved. Thus, La;Mo,0; is a pseu-
do-one-dimensional (1D) metal with the best electrical conductivity
along the chain direction '—Y (i.e., the crystallographic ¢ di-
rection).

One piece of a Fermi surface may be superimposable, by
translating it with a wave vector q, onto another piece of the Fermi
surface. In such a case, the two pieces are said to be nested by
the vector q. A metallic system with a nesting vector q gives rise
to a CDW of wave vector q, which can be detected by diffuse
X-ray scattering as diffuse reflections in between the meain Bragg
reflections. '3

For the Fermi surface of the x, band shown in Figure 2a, the
lower piece is nested to the upper one by the wave vector q; =
(0.5a*,0.73¢*). The Fermi surface of the 6, band shown in Figure
2b has a greater curvature near I' than near X, so that the lower
and the upper pieces are not well nested. Nevertheless, away from
the region of T, the upper piece of the w,-band Fermi surface is
similar in curvature to that of the §,-band Fermi surface. Thus,
the former is nested, though incompletely near the region of T,
to the latter by the wave vector q, =~ (0, 0.27¢*). Likewise, the
lower piece of the 7,-band Fermi surface is approximately nested
to that of the ,-band Fermi surface by q,. Such a nesting does
not remove all the Fermi surface after the corresponding CDW
is formed, which therefore would leave some metallic character
even after the CDW formation.!*

According to the above discussion, it is likely that La,Mo,0,
has CDW'’s of wave vectors q; =~ (0.5a*, 0.73¢*) and q, = (0,
0.27¢*), and such CDW’s are responsible for the phase transition
in La;Mo0,0;. Another important feature of the band structure
of Figure 1 is that the bottom of the §, band lies above but very
close to the Fermi level (0.018 eV above). Therefore, as in the
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case of the molybdenum blue bronze A, ;MoO; (A = K, Rb),5¢
thermal excitation of electrons can occur from the 7, and §, bands
into the bottom portion of the 8, band. This thermal excitation,
which increases with temperature, shrinks the occupied region of
wave vectors in both part a and and part b of Figure 2. As a
consequence, the two pieces of the Fermi surface of either the ..
and the 8, band come closer to each other upon losing electrons
by thermal excitation. Then, the ¢* component of q, would
decrease from 0.73¢* upon increasing temperature, whereas that
of q, would remain nearly temperature-independent.

Concluding Remarks

The present band electronic structure calculations on an
Mo,0,% slab show that La,Mo,0; is a pseudo-1D metal, with
the strongest electric conductivity along the crystallographic ¢
direction, and has two partially filled bands. These bands give
rise to two nesting vectors q, =~ (0.5a*, 0.73¢*) and q, ~ (0,

0.27¢*). Thus the CDW'’s associated with these nesting vectors
are likely to be responsible for the phase transition in La,Mo,0;,
which occurs around 125 K. As in the case of the molybdenum
blue bronze Ay3;Mo00; (A = K, Rb), La,Mo,0, has the bottom
of an empty band lying above but very close to the Fermi level.
Thus, to fully understand the nature of the phase transition in
La,;Mo,0;, it would be important not only to search for the
presence of CDW’s but also to probe their temperature depen-
dence.
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The X-ray structure, an improved synthesis, and the antitumor activity of (ImH),;(RuImCl;) are described. (ImH),(RulmCls),
(C3HN,),[RuCls(CsH,N,)1, M, = 484.59, is orthorhombic, space group C2-Bm2,b, with a = 8.464 (2) A, b = 14.406 (3) A,
c=14936 (4) A,V =1821 A3, Z =4, D,y = 1.77 g cm™?, and final R, = 0.038, for 764 reflections and 75 variables. The
antitumor activity was investigated in the P 388 leukemia model. The lifespan of the animals treated with (ImH),(RulmCl;)
was increased up to T/C values of 150~162%. This effect was in the same range as that observed with the positive controls
5-fluorouracil and cisplatin. These clinically used drugs increased the lifespan in the same experiment up to 7/C values of 144%

and 175%, respectively.

Introduction

During the last 20 years, since cis-diamminedichloroplatinum-
(IT) (INN: cisplatin) was discovered as a potent tumor-inhibiting
agent that, in clinical studies, turned out to be a drug with its best
activity against testicular cancer, much more work has been done
in the field of antitumor-active metal complexes than before this
date.! Most of the efforts were concentrated on platinum as the
central metal. Thousands of platinum complexes were synthesized
for this reason, and more than 1000 were investigated in preclinical
tests for antitumor activity. But the clinical trials with a number
of new platinum compounds, selected by way of these methods
for the first treatment of patients, demonstrated clearly the rel-
atively close pharmacological and toxicological behavior of the
new derivatives compared with the original cisplatin. The spectrum
of tumors the derivatives exhibited activity against was not broader
than that of cisplatin, and myelosuppression was the dose-limiting
side effect, as in the case of cisplatin, also. A small amount of
success was achieved with a few derivatives concerning the ne-
phrotoxicity and neurotoxicity.>™

Owing to these facts, it is necessary to search for non-platinum
complexes, which may exhibit tumor-inhibiting properties against

(1) Sigel, H. Met. Ions Biol. Syst. 1980, 1.

(2) Zwelling, L. A. EORTC Cancer Chemotherapy Annual; Pinedo, H. M.,
Chapner, B. A, Eds.; Elsevier: Amsterdam, 1985; Vol. 7, pp 105-122.

(3) Vermorken, J. B.; ten Bokkel Huinink, W. W.; McVie, J. G.; van der
Vijgh, W. J. F.; Pinedo, H. M. Dev. Oncol. 1984, 17, 330-343,

(4) Sternberg, C.; Cheng, E.; Sordillo, P. Am. J. Clin. Oncol. 1984, 7,
503-505.

(5) Harrap, K. R. Cancer Treat. Rev. 1985, 12 (Supplement A), 21-33.

(6) Rose, W. C.; Schurig, J. E. Cancer Treat. Rev. 1988, 12 (Supplement
A), 1-19.

Table I. Crystallographic and Experimental Details

cryst shape; size, mm prism; 0.08 X 0.1 X 0.15

cryst syst orthorhombic
space group Bm2,b (C2, No. 36)
a b, ¢ A 8.464 (2), 14.406 (3), 14.936 (4)
A A 0.7107
i, cm™! 15.9
min transmission (max = 1) 0.87
max 26, deg 60
range of hkl 000 to 7,19,20
possible observns 1328
observns used in refinement 764
(I> 2.5a(D)

other tumors than the established antitumor agents and which
may prove to have less severe side effects. We recently discovered
the tumor-inhibiting bis(§-diketonato)metal complexes. One of
these compounds, diethoxybis(1-phenylbutane-1,3-dionato)tita-
nium7(IV) (INN: budotitane), has reached clinical phase 1 studies
now.

Interesting work in the field of antitumor-active ruthenium
complexes has been done previously.® In this paper we will present
bis(imidazolium) (imidazole)pentachlororuthenate(III),
(ImH),(RulmCls), as a representative of a new class of water-
soluble, heterocycle-coordinated ruthenium complexes with an-
ticancer activity.

The antitumor activity of ImH(RuIm,Cl,), another compound
of this class, was described by us recently.’
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