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reactions a t  or adjacent to a metal-oxygen bond, have 
nearly identical rates under the separately specified 
conditions in the Rh(II1) case, but differ by a factor 
of 4.5 for Cr(II1) under similarly specified conditions. 
Finally, the contrast in rates between the M-0 and 
M-C1 types of complexes is somewhat more clear-cut 
for the Rh(II1) series than for the Cr(II1) series. 
These facts are quite understandable in terms of the 
contrasting mechanism assumption made earlier. 
Thus, the Cr (111) reactions, being largely associative 
with participation of a seven-coordinate activated 
state, require that bond-making to the entering water 
molecule be very significant and M-Cl or M-0 bond 
stretching of less importance. One therefore would 
expect the mono- and dichloro complexes to differ in 
rate a t  least by the statistical factor of two as observed. 

Similarly, since the reactive intermediate for the oxalato 
complex is the proton-pre-equilibrated formlo Cr- 
(C204)20C203H*OH2-2, with aquation taking place a t  
the Cr-OC203H bond, one would expect a statistical 
factor between this and the Cr(H20)6+3 species of not 
less than 2 and not more than 6,  again as observed. 
The Rh(II1) complexes, on the other hand, reacting 
largely in a dissociative fashion with formation of a 
distorted octahedral activated state by stretching of 
the M-0 or M-C1 bond to be broken, should show a 
distinct contrast in rate for the two types of bond 
stretch, as observed. 
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Pure MOOL crystals were grown by electrolytic reduction of MoOa-NazMoOc mixtures a t  675'. In addition both sodium 
molybdenum bronze and potassium molybdenum bronze crystals were grown from molybdenum(V1) oxide-alkali molybdate 
melts under carefully controlled conditions. 

Introduction 

There have been conflicting reports in the literature 
concerning the existence of alkali metal molybdenum 
bronzes. Stavenhagen and Engels2 prepared sodium 
molybdenum bronze by electrolytic reduction of fused 
sodium molybdate and Canncrt3 prepared the lithium, 
sodium, and potassium molybdenum bronzes by elec- 
trolytic reduction. Burgers and Van Liempt4 as well 
as Hagg5 obtained only molybdenum oxides in similar 
experiments. Straumanis and Iranie have reported 
that molybdenum(V1) oxide could not be dissolved 
by a tungsten bronze and that solid solutions of the 
type NaW"03(M0~'03)~ were impossible to prepare. 
In addition, they attempted to prepare alkali metal 
molybdenum bronzes by heating dry sodium mo- 
lybdate, molybdenum(V1) oxide, and molybdenum 
powder under vacuum a t  510 and 450°, respectively 
The insoluble product that remained was identified 
as Moog. 

The purpose of this paper is to describe the prepara- 
(1) Operated with support from the U S Army, Navy, and Air Force 
(2) A Stavenhagen and E Engels, B e y ,  28, 2281 (1895) 
(3) C Cannert, Gam chim $ t a l ,  60, 113 (1930) 
(4) W G Burgers and J.  A M Van Liempt, Z anovg allgem C h e n i ,  

( 5 )  G Hdgg, 2 fihyszk Chem , B29, 192 (1935) 
(6) M E.  Straumanis and K K Irani, J Am Chem Soc ,  74, 2114 

202, 325 (1931) 

(1952) 

tion, by electrolytic reduction, of sodium and potas- 
sium molybdenum bronze single crystals in addition 
to molybdenum(1V) oxide single crystals. The suc- 
cessful preparation of alkali metal molybdenum 
bronzes is dependent upon both the reduction tempera- 
ture and the molar ratio of alkali metal molybdate 
to molybdenum(V1) oxide. 

Experimental 

Electrolytic Reduction Apparatus.-Molybdenum bronze crys- 
tals were grown by electrolytic reduction of alkali metal molyb- 
date-molybdenum(V1) oxide mixtures. A detailed drawing of 
the apparatus used in the growth of these crystals is shown in 
Fig. 1, with an insert showing its position in a vertically mounted 
split tube furnace. It can be seen that the crucible support 
assembly centers the crucible in the hot zone of the furnace. In 
addition the support assembly positions the temperature control 
thermocouple and provides external electrical connections be- 
tween the cell and its power supply. The bottom of the ceramic 
(Lava) support column is mounted in a brass plate and the cru- 
cible support plate (Lava) is fitted to the upper end of the column. 
The cell power leads and the thermocouple leads are brought up 
through the hollow center of the column and out through the 
support plate. The furnace control thermocouple is inserted 
through the support plate to a fixed position midway between the 
radiation shield and the cell wall. The external anode lead wire 
is connected to a platinum washer seated on the recessed edge of 
the crucible support plate, and the external cathode lead wire is 
connected to a platinum disk seated in the center of the support 
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TABLE I 

Temp., 
O C .  

675 
675 
675 
550 
550 
550 
560 

Product 
by X-ray 

ident. 

MOO2 
MOO2 
Moo2 powder 
Bronze 
Bronze 
Bronze 
Bronze 

M '', 
m t .  70 
0.029 
0 
0.002 
2.48 
2.33 
6.94 
6.48 

plate. A removable Inconel radiation shield ensuring a mini- 
mum temperature gradient across the cell is seated upon the 
anode washer. This shield also provides electrical contact to the 
cell anode through an internally mounted sliding contact. 

The main body of the electrolytic cell consists of an alumina 
crucible (Morganite No. h-3149) set into a close-fitting platinum 
cup approximately one-half the height of the crucible. A heavy- 
walled small-bore alumina tube is placed in the crucible in such a 
manner that it extends a few millimeters from the bottom of the 
crucible to  approximately 10 mm. above the top edge of the 
crucible. A platinum wire, welded to the platinum cup, is 
brought up the outside of the crucible and down the alumina 
tube. It is attached to  the edge of the cathode (either a seed 
crystal or a 4 . 5 - ~ m . ~  platinum disk) which is allowed to  rest on the 
bottom of the crucible. The cell anode consists of a U-shaped 
platinum strip, approximately 0.5 cm. in width, suspended from 
the top edge of the crucible down into the melt. The platinum 
crucible cover rests on the edge of the anode strip and makes 
contact with the sliding contact from the Inconel radiation 
shield. 

Preparation of Crystals.-Baker's reagent grade sodium molyb- 
date, potassium molybdate, and molybdic anhydride were dried 
for 12 hr. a t  500' before use. The desired molar proportions of 
these materials were mixed and fused for approximately 1 hr. a t  
650" in a platinum crucible. The melt was removed and ground 
until it  had the consistency of a coarse powder. The electrolytic 
cell was filled with this material and mounted as shown in Fig. 1. 
The furnace was brought up slowly to the desired temperature 
and electrolysis begun after waiting a sufficient interval of time 
for the flux material to melt completely. Initially, a platinum 
disk (4.5 was used as the cathode; later a seed crystal 
was substituted to  obtain large crystals. All the electrolytic 
reduction reactions were carried out for a period of 7-8 days a t  a 
current density of 10 ma./cm.z in air. 

Fig. 1.-Furnace arrangement for electrolytic crystal growth 

R l o + 4 ,  Total Mo, 
wt. 70 rvt. % 
73.28 
74.37 
74.37 
16.98 66.1 
14.83 66.16 
8.98 62,34 
10.50 62.62 

Inorganic Chemistry 

Density, Habit Crystal 
g./cc.  quality 

Plate Good 
Rod Excellent 

Polycrystalline 
Plate Good 

4.17 Plate Good 
Plate Good 
Plate Fair 

The sodium molybdenum and potassium molybdenum bronze 
crystals were analyzed by standard procedurcs. The alkali 
metal content was determined by means of a Beckman flame 
photometer analysis on samples dissolved in hydrochloric acid. 
The amount of reduced molybdenum in the sample was obtained 
by the procedure of Wickham and U'hipple7 for determination of 
total reducing power. The total molybdenum was obtained by 
reduction with a silver reductor and titration of the resulting 
solution with ceric sulfate in the presence of ferroin indicator. 

The resistivity was determined by a four-probe method using a 
Keithley 610A electrometer for the measurcrnents of samples 
with high resistivities and a Keithley Model 502 milliohmeter for 
the lower resistivities. Thermal e.m.f. was generated by placiiig 
the crystals between copper contacts, one of which was heated by 
a coil heater and the other kept a t  constant ice bath temperature; 
the Seebeck coefficient was measured with 3 Rubicon potenti- 
ometer. 

Results and Discussion 

Table I summarizes the various electrolytic products 
obtained as a function of composition and other ex- 
perimental conditions The electrolytic reduction of 
various molar mixtures of xMo03 and (1 - x)Na2MoOd, 
where 0.15 5 x 5 075, a t  temperatures above GOOo 
resulted in the formation of l T 0 0 2  However, the best 
crystals of Moo2 were formed by reduction of equi- 
molar mixtures of &lo03 and Na&IoOe a t  675'. As 
the ratio of MoO3 to Na2MoOb increased, the crystals 
appeared to be more poorly formed and finally only 
polycrystalline powders resulted Sodium molyb- 
denum bronze crystals were obtained by the elec- 
trolytic reduction of mixtures containing 3hIo03 or 
4Mo03 to 1NaJYIo04 at  550'. When the reduction of 
similar compositions is carried out above 600°, Moo2 is 
formed From the phase diagram MoOd-Na2M00~,8 
i t  can be noted that a t  the molar ratio 3hIo03. 
1T\;a21C3004 the melting point is below 575'. Bronze 
crystals were grown a t  550' and MoO2 appeared in 
the products when the reduction was carried out above 
575'. A low melting eutectic is also formed a t  a high 
sodium molybdate concentration but the electrolytic 
product is XoOz regardless of the reduction tempera- 
ture. 

The formulas obtained from chemical analyses of 
the bronzes formed by electrolytic reduction of 3Mo03 : 
1Na2M004 and 4Mo03: 1Na2Mo0, indicate a composi- 
tion range from Nao 93hiIo6 9 0 1 7  to Nao 8 7 M o 6  96017. 

It appears that the bronze Nao !&Os 9017 is approach- 
ing the composition NaMo6OI7. From preliminary 
examination of Weissenberg photographs, this bronze 

(7)  D G Wickham and E R Whipple Talan fa ,  10, 314 (1963). 
(8 )  A N Zelikman and N N Gorovits Z h  Obshch Khrm , 24, 1920 

(1954). 
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Fig. 2.-Phase diagram of the system KzMo04-Mo03 indicating 
the electrolytic products. 

is apparently hexagonal with a = 5.52 and c = 12.97 
A. However, on examination of the powder pattern, 
i t  was found that, whereas all of the 001 lines are sharp, 
the others are broad or split, indicating that the lattice 
is probably only psuedo-hexagonal. The molecular 
weight of the compound Na0.93Moi,.9017 is 859.4 and 
the molecular weight obtained from the hexagonal 
unit cell volume (342 and density (4.17 g./cc.) 
is 858.9. 

The phase diagramg for. the system MoO3-KzMoOe 
is shown in Fig. 2. It is apparent that there are only 
a limited number of KzMoO4-MoOs compositions that 
melt below 600'. The electrolytic reduction of mix- 
tures of xMoO, and (1 - x)K*M004, where 0.5 < x 
2 0.9, above 575', resulted in the formation of MoO2. 
Electrolysis of mixtures containing a higher K2MoO4 
concentration than that needed to form K2M04013 
resulted in poor products that contained MoOz, re- 
gardless of the temperature at which the reduction was 
carried out. In addition, the higher K2Mo04 mixtures 

(8) V. Spitzyn and I. M. Kuleshov, ibid., 21, 1367 (1851). 

TABLE I1 
RESISTIVITY VALUES OF MOLYBDENUM BRONZES 

Compound ohm cm. O C .  

MOO* 3 . 7  x 10-4 - 90 
MoOz 1 .27  X 60 
Nao. oaMos.901~ 5.6 X 10-l - 90 
Nao. 93M06.$& 2.6 X lo-' 60 
KO.26MOl.Ol08 5.01 x 105 - 90 
K0.26M01.0103 1.97 x 104 60 
Ko.zsM~~.ozOa -2.3 x 10-3 - 90 
K0.28M01.0203a -1.4 x 10-3 18 

Resistivity, Temp., 

a Conductivity measurements were not made above room 
temperature for this sample. 

were extremely reactive and presented a container 
problem. There is only one other very narrow com- 
position range a t  approximately 3Mo03 : 1K2M004 
were the melting point occurs below 575'. It is in 
this range that two potassium molybdenum bronzes 
were formed. A blue-black bronze was formed a t  550' 
and a red bronze was the product a t  560'. From 
analytical data their formulas appear to be K0.z~- 
MOl.ozOs and Ko.26Mo1.0103, respectively. 

The resistivities of MoOz and several alkali metal 
molybdenum bronzes are listed in Table 11. The 
resistivity of i Moo2 was less than 10-5 ohm cm. a t  
liquid nitrogen temperature and exhibited a positive 
temperature dependency. The sign of the Seebeck 
voltage for Moo2 is negative in reference to copper 
and the Seebeck coefficient rose from a value of 23.6 
pv./deg. a t  31' to 39.3 pv./deg. a t  90'. The molyb- 
denum bronzes were of a plate-like habit and cleaved 
readily. This made it difficult to obtain good electrical 
measurements. However, the relative values listed 
in Table I1 are correct and a striking difference is ob- 
served for the two potassium bronzes with almost iden- 
tical composition. The red potassium bronze K0.26- 
Mo1.0103 showed typical semiconduction behavior with 
a positive temperature dependency. The blue-black 
bronze K0.28M01.0203 has a much lower resistivity with 
an apparent transition from semiconductor to metallic 
behavior above - 100'. This transition takes place 
over a broad temperature region. A preliminary 
crystallographic investigation of the potassium molyb- 
denum bronzes by Dr. A. D. Wadsley has shown them 
both to be monoclinic, space groups C2, Cm, or C2/m 
but with different unit cell dimensions. The red 
bronze, K0.26M0~.~~O3, has a = 14.24, b = 7.70, c = 
6.37 8., andP = 92.0', and the blue bronze, Ko.r~Mol.ozO~, 
has a = 18.28, b = 7.56, c = 9.88A.,andP = 117'43'. 
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