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action rate constants for higher polymers have not 
been determined. Thus, although the molybdate 
curve for a given mixture of polysilicic acids is 
quantitatively reproducible, it gives only a qualita
tive picture of the relative distribution of monomer, 
dimer, and higher polymers. 

I t is of interest to note that the degree of poly
merization of 4.7 of polysilicic acid from 3.25 ratio 
sodium silicate corresponds to a molecular weight 
of 282 on an anhydrous SiO2 basis. Earlier work 

The germanides of transition metals have re
ceived little attention until very recently. Appar
ently there is still no published information on the 
chemical properties of any transition metal-germa
nium compounds, although a few transition metal-
germanium phase diagrams have been studied. 

The available information shows that germanides 
of the transition metal often have compositions and 
structures similar to those of the silicides of the same 
transition metals. 

Since the molybdenum silicides have recently 
been shown to be stable and high melting com
pounds,4 it seemed of interest to investigate the 
nature of molybdenum-germanium compounds. 

The remark by Wallbaum8 that MoGe2 does not 
have the same crystal structure as M0S12 is appar
ently the only reference to any molybdenum ger-
manide compound prior to our own investigations. 
We have recently reported the preparation of 
MosGe and the determination of its structure.6 

Experimental.—Samples for X-ray diffraction analysis 
were prepared by heating thoroughly mixed germanium 
and molybdenum powders in carbon crucibles. The molyb
denum was obtained from Fansteel Metallurgical Corpora
tion in the form of 200 mesh powder. The germanium was 
obtained from Eagle-Picher Company both in lump form 
and in the form of 200 mesh powder. Spectrographs an
alysis of the germanium showed it to contain essentially no 
metallic impurity, but the powder was found by X-ray dif
fraction investigation to contain a few per cent, germanium 
dioxide. Two series of samples were made: a series prepared 
by heating to 980° in a resistance-heated nickel tube fur
nace under an atmosphere of argon, and a second series 
prepared by heating to 1350° in an induction furnace under 
vacuum. 

Molybdenum powder gave negligible weight losses when 
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by Her11 indicated such silicic acid to have a number 
average molecular weight of around 200, while 
Debye and Nauman12-14 found, in solutions of 3.3 
ratio sodium silicate, a molecular weight of 325 
by light scattering. 
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heated alone under conditions comparable to those of our 
preparative runs. Germanium powder lost a few milli
grams per 100 mg. under the same conditions. The com
positions of the molybdenum-germanium alloys after heat
ing were calculated by assuming that the small weight losses 
that occurred were due exclusively to vaporization of ger
manium, perhaps as germanium monoxide. Substitution 
of crushed lump germanium reduced losses of germanium 
to 5 or 6 mg. for heating periods of 6 hr. at 980°. For 
samples heated at 1350°, excessive loss of germanium was 
avoided by covering the crucibles with tight-fitting lids. 
These lids were drilled with V»2-inch holes to allow the es
cape of non-condensable gases. When lids were used, the 
loss of germanium at 1350° was never more than 2 mg. per 
hour even for samples of high germanium content. Samples 
prepared at 980° were all cooled at a rate of about 100° per 
hour while samples prepared at 1350° were cooled from 1350 
to 700° in 3 or 4 min. 

X-Ray diffraction patterns of the powdered products 
were obtained in a camera of 114.57 mm. diameter. Copper 
Ka radiation (wave length ai = 1.540522A, a2 = 1.544367 
A) was used. 

Discussion.—Examination of the variation in dif
fraction patterns with composition revealed the 
existence of four molybdenum-germanium phases 
in the set of samples heated to 980°. The pres-
sence of three or more phases in a sample after 
heating would constitute evidence that equilibrium 
had not been reached. Samples which had been 
heated for at least one-half hour at 980° never 
yielded diffraction patterns of more than two 
phases. Maximum intensities of the four phases 
were obtained at compositions MoGe0.3s ± o.oe. 
MoGeo.7 ± o.i, MoGei.5 ± 0.2 and MoGe2.i ± 0.25-
The phases were, therefore, identified as MosGe, 
Mo3Ge2 (or Mo6Ge3), Mo2Ge3 and MoGe2. Details 
of this method of fixing phase compositions are pre
sented in previous publications.4'6 

Samples of less than 60 atomic % germanium 
which had been prepared at 1350° were indistin
guishable from those prepared at 980°, but samples 
of more than 60 atomic % germanium always 
yielded the pattern of a new phase. Since the 
maximum intensities for the pattern of this phase 
were always obtained along with a pattern of 
the phase identified as MoGe2, the new phase was 
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presumed to be a high temperature form of MoGes 
whose complete transformation to the low tempera
ture form was prevented by the rapid rate at which 
the samples were cooled.7 The crystal structure of 
this high temperature phase (designated /8-MoGea) 
was determined and the structure confirms our 
conclusion that the phase composition is MoGe2. 
The formula Mo3Ge for the phase of composition 
MoGeo.35 ± cos was also confirmed by determination 
of the crystal structure of the phase.6 

The diffraction patterns of Mo3Ge2, Mo2Ge3 and 
the low temperature form of MoGe2 (a-MoGe2) 
could not be fitted into any cubic, tetragonal or 
hexagonal lattice from powder diffraction data; 
however, the lines of the Mo3Ge2 pattern showed a 
one-to-one correspondence in position with the lines 
reported by Brewer, Searcy, Templeton and Dau-
ben for Mo3Si2, and it seems certain that Mo8Ge2 
and Mo3Si2 have the same crystal structure. Dif
fraction data for Mo3Ge2, Mo2Ge3 and a-MoGe2 
are presented in Table I. 
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The lines of the /S-MoGe2 diffraction pattern were 
obtained by subtracting the known pattern of a-
MoGej from a diffraction photograph of a mixture of 
a- and /S-MoGe2. The /S-MoGe4 lines could be fitted 
readily to a tetragonal lattice in which a = 3.313 ± 
0.003 A., c = 8.195 ± 0.005 A., and c/a = 2.473. 
The observed reflections were all readily indexed. 
Reflections are observed only when h + k + I = 
2n, though no other systematic absences are evi
dent. The observed reflections are consistent with 
the space group DJJ-I 4/mmm. The experimental 
density of the mixture of a- and /3-MoGe2 that 

(7) A D D E D I N P R O O F , — 0 - M o G e j is a metastable phase formed during 
cooling. At 1095 dr 2 0 ° a-MoGes disproportionates to MosGes and 
l iquid g e r m a n i u m (A. W. Searcy a n d J o h n H . C a r p e n t e r , unpub l i shed 
d a t a ) . 

showed the strongest pattern of /3-MoGea was 6.9 g. 
cm. - 8 . The calculated density of /8-MoGes if two 
molecules are assumed to be present per unit cell is 
8".9I g. cm.-3. 

Intensities of the reflections were calculated from 
the equation 

/ - c ^ 1 + C0Bl2g 
r sin2 6 cos 6 

where C is a constant, p is the probability factor, F 
is the scattering factor and 0 is the diffraction angle. 
These calculations gave excellent agreement with 
observed intensities with the atom positions as 
2 Mo in (b): 0 , 0 , 0 ; 1A, 1A 1

1Al 
4 Ge in (e): 0 , 0 , 2 ; 0 , 0 , 2 ; 1A, 1A, 1A + 2 ; 1A, 1A, 1 A -

z. z = 1A 
TABLE II 

DIFFRACTION DATA FOR /3-MoGe2 
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The high temperature form of MoGe2 ia therefore 
isostructural with MoSb8 and ReSi2.

9 Diffraction 
data for /3-MoGe8 are summarized in Table II . 

No shift in lattice constants of any of the molyb
denum-germanium phases was observed as the 
compositions of the samples were varied. I t 
therefore appears that all the molybdenum-germa
nium phases in this system have narrow ranges of 
homogeneity. 

Samples that contained less than 67 atomic % 

fermanium gave no indication of melting when 
eated to 1350°. AU eutectic temperatures for 

samples containing less than 67 atomic % germa
nium are therefore believed to lie above that tem
perature. Samples of composition Mo3Ge did not 
melt on being heated to 1750°. 

The chemical behavior of the molybdenum ger
manides toward some common reagents was studied. 
AU the phases show similar chemical properties. 
In general, they do not react quickly with ordinary 
non-oxidizing acids or with solutions of bases. 
Sulfuric, hydrochloric and hydrofluoric acids, con
centrated or dilute, hot or cold, showed no immedi
ate reaction, though concentrated sulfuric acid, in 
contact with molybdenum germanides for a week 
turned blue. Boiling 20% sodium hydroxide or 
concentrated ammonium hydroxide caused no im
mediate attack, nor was any reaction observable 
after the solution had stood for a week in the cold. 
Oxidizing agents, however, readily attack the mo
lybdenum germanides; a 30% hydrogen peroxide 

(8) W. H. Zachariasen, Z. physik. Chem., 128B, 39 (1927). 
(9) H. J. Wallbaum, Z. Melallkunde, SS, 378 (1941). 

Complex ion formation in cadmium chloride 
solutions has been the subject of several investiga
tions. Leden2 has made a study of the stability 
constants for various cadmium halide complexes at 
25° in solutions at constant ionic strength 3, and 
gives an extensive summary of references to previ
ous work. Recently King,3 studying the effect of 
chloride ion upon the solubility of cadmium ferro-
cyanide, reported stability constants for the cad
mium chloride complexes at ionic strength 3 for 
temperatures 0, 25 and 47.5°, and evaluated the 
heats of formation for the complexes CdCl+, 
CdCl2 and CdCl8" as 625, -1100 and 4600 cal. per 
mole, respectively. The exothermic formation of 

(1) Io part from the M.S. theale of Harold J. Dawson, Jr., May, 
1952. 

(2) I. Leden, Z. fhysiH. Chun., AMS, 160 (1841). 
(3) E. L. King, THIB TOCRNAL, 71, 310 (1946). 

solution or cold nitric acid, either concentrated or 
dUute, dissolved the germanides readily. Yellow 
solutions were formed with either oxidizing 
agent. Mo2Ge3 and MoGe2 yielded white residues, 
presumably of GeO2, after attack by nitric acid or 
hydrogen peroxide, but the phases of lower germa
nium content were dissolved completely. A fused 
nitrate and carbonate mixture attacked the german
ides with almost explosive violence. Fused pyro-
sulfate dissolved them rapidly to form a clear yellow 
melt. 

The molybdenum germanides resemble the molyb
denum silicides in several ways. Mo3Ge, /3-MoGe2 
and apparently Mo3Ge2, are isostructural with 
known molybdenum silicides. There is no known 
molybdenum silicide with a formula corresponding 
to Mo2Ge3, however. The molybdenum german
ides, like the silicides, are high melting compounds. 
The molybdenum germanides, on the other hand, 
are not as stable toward oxidizing agents as the 
corresponding silicides; furthermore, the german
ides cannot be expected to show the resistance to 
high temperature oxidation that some silicides dis
play. 
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the uncharged species seemed unusual and worthy 
of re-examination, especially since the others were 
formed endothermally. 

The work reported in this paper is part of a pro
gram underway in this Laboratory, concerned with 
the factors influencing the stability of complex ions 
and particularly with the heats of formation as they 
relate to differences between ligands and between 
various metal ions. Since heats of formation ob
tained from the variation of concentration stability 
constants with temperature will depend somewhat 
on the particular ionic strength used, it is impor
tant to determine the extent and direction of that 
dependence. 

Stability constants were determined from obser
vations of the e.m.f. of concentration cells of the 
type 
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