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Low-Temperature Synthesis of Novel Layered Alkali Metal-MoO;
Bronzes and Hexagonal Bronzes of the Type K,W,_,Mo,0;*
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A new class of layered alkali metal-MoO, bronzes, A,MoQ; (4 = Li, Na, K, Rb), with nearly the
same unit cell parameters as the host oxide has been synthesized by the solid-state reaction of MoO;
with alkali metal iodides around 575 K; Li,MoO; absorbs H,0 causing an increase in the b parameter
of the unit cell. Hexagonal potassium bronzes of W,_,Mo,0; are synthesized for the first time.
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Hexagonal, tetragonal, cubic, and inter-
growth bronzes formed by WO; with alkali
metals are well-documented in the litera-
ture (I—4). MoO; forms blue bronzes of the
formula A;3;M003; (A = K, Rb, or TI) and
red bronzes of the composition Ay 33M00O;;
these bronzes are described adequately in
the literature (I, 5-7). The blue bronzes
show metal-nonmetal transition, while the
red bronzes are semiconducting at all tem-
peratures (8). We have explored the use of
the solid-state reaction between MoO; and
alkali metal iodides (9) to synthesize novel,
metastable bronzes by carrying out the re-
action at relatively low temperatures. In
this communication, we report, for the first
time, the synthesis of a class of layered al-
kali metal-MoQO; bronzes, with little or no
change in the unit cell parameters com-
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pared to those of the parent MoOs. In addi-
tion we investigated the bronzes formed by
the W;_.Mo, 0, solid solutions (10) for the
first time, their synthesis becoming possible
because of the low-temperature method
employed by us.

The procedure for the synthesis of the
bronzes of MoO; was as follows. MoO,
(0.025 mole) and the anhydrous alkali metal
iodide (0.025 mole) were mixed and heated
in a silica tube at ca. 575 K in vacuo (ca.
1073 Torr) for periods ranging from 3 to 6
hr. Intermediate grinding and reheatings
were required to ensure completion of the
reaction. The liberated iodine, condensed
in a liquid nitrogen trap, was dissolved in
cyclohexane and quantitatively estimated
by the thiosulfate titration. The iodine thus
estimated directly gave the extent of inser-
tion of the alkali metal. The bronzes were
independently analyzed for the Mo’* con-
tent, by dissolving a weighed amount of
solid in a known quantity of Ce** (0.05 M)
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TABLE 1
LAYERED MOLYBDENUM BRONZES A,M0O;

Lattice parameters® A

A x a b c

Li 0.06-0.50 3.97-3.99 13.90-13.91 3.70-3.74
Na 0.10-0.36 3.96-3.98 13.87-13.92 3.70-3.71
K? 0.02-0.17 3.96-3.97 13.87 3.70
Rb? 0.03-0.16 3.97-4.01 13.87-13.89 371

« Lattice parameters of MoQO; are a = 3.962, b = 13.860, c =
3.696 A.

b The blue bronze appears as impurity phase (5-10%) when
x = 0.15.

solution and titrating the excess Ce** with
0.05 M Fe?* solution potentiometrically.
The alkali metal content in the bronzes was
also ascertained by atomic absorption spec-
troscopy. The presence of Mo** in the
bronzes was determined by employing X-
ray photoelectron and ESR spectroscopy.
Three compositions of W;_,Mo,0; (x =
0.3, 0.5, 0.7) were prepared by the topo-
chemical dehydration of their monohy-
drates (10). The procedure for the synthesis
of the potassium bronzes of W;_,Mo,0; (x
= 0.3, 0.5, 0.7) was essentially the same as
that described earlier for the layered MoO;
bronzes.

Layered MoQO; Bronzes

In Table I, the composition ranges of the
layered alkali metal bronzes of MoO; syn-
thesized by us are listed along with the lat-
tice parameters. Figure 1 shows the X-ray
diffraction patterns of some of these
bronzes. While we could prepare pure lay-
ered MoO; bronzes of Li and Na by carry-
ing out the reaction at 575 K, the layered
bronzes of K and Rb almost always had
some blue bronze as impurity at high levels
of insertion (Figs. 1d and 1e). If the reaction
with K or Rb iodide is carried out at 800 K,
the blue bronze is formed. The absence of
any significant lattice expansion in the lay-
ered bronzes in spite of the insertion of a
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large proportion of the alkali metal is note-
worthy. In oxide bronzes, one generally ob-
tains a new structure (compared to the host
oxide) after insertion of the guest metal as
in the blue and red molybdenum bronzes; in
layered materials, on the other hand, inser-
tion of metal atoms results in an increase in
the interlayer separation and hence lattice
expansion (11).

Since there is almost no lattice expansion
in the alkali metal-MoO; bronzes prepared
in the present study, it is likely that the in-
serted alkali metal atoms are present within
layers of MoO; (Fig. 2a). In such a case, the
alkali metal atom would have a ninefold co-
ordination. The layered alkali metal-MoOs
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FiG. 1. X-ray diffraction patterns of (a) Lip sMoQ;,
(b) Lip sMo0O;-0.5H,0, (¢) Nay 3M00Q;, (d) Ko, 1sMoO;,
and (e) Rby sMoQ;. Asterisks in (d) and (e) denote the
lines due to the corresponding blue bronzes appearing
as impurity phase. The relative intensity of the (0k0)
lines are quite high in (d) and (e) as compared to those
in (a) or (c); this may be due to the preferred orienta-
tion effects.



230

FIRIRER, LIRS
<X > WO
NN NN
\/.\J/.\J/ \/‘\/.\
SRR I

E[—\/\ NN X XD
2 (a) (b)

F1G. 2. Possible model for the structure of layered
alkali metal-MoOQ; bronzes; (a) A,Mo0O; (A = Li, Na,
K, Rb) and (b) Li; sM0oO;-0.5H;0. In (a), filled circles
denote alkali metal atoms and in (b), hatched circles
denote lithium atoms and open circles, water mole-
cules.

bronzes are different from the purple
bronzes (12, 13) of the type ApsM0sO;7 (A
= Li, Na, K, TI). The structures of purple
bronzes have little resemblance to the par-
ent MoO; structure and are made up of
slabs of corner-sharing MoQOg octahedra
and MoO, tetrahedra.

We have examined the infrared and elec-
tronic spectra as well as the electrical resis-
tivity of the layered MoO; bronzes. The
charge-transfer band of MoQO; at 360 nm
(14) progressively diminishes in intensity
on insertion of the alkali metal, accompa-
nied by a shift to lower wavelengths. The
characteristic IR absorption bands of MoQO;
in the region 1000-350 cm~! decrease in in-
tensity with increase in the alkali metal con-
tent of the bronze and disappear at high val-
ues of x. Thus, when x = 0.17 for K or 0.5
for Li, we do not see any characteristic IR
bands of MoOs. Electrical resistivities of
the layered bronzes are higher than those of
the blue bronzes of MoQ;, but lower than
those of the red bronzes; the purple bronzes
are quasi-two-dimensional metals. For ex-
ample, the resistivities of Nag 3sM003, Ko 17
MoOs;, and Rby ;sM0O; are of the order of
10?2 ohm cm at room temperature.
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The layered lithium bronze, Li,MoOs, on
exposure to moist air, absorbs water (as re-
vealed by thermogravimetry) accompanied
by an increase in the b parameter of the unit
cell. Accordingly, the hydrated bronze,
LigsMoO;-0.5H,0, has the lattice parame-
tersa =3.67A, b=16.23 A, and c = 3.74
A with a nearly constant resistivity of ~6
ohm cm between 300 and 20 K. The lattice
expansion of the hydrated bronze is likely
to be due to the presence of hydrated Li*
between the layers (Fig. 2b). This bronze is
somewhat similar to the layered alkali
metal molybdenum bronze hydrates re-
cently reported by Thomas and McCarron
(15). We could not however obtain similar
hydrated bronzes of sodium, potassium,
and rubidium even after refluxing the lay-
ered A, MoO; with water.

K,W;-,Mo,O;

The reaction of KI with W,_,Mo,0; (x =
0.7, 0.5, and 0.3) carried out close to 570 K
has yielded hexagonal tungsten bronzes of
the general formula K,W;_,Mo,0;. In Fig.
3 we show the X-ray diffraction patterns of
the potassium bronzes of W;_,Mo,O; stud-
ied by us to demonstrate that the bronzes
are indeed formed in the reaction. With
W,y.3Moy 705 the HTB phase obtained was
K0'15W0_3M00,7O3 with a = 7.314 A and ¢ =
7.732 A. The space group of this HTB is
probably P6; since the (101) reflection is
present in the X-ray diffraction pattern.
Electron diffraction patterns do not, how-
ever, reveal the presence of any superstruc-
ture. It is indeed noteworthy that the HTB
structure is stabilized at such a low potas-
sium concentration (y = 0.15) in this sys-
tem. Normally in K, WQOj; bronzes, the HTB
phase is stable in the range 0.2 = y = 0.33
(16). Insertion of a larger proportion of po-
tassium destroys the HTB structure in K,
Wo.3:Moy 703 instead, a blue molybdenum
bronze-like phase is formed.

W0_5M00_503 and W0.7M00_303 form HTB
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FiG. 3. X-ray diffraction patterns of (a) Kg1sWo3
Moy 703, (b) Ko2Wo sM0gsOs, (€) Ko33W7M0g 305, and
(d) K¢.4Wg3Mo0g505. In (d), the major phase is the blue
bronze with a = 18.16 A, b =17.44 A, c =993 A, and
B = 117.8°

phases with potassium in the y range 0.2 <
y= 0.33. ThllS, K0.2W0.5M00,503 (a =7.333
A, c = 7.628 A) and K0.33W0_7M00.303 (a =
7.357, ¢ = 7.636 A) are clearly HTB’s (Fig.
2). A certain degree of disorder seems to be
present in these bronzes as suggested by
streaking in the a* direction of the electron
diffraction patterns; clear evidence for dou-
bling of the a-axis is seen in the patterns.
Such supercells have been found in
A;Mo00O; and A,WO; (7, 18). No evidence
for intergrowth bronzes (4, 19) was found in
the lattice images, but some of them
showed the presence of a WO;-like phase
with the HTB phase. The absorption edge
of the HTB phase of K,W;_.Mo,0; is
shifted progressively to lower wavelengths
with increase in y. XPS studies show that
Mo’* is formed in these bronzes.

231

Acknowledgments

The authors thank the U.S. National Science Foun-
dation, University Grants Commission, and the De-
partment of Science and Technology, Government of
India, for support of this research. One of the authors
(A.K.G.) thanks the CSIR for a fellowship.

References

1. C. N. R. Rao AND J. GOPALAKRISHNAN, ‘‘New
Directions in Solid State Chemistry,”” Cambridge
Univ. Press, London/New York (1986).

2. T. EXSTROM aND R. J. D. TILLEY, Chem. Scr. 16,
1 (1980).

3. L. KiHLBORG, Chem. Scr. 14, 187 (1979).

4. C. N. R. Rao, Bull. Mater. Sci. 7, 155 (1985).

5. A. WoLD, W. KUNNMANN, R. J. ARNOTT, AND
A. FERRETTI, Inorg. Chem. 3, 545 (1964).

6. C. SCHLENKER AND J. DuMas, in ““‘Crystal Chem-
istry and Properties of Materials with Quasi-one-
dimensional Structures’’ (J. Rouxel, Ed.), Reidel,
Dordrecht (1986).

7. M. GHEDIRA, J. CHENAVAS, M. MAREZIO, AND J.
MaARcus, J. Solid State Chem. 57, 300 (1985).

8. G. H. BoucHARD, J. H. PERLSTEIN, AND M. J.
SIENKO, Inorg. Chem. 6, 1682 (1967).

9. V. BHAT AND J. GOPALAKRISHNAN, J. Chem.
Soc. Chem. Commun., 1644 (1986).

10. L. GANAPATHI, A. RAMANAN, J. GoOPALA-
KRISHNAN, AND C. N. R. Rao, J. Chem. Soc.
Chem. Commun., 62 (1986).

I1. R. SCHOLLHORN, in ‘‘Inclusion Compounds’ (J.
L. Atwood, J. E. D. Davies, and D. D. MacNiCol,
Eds.), Vol. 1, Academic Press, New York/Lon-
don (1984).

12. M. ONoODA, K. ToriUMI, Y. MATSUDA, AND M.
SATo0, J. Solid State Chem. 66, 163 (1987).

13. M. GREENBLATT, K. V. RAMANUJACHARY, W. H.
McCARROLL, R. NEIFELD, AND J. V. WASZCZAK,
J. Solid State Chem. 59, 149 (1985); also see
K. V. RaMaNuiacHARY, B. T. CoLLINS, M.
GREENBLATT, AND J. V. WAsSzZCzZAK, Solid State
Commun. 59, 647 (1986).

14. D. TINET, P. CANESSON, H. ESTRADE, AND J. J.
FRIPIAT, J. Phys. Chem. Solids 41, 583 (1979).

15. D. M. THoMas AND E. M. McCaRrronN, III, Ma-
ter. Res. Bull. 21, 945 (1986).

16. A. HUSSAIN, Acta Chem. Scand. A 32, 479 (1978).
17. M. PARAMENTIER, C. GLEITZER, AND R. J. D.
TILLEY, J. Solid State Chem. 31, 305 (1980).

18. H. B. KrRaUSE, W. G. MoULTON, AND R. C. MOR-
RIS, Acta Crystallogr. Sect. B 41, 11 (1985).

19. A. RAMANAN, J. GOPALAKRISHNAN, M. K. Up-
paL, D. A. JEFFERSON, AND C. N. R. Rao, Proc.
R. Soc. London Ser. A 395, 127 (1984).



