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I. INTRODUCTION 

The chemical literature contains a large amount of descriptive 

material on germanium chemistry, but there is a paucity of quantitative 

data. The purpose of this investigation was to obtain some quantitative 

relationships among various inorganic compounds and, through the 

application of simple thermodynamics, to evaluate the free energies 

of typical compounds in the +2 and +4 oxidation states. 

This thesis is divided into several sections; in each of these 

particular compounds and experimental techniques are discussed. In 

the summary, the various data obtained are correlated in an attempt 

to present a systematic scheme of heats, free energie.s and entropies. 
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II. THE HEAT OF OXIDATION OF GERNANOUS IODIDE 

Germanous iodide, Gei2, was chosen as a reference compound of german

ium in the +2 oxidation state because it is easily prepared and stable 

in dr,y air. This section deals only with the experimentation designed 

to measure the heat of oxidation of Gei2(s) to germanic acid in aqueous 

solution. By estimating entropies it is then possible to obtain the 

oxidation potential for the couple: 

Gei2(s) + 3H
2
o • H

2
Geo

3 
+ 4H++ 21- + 2e-. 

Several attempts were made to oxidize solid Gei2 to germanic acid 

both in aqueous solution and in perchloric acid solutions, but even 

with use of very high stirring speeds in the ca.lorimeter, it was found im

possible to obtain complete reaction in a reasonable time. The reason 

for this lies in the fact that germanous iodide hydrolyzes to the 

hydrous oxide, which is relatively insoluble in non-complexing aq11eous 

solutions. However, in two runs practical~ complete solution and 

reaction of the Gei2 was effected, and the residual solutions were 

analyzed in order to determine the extent of reaction. These two 

runs constitute one set of data toward the evaluation of the desired 

heat. A second set of data resulted from a more roundabout approach, 

namely one involving the oxidation of Gei2 in ).88 molar hydrochlo~ic 

acid. In order to get the desired heat, it was necessar,y to add four 

different experimental heats. These two experimental approaches are 

presented separately in this section, even though they both lead to 

the same final result. 
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~erimental Procedur~s 

Preparation of Germanous Iodide 

A modification or the method of Powell and Brewer8 was used. In 

a typical preparation, 6.0 g. of germanic .oxide was dissolved in about 

.30 ml. cone. sodium hydroxide solution. Then 61f HCl was added until 

the initial }!>recipitate or Geo2 just redissolved. With cooling, 60 ml~ 

cone. HCl and 45 ml. 50% HjP02 were added and the solution heated under 

carbon dioxide for 5-6 hours at 100°C. The resulting solution was 

cooled, and germanous hydroxide precipitated by addition of aqueous 

ammonia. The hydroxide was filtered orr under nitrogen and the moist 

material added to about 45 ml. iodine-free hydriodic acid (constant 

boiling). The suspension was heated with stirring at 80° for half an 

hour, cooled, and the resulting cr.ystals or Gei2 filtered orr and 

washed with 50 ml. of a 30% aqueous solution of constant boiling 

hydriodic acid. The germanous iodide was dried and freed of Gei4 by 

heating at 100° in vacuum overnight. The dr.y material was stored in 

a vacuum desiccator over Mg(Clo4)2• 

Chemical AnaJ.;rsis of Germanous Iodide 

An appropriate sample of Gei2 ( ca_. 0 • .3 g. ) _ wa~ ~eighed out and 

dissolved in 20 ml. 6 !1 HCl in ari atmosphere of carbon dioxide. Then 

.30 ml. water were added and the. solution titrated with 0~1 J! KMn~4 to 

the first appearance of iodine color (the titration being carried out 
I . . .. 

under C02). This endpoint permitted a calculation or the germanium 

(II) content. Seventy ml. cone. HCl along with 5 ml. chloroform were 

then added and the titration continued. (Vigorous stirring was 
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necessary). The disappearance of the iodine color from the chloroform 

layer indicated the completion of the oxidation of iodide to IC12-. 

From this one titration, it was thus possible to determine both german-

ium and iodide. T,ypical results follow: 

Ge (II); found: 21.77%, 21.65%; theory: 22.24% 

I- found: 77.22%, 77.84%; theory: 77.76% 

X-ray Analysis of Germanous Iodide 

The X-ray diffraction patterns of several samples of freshly pre-

pared Gei2, including one sample of sublimed Gei2, were obtained. The 

results were all in close agreement, and showed that Gei2 has the 
0 

Cdi2 type structure. The lattice constants a .. Lt-.249 ± .004 A and 

Q ' 8 
c • 6.833 ± .007 A were measured. Now Powell and Brewer have found 

much lower lattice constants for this compound, vi~., a = 4.14 and 

c • 6.80 (corrected figures); but none of our samples gave results 

anywhere near their results. Our values for the lattice constants 
0 

lead to a Ge - I distance of 2.99 A, which is the same as the Cd - I 

distance in Cdi2• Credit is due Mrs~ Carol H. Dauben for analyzing 

the diffraction patterns. 

Preparation of Germanic Iodide 

The method of Foster and Williston2 was used for preparing Gei4 • 

The product was purified by recrystallization from chloroform 

followed by air drying at 80°C. One preparation was analyzed by 

titrating the iodide with standard permanganate. 

Iodide found: 87.9%, 86.8% 
t 

Theoretical iodide: 87.55% 

Probably the purified material was better than 99% pure •. 
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Preparation of Standard Solutions 

The potassium permanganate solutions and the triiodide solutions 

were both standardized against standard arsenite solutions. The 

standard arsenite solutions were prepared from analytical reagent 

arsenious oxide. All standard acid solutions were standardized 

against solutions of sodium hydroxide which were in turn standardized 

against potassium acid phthalate. 

Calorimeter 

The calorimeter used in these measurements has been described 

previous~l,5. All heats were measured at 25.0 ± l.0°C. and are 

expressed in terms of the defined calorie? 

Whenever a calorimetric run was carried out using a solution 

containing some easily oxidized species, the solution was well satura

ted with some inert gas before proceeding with the run. In some cases, 

very slowly soluble materials were dissolved., and in such cases extra 

stirring blades were attached near the bottom of the central stirring 

shaft. 
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RESULTS 

The Direct Method 

In these experiments, the oxidizing solution used in the calori

meter was prepared by mixing measured amounts of a standard triiodide 

solution with 0.200 M HCl04. An excess of 0.1009 B triiodide solution 

was pipetted into a one liter volumetric flask and diluted to volume 

with 0.200 ~ HCl04 • This solution was then poured into the calori~ 

metric dewar While flushing with carbon dioxide. After assembling 

the calorimeter and immediately before proceeding with the run, carbon 

dioxide was bubbled through the solution. The bulb containing the 

germanous iodide was attached to the end of a rod which had special 

stirring blades on it. The sample was introduced by plunging the rod 

down and breaking the bulb on the bottom of the dewar. After 

completion of the run, the calorimeter was immediately opened and 

100 ml. aliquots of the residual solution were titrated with standard 

thiosulfate solution. 

The germanous iodide used in these runs was about 96% pure. 

Approximately one hour was allowed for the samples to react, but in 

both runs a few grains of undissolved material remained. For these 

reasons, the moles of reacted Gei2 calculated on the b1sis of the final 

titrations were lower than that calculated on the basis of the sample 

weighings. The details for the runs are given below: 

Ml. 0.1009 N r3-

Moles Gei2 weighed out, 

assuming 100% purity 

Run 49 

200 

.00826 

Run 50 

150 

.00721 
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Run 49 Run 50 

Moles Gei2 reacted, on 

basis of titration .00780 .00671 

Heat evolved (cal.) 201.98 174.64 

AH (kcal./mole) -25.9 -26.0 

From considerations or temperature drift uncertainties and analytical 

inaccuracies, we judge the probable error of each of these measure

ments to be ±4% and therefore give 

~H = -26.0 ± 1.0 kcal. !or 

3H2o + Gei2(s) + I
3

- • H2Ge0
3 

+ 4H+ + 5I-

The Indirect Method 

The most convenient way of calorimetrically oxid1zing Gei2 

rapidly and completely to a +4 germanium species was found to be the 

oxidation in approximately 4 molar hydrochloric acid. Gei2 is quite 

soluble in 4!:! HCl (perhaps germane-chloroform, GeHCl3, forms) and may 

be oxidized in this medium to form a soluble +4 germanium species. 

Iodine was chosen as the best oxidizing agent for two reasons. 

First, iodine was a convenient oxidizing agent to have in, excess be

cause it cannot oxidize iodide. (It was necessary to employ an ex

cess of oxidizing agent because of the ease of oxidation of germanium 

(II) solutions by traces of air). Second, since germanic iodide was. 

used as a reference +4 germanium compound, the use of iodine as an 

oxidizing agent avoids the necessity of measuring the heats of solu

tion of several extra compounds in 3. 88 !1 Hcl·. 

The main disadvantage of using a complexing solution such as 
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3.88 ~ HCl as a reaction medium is that the heats of formation of all 

the dissolved species are unknown and extra calorimetric experiments 

are required to relate the heats to infinite dilution in water. 

The formula for the +4 germanium compound Which exists in 

3.88 11 HCl is unknown; perhaps it is H2Geo3 or GeC16... Fortunatezy, 

it makes no difference what arbitrar,y formula we use in our equations. 

In order to relate the heat of formation of this +4 species to that 

for H2Ge03(aq), it is necessar,y to know the heats of solution of some 

+4 compound in both water and 3.88 ~ HCl. First of all GeC14 was 

tried. The heat of solution of Gec14 in water was measured by Roth 

and Schwartz10 (one successful experiment) who recorded that the 

reaction is poor for calorimetr,y because the Geo2 formed in the 

initial hydrolysis is ver,y slowly soluble. In our attempts to 

measure this heat the same difficulty was encountered. Oddly enough, 

this difficulty is even more important when GeCl4 is dissolved in 

3 ~88 H HCl. A ver,y slowly soluble white product (an oxide or oxy

chloride) forms when liquid GeCl4 is added to :3:.88 H HCl. 

Germanium tetra-iodide was finally decided upon as a reference 

+4 co~pound. Again, very slow solution was found in 3.88 H HCl, but 

not nearly as slow as was the case with GeCl4. 

The following is an outline of the various reactions whose heats 

were measured in order to finally obtain the heat desired. 

(1) Gei2(s) + I 2(HCl and KI) • Gei4 (HCl and KI) 

(2) Gei4(s) • Gei4 (HCl and KI} 

(3) I2(s) • 12 (HCl and KI) 

(4) 
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The sum of equations (1), (.3) and (4) minus (2) gives equation ( 5). 

(5) Gei2(s) + I2(s) + 3H20 = H2Geo3 + 4H+ + 4r-. 

By adding the following to (5) 

(6) r
3

- • I
2

(s) + 1-

we obtain 

React ion ( 1) 

Four runs were carried out: two using one preparation of Gei2 

and J.SS ~ HCl, and two using entirely different preparations. In 

each run, a bulb containing the germanous iodide was broken into a 

solution of J.SS M HCl containing about 60 g. of potassium iodide - . 

per liter and an excess of iodine. In runs 7 and S the Gei2 used 
\ 

analyzed 99% pure and in runs .35 and .36 the Gei2 analyzed 96% pure. 

Grams Heat 6H 
.lli!!L 3 • SS M HCl Grams KI Grams 12 Moles Gel2 Evo i ved (cal. ) (kcal.mole) 

7 lOOS 60.0 0.97 .00277S 52.74 -1S.9S 

a 100.3 57.0 0.4S .001268 24.47 -19.30 

35 1070 S0.4 1.24 .003252 61.91 -19.04 

.36 1019 60.0 0.74 .002406 45.53 -18.92 

Average AH • -19.06 kcal./mole 

Instead or trying to guess the impurities present in the Gei2 samples 

and to estimate the corrections necessary to bring the heat up to that tor 

100% Gei2, we shall merel:;v' assume a possible error of as much as 0.4 

kcal./mole and take 

AH • -19.06 ± 0.4 kcal./mole tor 

(1) Gei2(s) + I2(HCl and KI) • Gei4(HC1 and KI) 
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React ion ( 2) 

Reaction (2) involves the dissolution of solid germanic iodide in 

3.88 ~ HCl containing about 6% potassium iodide. Mistaken~, three 

runs were carried out without the potassium iodide; that is, Gei4 was 

dissolved in 3.88 ~ HCl alone. The rate of solution was quite slow, 

but complete solution generally occurred after stirring for 30 minutes. 

The results of these runs are shown below. 

Run Grams 3.88 M HCl Moles Gei4 Heat evolved( cal.) dH (kcal./mole) 

.31 1004 .00.3796 7.66 -2.02 

.32 1007 .002657 4.0.3 -1.52 

.3.3 1004 .00.347.3 5.905 -1.70 

Average dH • -1.75 

When runs were attempted using HCl containing potassium iodide, the rate 

of solution was found to be prohibitively slow. In the best of three 

attempts, a very high stirring speed was used in conjunction with extra 

stirring blades. Even then, only about 90% of the Gei4 dissolved 

after 45 minutes. The result of this run is very low in precision, 

but the details are nevertheless given. 

Run 48 

Moles Gei
4 

Grams .3.88 M HCl 

Grams KI 

Heat evolved (cal.) 

AH (kcal./mole) 

.001806 

1008 

60.0 

8.4 

-4.7 

The value -4.7 kcal./mole probably only gives the order of magnitude. 

Assuming that the inclusion of KI does not change the heat verymuch 

from that measured in runs .31, .32, and .3.3, we shall take 



Reaction (3) 

AH • -3.0 ± 2.0 kcal./mole for 

(2) Gei4(s) • Gei4 (HCl and KI) 
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~n a rough preliminar.y run it was found that the heat of this 

reaction is ver.y small, and hence the iodine was not weighed out into 

the bulb with great precision. (A semi-analytical balance rather 

than an analytical balance was used.) The potassium iodide was dis

solved in 3.88 ~ HCl and diluted with the same acid to one liter. 

This solution was then used in the calorimeter. The iodine used was 

Baker and Adamson Resublimed Analytical Reagent Iodine. 

44 

45 

Grams KI 

60.0 

60.0 

Moles 12 

.0116 

.0220 

Heat evolved (cal.) 

-7.58 

-13.82 

We shall take AH • +0.64 ± 0.05 kcal./mole for 

(3) I2(s) • I2 (HCl and KI) 

Reaction (4) 

AH (kcal./mole) 

+0.65 

+0.63 

The bulb containing the Gei
4 

was attached to a hollow shaft which 

not on~ had extra stirring blades on the end, but also had a hole 

near the bottom which permitted bubbling inert gas through the solution 

in the calorimeter. In runs 28 and 29 the water in the calorimeter 

was degassed with C02; in run 30, with argon. 

Run Grams water Moles Gei11 Heat evolved (cal.) AH(kcal./mole) 

28 

29 

30 

980 

1016 

1016 

.004459 

.004480 

.003788 

41.78 

42.39 

35.38 

-9.37 

-9.46 

-9.34 



-12-

With the aid of the Debye-H~ckel equation, these heats were extrapolated 

to infinite dilution: 

Run 

28 

29 

30 

-9.63 

-9.72 

-9.57 

We shall take bH0 • -9.64 ± 0.10 kcal./mole for 

(4) Gei4(s) + 3H20 • H2GeO, + 4H+ + 4I-. 

By adding together the heats for reactions 

(1) 

-(2) 

(3) 

(4) 

We obtain for (5): 

-19.06 ± 0.4 kcal./mole 

+ 3 .o ± 2.0 

+ o.64 ± o.o5 

- 9.64 ± 0.1 

-25.1 ± 2.0 kca1./mo1e 

By adding 6H • -1.0 kca1./mo1e7 for 

(6) r3-- r2(s) + r-

we obtain 6H • -26.1 ± 2.0 kca1./mo1e for reaction (7). 

(7) 3H20 + Gei2(s) + r
3

- • H2Geo3 + 4H+ + 5I-. 



-13-

CONCLUSIONS 

Two experimentally independent methods have given essentially the 

same value for the heat o! reaction (7), and we shall take 

AH • -26.0 ± 1.0 kcal./mole. 

Pugh9, Laubengayer and Morton6, Schwarz and Hufll and Winkler12 

measured the solubility o! Ge02 at various temperatures. From the 

temperature coefficient of the solubility, we can obtain an approxi-

mate value for the heat of solution of the soluble fo~ of Ge02• 

It appears that the two low temperature measurements of Schwarz and 

Hu! give solubilities which are too high. For the process 

H20 + Ge02(ppt.) • H2Geo3 (aq) we calculate AH0 ~ +J.3 ± 1.0 kcal./mole. 

Pugh gave the solubility o~ Geo2 in water as 4.47 g. per liter at 25°, 

while La:ubengayer and Morton reported 4. 53 g. Taking an average o! 

4.50 g. per liter, we find AF0 • + 1.86 kcal./mole for the solution 

of Ge02• 

cal./deg. 

tables4), 

cal./deg. 

Combining this with the above heat yields AS0 • +4.7±3.4 

By estimating S0 • 13 cal./deg. for Ge02 (using Latimer's 

we calculate the entropy of H2Geo
3

(aq) to be 34.5 ± 4.0 

For the oxidation of Gei2 to Ge0
2 

by triiodide, 

2H20 + Gei2(s) + r
3

- • Ge02(s) + 4H+ + 5I-, 

we f~nd AH0 
m -29.3 ± 1.4 kcal./mole. 
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III. THE DISPROPORTIONATION OF GEill1ANOUS IODIDE 

Brewer and Dennis1' 2 have observed that when germanous iodide is 

heated, it decomposes into germanic iodide and germanium metal. This 

section principally deals with a study of this disproportionation; 

however certain questions arose incidental to this main study, and 

these will be discussed first, inasmuch as an intelligent discussion 

of the Gei2 disproportionation is dependent on them. 

The Entropies and Heat Capacities of GeCl4(g), GeBr4 (g) and Gei4(g) 

Sufficient experimental data exist !or germanium·tetrachloride 

and germanium tetrabromide to calculate their entropies on the basis 

of molecular constants. Both the vibrational energies and the inter

atomic distances are known. Neu and GwinnlO measured the fundamental 

frequencies for GeCl4: JJ 1 • 397, JJ 2 • 132, V3 • 452, V4 •171. 

Herzberg4 gives for GeBr4 : ))1 • 234, lJ2 • 78, V3 • 328, V4 • 111 

(all in em. -l). It was necessary to estimate the frequencies for 

Gei4. Hildebrand5 has shown that whenV1 and V2 (for various 

tetrahalides) are plotted against interatomic distance, smooth curves 

are obtained, which are roughly straight lines. The points on each 

curve are characterized by the same halogen and mode of vibration, 

each point on a given curve representing a tetrahalide with a different 

central atom. It was hoped that an. extension o! this idea might aid 

in estimating the fundamental frequencies .for germanium tetra-iodide. 

Figure 1 shows a plot of all .four vibrational frequencies of SiF4, 

SiC14 and SiBr4 against the Si - X distance. It is apparent that 

the points for a given mode of vibration are approximately on a 
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stra~ght line. It is suspected that the deviations from linearity 

would be smaller if the values for a tetrachloride, tetrabromide and 

tetraiodide were plotted. (The vibration frequencies were taken from 

~ ll 
Herzber~ and the interatomic distances from Pauling and Brockway 

and Kelley?). 

Assuming that straight lines would well represent the values 

for the germanium tetrahalides, the frequencies for Gei4 were extra

polated from those of GeCl4 and GeBr4 . Rouault12 found the Ge-Br 

distance in GeBr4 to be 2.34 ± .04 1. whereas Lister and Sutton9 

found it to be 2.29 ± .02 i. We shall take an average of 2. 31 i. 

The last named investigators found the Ge-l distance in Gei4 to be 

2.50 ± .03 1, and Pauling and Brockway11 found the Ge-Cl distance 

in GeCl4 to be 2.070 i. The extrapolated vibration frequencies 

for Gei4 are V 1 • 104, ll 2 .. 36,. V 
3 

• 230, v4 • 64. The calcu

lated moments of inertia for the germanium tetrahalides are: 

GeC1
4

: 

GeBr4 : 

Gei4 : 

I • 673 X lo-40 

r - 1890 x lo-4° 

I • 3510 x lo-40 

Using the methods outlined by Kelley? and tables of Einstein

functions6, the heat capacities at constant pressure and standard 

entropies of the germanium tetrahalides were calculated. The results 

are shown in Table 1. 

Table 1 

Entropies and Heat Capacities of GeX4(g) at 298°K. 

c~298 5~98 
GeC14 23 .o 83.05 ± 0.5 

GeBr4 24.4 94.78 ± 0.5 

Gei4 25.2 107.4 ± 2.0 
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The Vapor Pressure of Gei4(s) 

Germanic iodide readily sublimes at temperaturffiin the neighbor

hood of 100°C., and so its vapor p.ressure can be accurately measured 

with relative ease. A saturated vapor flow-method was employed. 

Germanic iodide cr.ystals were placed in a horizontal glass tube 

which was heated to a constant temperature while a steady stream of 
. 

argon was passed through the tube. By assuming that the gas was 

saturated with Gei4 vapor in passing through the tube, the amount 

of Gei4 which was condensed out on the cooler portions of the tubing 

was taken as a measure of the vapor pressure. 

Experimental Procedure 

The preparation and ana~sis o! germanic iodide was discussed 

in section II. Two methods for heating the tube containing the Gei4 

were used. In two low temperature experiments the tubing was 

heated by a vapor-jacket similar to that used in Albderhalden · driel's ~ 

The vapors o! boiling benzene and of boiling water wer·e used to 

maintain the temperatures 79.S0 and 99.S0 , respective~. Higher 

temperatures were maintained by heating the tubing in a horizontal 

tube furnace •.. A 11 Celectray 11 electronic controller (C. J. Tagliabue 

Mfg. Co.) was used in conjunction with a chromel-alumel thermocouple 

to keep the t emperature o! the .furnace constant to ±:3°C. The thermo

couple was calibrated at the boiling point o! water and the melting 

points of ice, tin and cadmium. A sheath of nickel foil was wrapped 

around the tubing where the Gei4 was contained. Both the vapor 

jacket and electric furnace outfits are pictured in Figure 2. 
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Linde argon was freed of oxygen and water by passing the gas 

consecutively through hot copper turnings and magnesium perchlorate • 
. .:·i 

The total volume of gas passed in a run was determined by collecting 

the gas over water at the end of the flow system. (It was necessary 

to correct for the vapor pressure of water). The runs were timed 

with an electric timer; runs were started by suddenly bringing the 

temperature up to the desired point and ended by suddenly removing 

the heat. 

Quantitative condensation of the volatilized Gei4 was found to 

occur in the cool, narrow tubing immediately outside the hot zone. 

This narrow tubing was cracked orr after each run and the sublimed 

Gei4 was dissolved. The iodide was titrated to IC1
2
- with a 

standard permanganate solution. Details of the runs are given in 

Table 2. 

Runs A, B and C were carried out at the same temperature, but 

with different flow rates. It can be seen that relatively good 

vapor saturation is attained if the flow rate is kept below about 

0.7 x 10-3 moles argon/minute. The error due to incomplete satura

tion in the remaining runs is probably less than 10% in the vapor 

pressure • 

. Interpretation of Data 

A very satisfactory representation of vapor pressure dat~ is 

given by .a.n equation of the form: 

6F0 • AH:·~ Acp TlnT +IT 

where AH8 and I are empirical constants. In this case AC~ is the 

difference in heat capacity between the gas and solid. We have 
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Table 2 

The Vapor Pressure of Gei
4

(s) 

Run 'J.'OK Time Flow rate Total pressure Calc. vapor pres-
(min) (moles A/min. ) in tube (atm.) sure of Gei4(atm) 

A 393 106 o.746 x lo-3 0.999 8.2 x lo-4 

B 393 206 0.387 X 10-3 1.007 8.4 X 10-4 

c 393 47 1.69 x lo-3 1.008 7.1 x lo-4 

393 0 (extrap.) 8.7 x lo-4 

D 408 75 0.527 x lo-3 1.010 1. 79 x lo-3 

E 379 203 0.774 x lo-3 1.000 2.9 x lo-4 

F 373 .o 215 0.735 x lo-3 1.002 2.20 x lo-4 

G 353 .o 380 0.634 X 10-3 0.999 4.7 X 10-5 
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calculated Cp ,;. 2 5.2 for the gas and by Kopp 1 s rule we estimate 

cp = 33 for the solid. Taking ACP to be -8, we have plotted, in 

Figure 3, the "sigma function 11 bF0 /T + AC~ lnT versus 1/T. The 

slope of the straight line drawn through the points is AHg • 

22,500 cal./mole. The intercept on the 1/T • 0 axis is I = -90.8. 

Hence the free energy or sublimation of Gei4 can be represented 

within experimental error by the equation 

AF0 
z 22,500 + 8TlnT - 90.8T. 

The heat and entropy of sublimation can similarly be represented by 

AH0 
- 22,500 - 8T 

6S0 • 82.8 - 8lnT. 

At 298°K., these functions have the values· 

AF0 • 9.0 kcal./mole 
298 

AH~98 c 20.1 kcal./mole 

AS298 • 37 cal./deg.~mole 

Since the entropy of Gei
4 

(g) is approximately 107, we ca.lcu

late the entropy of solid Gei4 to be 70. This is considerably 

higher than the value calculated using La.timer 1 s tables8, i.e., 63.3 ~ 

The Vapor Pressure of Gei4(1) 

The· melting point of Gei
4 

is 144°C. At this point the heat of 

sublimation is 19,200 cal./mole and the entropy of sublimation is 

34.6 cal./deg. If we estimate the entropy of melting to be 7 cal./deg. 

(Brewer' gives 11 for Sni4 and 3 .for Sii4), then the heat of vaporiza

tion of the liquid at 144°C. is 16,300 cal./mole, and the entropy of 

vaporization is 27.6 cal./deg. If we estimate_ACp to be about -15 

cal./deg. for the vaporization of liquid Gei4, then rough values of 
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the free energy of vaporization may be given by the equation 

6F0 
• 22,500 + 15TlnT - 133T, 

which gives 337°C. as the normal boiling point. The entropy of 

vaporization at the boiling point is calculated to be 21.9 cal./deg. 

Winkler13 reported that the boiling point lies between 350° and 

400°C. The boiling point calculated above may well be in error by 

10 or 20 degrees. 

The Disproportionation of Gei2 

First an isopiestic method was tried in an attempt to study 

the equilibrium 

2Gei2(s) m Ge(s) + Gei4(g). 

Some Gei2 was put in one end of a glass tube and the tube was sealed 

off under vacuum. Using two separately controlled tube fUrnaces, 

the end of the tube containing the Gei2 was held at one temperature 

(ca. 6q0°K.) and the other end of the tube was held at another 

temperature (ca. 450°K.). The middle of the tube was always at some 

temperature intermediate between the temperatures of.the ends. It 

was hoped that the Gei2(s) would be sufficiently non-volatile so 

that it would not distill over into the cooler end of the tube. 

Then the two temperatures could be regulated until Gei4 just began 

to condense in the cooler end (or until Gei4 already there just dis

appeared). Then it would be l_mown that the partial pressure of Gei4 

over the Gei2 was equal to th~·vapor p~essure of Gei4 at the tempera

ture of the cooler end of the tube. However, at the temperatures 

required in order to achieve equilibrium rapidly, the Gei2 sublimed 

over and made measurements impossible. 
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Then a saturated vapor flow-method was tried; .an apparatus 

(cf. Fig. 2) similar to that used in measuring the vapor pressure of 

Gei4 was used. Gei2 cr,ystals were placed in a glass tube through 

which dr,y argon was passed. The tube was heated by a tube furnace 

(same method of control as in the Gei4 vapor pressure experiments) 

and the volume of gas passed through the tube was measured by collecting 

it over water. 

When the tube was heated to about 270~C. reaction commenced and 

clouds of Gei4 dust began emerging from the fUrnace. Some of the 

Gei4 (approximately 50%) condensed in the cool, narrow tubing leading 

from the reaction chamber, but the remainder passed right into the 

container used for collecting the argon at the end of the line. 

Additional coiled glass tubing was put into the line beyond the fur

nace in an attempt to condense out the Gei4, but even with more than 

a meter of tubing for condensation, some of the Gei4 particles were 

swept through the line. Thus it was impossible to accurately deter

mine the amount of Gei4 formed by collecting that which condensed 

out in the cooler tubing. However two runs were carried out using 

this method; the results are given in Table 3. In these two runs, 

the condensed Gei4 was dissolved out of the tubing and titrated with 

permanganate. 

In addition to Gei4 being evolved due to the disproportionation 

of Gei2, some Gei2 sublimed and quantitatively ?~n~ense~ out. At 

~he end of the runs, this Gei2 could be easi~y separat_ ed from the 

condensed Gei4, because the Gei2 condensed out in a much hotter 

zone (almost within the furnace) than did the Gei4 • This sublimed 

Gei2 was also dissolved and titrated with permanganate. Thus these 

measurements yielded both the vapor pressure of Gei2 and the pressure 
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of Gel~ due to disproportionation. 

Table 3 

Vapor Pressures over Ge + Gei2 

Run ']:'OK. Pressure of Gei4 Pressure of Gei2 
(atm.) (atm.) 

557 4.1 x lo-4 1.3 x lo-4 

557 9.6 x lo-4 1.6 x lo-4 

It was then decided to modify the flow-method technique. The 

Gei2 was put in a metal boat and the boat was weighed before and 

after each run. Then there was no concern over where or how the Gei4 

condensed out--the extent of reaction was determined by the change 

in weight of the boat, a!ter correcting for the sublimation of Gei2. 

For the first five runs, a platinum boat weighing about 4 grams 

was used. It was noticed after a few runs that the boat was being 

alloyed by the metallic germanium, and since this alloying might 

cause erroneous results ~ecause of the formation of non-standard 

metallic germanium), the remaining runs were carried out using a 

molybdenum boat weighing about 3 grams. 

The method of preparing germanous iodide has been described in 

Section II. About 2-3 grams of the Gei2 was used in each series of 

runs; volatile impurities were eliminated by making preliminary blank 

runs. Between runs, the mixture of Gei2 and Ge in the boat was 

stirred slightly so that the metal particles (which formed mainly on 

the top surface) would not keep equilibrium from being rapidly 

established. After fou~ or five runs, so much disproportionation had 

occurred that, for fear of the metal particles preventing equilibrium, 
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a fresh batch of Gei2 was put in the boat. 

In runs 10 and 11 the sublj~ed Gei2 was separated from the Gei
4

, 

dissolved, and titrated with permanganate. The vapor pressures for 

Gei2 calculated from these runs are: at 594°K., p • 5.1 x lo-4 atm.; 

at 618°K., p • 26.7 x lo-4 atm. Using these data and the data in 

Table 3, we calculate AF0 • 30,000 - 36! as a rough free energy 

equation for the sublimation of Gei2 • In all the following runs 

except runs 10 and 11, the amount of sublimed Gei2 was calculated . 

from this equation. The weight of sublimed Gei2 was always about 10% 

of the total loss in weight, so very little inaccuracy resulted from 

use of the crude equation. 

The experimental data and calculated pressures are presented in 

Table 4. It can be seen that the trends in calculated pressure with 

various flow rates are rather small compared to the experimental 

error. It is difficult to say whether the higher calculated pressures 

at lower flow~ates are due to better equilibria or to convection in 

the reaction chamber, hence equal weight will be assigned to all the 

data. 

The entropy of Ge(s) is 10.1 cal./deg. at 298°K? We have calcu

lated s~98 • 107.4 for Gei4(g), and by Latimer's tables8 

s298 • 38.5 for Gei2(s). Hence 6S298 = 40.5 cal./deg. for 

For Gei4 (g) cp298 • 25.2 ·and for Ge(s) Cp
298 

• 6.2. Using Kopp's 

rule, we calculate Cp298 • 19.5 for Gei2(s). Therefore as a rough 

approximation we shall take AC~ • -8 for the above reaction from 

298°K. to 643°K. Then 6S0 
• -8 -I -81nt 

and I • -94. 



Table 4 
-· 

The Disproportionation of Germanous Iodide 

Run roK Moles of Argon Flow rate Loss in weight or Weight of sub-
(ln+./min.) __ boat_ (grams)_ limed Gel . - . . - . - 2-

~ 

z 569 .oso; 16.9 .0961 .0058 

3 569 .0812 41.7 .0540 .0058 

4 569 .0019 54 .0629 .0058 

6 569 .OS08 16~3 .0592 .0058 

7 594 .0211 6.9 .0593 .0048 

8 594 .0211 13.8 .0507 .0048 

10 594 .0210 21.0 .0551 .0036 

9 544 .236 26.8 .0415 .0052 

12 544 .239 17.9 .0762 .0052 

11 618 .0210 11.2 .1647 .0186 

13 643 .0208 12.7 .3300 .0329 

14 643 .0200 14.0 .3569 .0329 

Moles Gei4 formed 

15.6x1o-5 

8.3x1o-5 

9.8xlo-5 

9.2x1o-5 

9.wo-5 

7.9x1o-5 

8.9xl0-5 

6.3x1o-5 

12.2xlo-5 

25.2xl0-5 

51.2x1o-5 

55.9xl0-5 

Total Pres-
pressure sure of 
(atm.) Gei11 (atm) 

.996 1.93xlo-3 

1.000 l.02xl0~3 

1.003 1.20xl0-3 

1.000 l.l4xl0-3 

.995 4.4 xro-3 

.995 3.7xl0-3 

.9S8 4.2xlo-3 

.989 o.26x1o-3 

.993 o.51x1o-3 

.987 11.8xlo-3 

.992 24.wo-3 

.992 26.7x10-3 

I 
1\) 

'f 
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For each run in Table 4, it is now possible to calculate AH8 using the 

equation 

AH8 • AF0 - STlnT + 94T. 

The calculated values ot AHg are given in Table 5. It can be seen 

that over the experimental range of 100°, there is no sign1£ica.nt 

trend in AH8. We shall use the average value AHI • 32,100 cal./mole. 

Hence 

and 

AH0 • 32,100 ~ ST 

AF0 • 32,100 + STlnT - 94T 

AS0 • S6 ... BlnT 

AH~9a • 29,700 cal./mole 

AF0
29a • 17,700 ea.l./mole 

AS0 -6~ • 40.5 ca.l./deg.-mole 
27G 

In Figure 4, tne experimental tree energies ot disproportionation 

at Gei~(s) to Ge(s) anGI. de!4(g) are; plotted. VJ~~s:us. 1/T. The curve 

was calculated using tne above tre;e e;nergy equat~oni 
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Table 5 

Values of AH8 for the disproportionation of Gei2(s) 

Run T°K. AF0 AH2 

2 569 7,060 31,710 

3 569 7,780 32,430 

4 569 7,600 .32,250 

6 569 7,660 32,.310 

7 594 6,400 31.920 

8 594 6,610 .32,130 

10 594 6,460 .31,980 

9 544 8,920 32,670 

12 544 8,190 .31, 940 

11 .618 5,450 .31,810 

1.3 643 4,740 .31, 960 

14 64.3 4,630 31,850 

c• 557 8,6.30 32,840 

D' 557 7,690 31,900 
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The Disproportionation of Gel,. 

2 Gela(s) = Ge(s) + Gel 4 (g) 
9 
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IV. THE GeO - ~e02 ELECTRODE 

Preliminarr Study 

Early in this investigation it was thought that germanous iodide 

was not on~ insoluble in water, but that it was also not hydrolyzed 

when in contact with dilute acid aqueous solutions. Consequent~ an 

attempt was made to study the half-cell 

Gei2 + 2H20 • Ge02 + 4H+ + 2I- + 2e-. 

The cell pictured in Figure 5 (A) was used. An intimate mixture or 

gennanous iodide and germanium dioxide complete~ covered the platinum 

spiral electrode. Two different silver-silver iodide electrodes were 

used alternately. These were prepared by fusing silver wires through 

ends of soft glass tubes and by then using these as anodes in the D.C. 

(1.5 volts) electrolysis of a sodium iodide solution, Corks were 

slipped around the glass tubes so that these electrodes could then be 

supported in the electrolyte without circulation of air over the 

electrolyte (which would cause oxidation of the iodide in the electro

lyte). The cell compartment containing the silver-silver iodide 

electrode was connected to the cell compartment containing the 

Gei2-Geo2 electrode by a· glass tube with two stopcocks. Except when 

measurements were being taken, the stopcocks were closed and the 

entire ceil was stored in a dark place, The two Ag-Agi electrodes . 

gave readings which agreed within one or two millivolts, The A.g-Agi 
I 

electrode which was not in use at a given time was immersed in water 

and stored in the dark. 

The electrolyte was prepared by mixing and diluting standardized 

solutions of sodium iodide and perchloric acid. When the electrolyte 
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in the cell was changed, the old solution was pipett~d out and the cell 

then rinsed several times with the new solution. 
, / 

:~:: 
,~,..:_. 

The cell was not ~hermostatted; the average room temperature was 

ca. 23°C. The potentials were measured with a Leeds and Northrup 

student-type potentiometer. 
~.- .. 

At first attempts were made to interpret the results on the 

assumption that the net cell reaction was 

Gei2 + 2H20 + 2.Agi • Ge0
2 

+ Ag + 4H+ + 4I-. 

But the data qid not agree with the thermodynamic equation for dependence 

of emf on concentration when assuming this reaction. In order to have 

agreement with the equation, it was decided that the most likely 

reaction occurring was 

GeO + H
2
0 + 2Agi a Ge02 + 2H+ + 2I- + Ag. 

This implies that the Gei2 had hydrolyzed according to the equation 

Gei2 + H20 • GeO + 2H+ + 2I-, 

One might expect that some of the first data obtained would be in error 

because of the extra hydriodic acid introduced by this hydrolysis • 
. r 

This effect was apparently very small; propably in the initial rinsing 

of the cell this excess HI was for the most part eliminated. The cell 

data were therefore calculated assuming the cell was truly r~presented 

by the scheme: GeO(hydrous), Ge02; ~ HC104 andy~ Nai; Agi, Ag. 

The activity coefficients for the hydriodic acid were obtained by using 

the "principle of ionic strength"4; the activity coefficient of HI in a 

particular solution was assumed to b~ the same as that in a hydriodic 

acid solution of the same;. i~nic ~trength. The activity coefficients 

for hydriodic acid were taken from the data of Harned and Robinson2 • 

The experimental details are given in Table 6. 
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Table 6 

Cell Voltages 

Molarity of Molarity of E 
HClo4 Nai 

0.205 0<194 .065 -.028 

0.102 0.097 .• 103 -.027 

0.0205 0.0194 .175 -.033 

0.512 0.485 .016 -.022 

There is a decided trend in the values of E0 calculated from the 

data, the values being more negative for the more dilute solutions. 

However, we shall use the average value, E0 • -.03 v. Taking 0,15 v. 

as the standard potential or the Ag-Agi electrode),, we calculate 

. + 
GeO + ~20 • Ge02 + 2H + 2e-. 

Further Studies 

The preceding investigation was encouraging because it demonstrated 

that the GeO-Ge02 electrode is reversible and amenable to further s~udy. 

Consequently a number of cells were prepared in order to more carefully 

study this electrode. Many of the results were of low accuracy and the. 

details of these experiments are not given. 

Cell: GeO, Ge02, xM HCl: sat'd. KCl, HgCl, Hg.~-A suspension of 

hydrou~ germanous oxide and Ge02 in aqueous hydrochloric acid was 

stirred in a beaker unde~ an atmosphere of argon. A platinum wire 

electrode and a"gold wire electrode were alternately dipped into the 
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suspension to serve as inert electrodes. A capillar,y bridge containing a 

saturated KCl solution led to a saturated KCl calomel electrode. Three 

concentrations of HCl were employed: .0910 molar, .640 molar and 1.14 

molar. The reproducibility of the potentials was ver,y poor and only a 

very rough value could be obtained. 

E0 • ca. 0.06 

Cell: GeO, Ge02, Jt!1 HCl, HgCl, Hg.--Two cells were studied 

concurrently. Both cells were constructed so that the electrolyte 

could be easily and thorough~ rinsed through the cell compartments. 

In one cell (Fig. 5 - B) there was no stirring of the Ge0-Ge02 elec~ 

trode. The electrolyte was introduced in the top funnel and drained 

out either of the two small stopcocks near the bottom of each cell 

compartment. The two larger stopcocks in the cross-arm were opened 

only when rinsing the cell with electrolyte or when making measurements. 

In the other cell (Fig. 5- C), the GeO-Ge02 suspension was stirred. 

Stirring was stopped to allow the solids to settle out only when rinsing 

the beaker with electrolyte. The beaker was drained by opening the 

small stopcock connected near its bottom. During measurements, the 

stopcock in the arm of the calomel half-cell was opened; no drainage 

occurred because of the tight-fitting stopper at the top. When it was 

desired to drain the calomel half-cell, it was necessary to both open 

the stopcock and remove the top stopper~ Neither cell was thermostatted; 

the room temperature was about 23°C. 

The data were interpreted by assuming the net cell reaction to be 

+ -GeO + H20 + 2HgCl • Ge02 + 2Hg + 2H + 2Cl • 

The activity coefficients for hydrochloric acid were interpolated from 

the values given by Harned and Owen1 • The details are given in Table 7. 
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Table 7 

Cell Voltages 

Molarity Cell without stirring Cell with stirring 
of HCl 

E Eo E ~ 

.00960 .562 .318 .62 .38 

.0384 .511 .335 .518 .342 

.0960 .473 .341 .495 .363 

.297 .• 425 .348 .413 .336 

Averal:rie ,EO .336 .355 

Taking -0.268 as the standard potential of the calomel electrode3, 

we calculate for GeO + H2o .. Ge02 + 2H+ + 2e-: :go • 0.068 (cell without 

stirring) and~ • 0.087 (cell with stirring). 

Cell: GeO,Ge02, ~ HCl04, y~ Nai,Agi,Ag.--The electrolyte used 

in the cell-without-stirring (Fig. 5-B) of the preceding investigation 

was drained and the GeO-Ge02 compartment was rinsed with a perchloric 

acid-sodium iodide electrolyte. Thus the same Ge0-Ge02 electrode was 

used as in the preceding investigation. Freshly prepared Ag-Agi 

electrodes were dipped into the electrolyte in the top funnel. Calcu-

lations were made exactly as in the previous study of this type of 

cell. (Cf. "Preliminary Study11 ). The details are given in Table 8. 



Molarity of 
HCl04 

.00925 

.0185 

.0925 

.0462 

Table 8 

Cell Voltages 

Molarity of 
Nal 

.0100 

.0200 

.0800 

.0476 

E 

.151 

.125 

.065 

.087 

Average ·~ • 

These data give for the half-cell 

GeO + H20 • Ge02 + 2H+ + 2e-. 

Conclusive Study 
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-.094 

-.086 

- .072· 

.-.080 

-.083 

·~ • 0.068 

In the preceding studies, it was noted that the reproducibility 

of the standard potential in any one set of measurements was.much 

better than the reproducibility of the standard potentiel from cell 

to cell. In addition, a more curious observation was made: freshly 

prepared germanous hydroxide (prepared by precipitation in the cold) 

is yellow, and it stays this color if stored unde:t' water at room 

temperature. But if an aqe~ous suspension of the yellow hydroxide 

is boiled, or if it is treated in the cold with aqueous hydrochloric 

acid, the color changes to a dark brown. These observations sug-

gested that the lack of reproducibility of the cell data was due to 

the var.ying nature of the germanous hydroxide. Apparently the stable 

form of germanous hydroxide in the presence of water is the dark 
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brown for.m, and the conversion is catalyzed by heat and at least one 

electrolyte - hydrochloric acid. 

It was decided to directly confirm this suspicion by making a 

cell composed of two GeO-Ge02 electrodes--one containing the yellow 

form and· the other containing the brown form. Hereafter the "brown 

form" of germanous hydroxide refers to material prepared in the 

following manner. Freshly prepared, washed germanous hydroxide was 

added to a large volume of water (about 100 ml. per gram GeO) and the 

suspension held at the boiling point for 45 minutes, under an atmos

phere of argon or nitrogen. Most of the water was then removed by 

centrifugation and decantation. 

A cell similar to cell A (Fig. 5) was employed, except that both 

sides had spiral electrodes, For no particular reason, except that 

such a cell was on hand, one spiral was of gold and the other of 

platinum. The electrolyte was 0.0025 M HCl; such a low concentra

tion of hydrochloric acid was found to very slo"rly catalyze the 

conversion of GeO from yellow to brown. A mixture of Ge02 and bro~ 

GeO was rinsed with the electrolyte and packed around the gold spiral. 

A mixture of Ge02 and yellow GeO was also rinsed with the electrolyte, 

but packed around the platinum spiral. The potential of this cell 

was measured at various times after initially preparing the cell. 

The electrode with the brown GeO was positive. At no time was a 

finite current allowed to pass through the cell. 

As can be seen from Table 9, this experiment fully confirmed 

the predictions. Initially the cell potential was about 0.155 volts 

corresponding to the cell reaction (two electron change): 

GeO(yellow) • GeO(brown) 



Time, hours 

1.0 

3.0 

6.S 

21.5 

43.5 

47.5 

117 

Table 9 

Cell Voltages 

E 

.155 

.156 

,129 

.122 

.09S 

.090 

.064 

-41-
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For this reaction we calculate AF0 •- 7,200 cal./mole. As was expec-

ted, the cell potential dropped gradually with time, b~cause of spon-

taneous conversion of the yellow GeO to the brown GeO. 

Two more cells were prepared (cell vessels like cell B, Fig. 5) 

and runs made concurrently. Both were of· the type 

GeO,Ge02, ~ HCl, HgCl,Hg, 

but one contained yellow GeO initially and the other contained brown 

GeO. 

Cell Materials 

Double distilled mercur,y was washed with nitric acid and rinsed 

well with water. Ba.ker and Adamson U.S.P. mercurous chloride was 

washed by decantation with water. The hydrochloric acid solutions 

were prepared by appropriate dilution of stock solutions, which had 

been standardized by titration of weighed amounts of mercuric oxide 

by the iodo-mercurate method. In one case, the hydrochloric acid was 

prepared by diluting some constant boiling acid. The molalj,ties and 
. 1 

activity coefficients were calculated from the data or Harned and Owen. 

Whenever the electrolyte was changed, the cell was rinsed very 

thoroughly-by draining and adding the fresh electrolyte in the top 

funnel. This rinsing was repeated at hourly intervals until the 

cell potential changed less than a millivolt. The most dilute solu-. 

tion of HCl was used at first, and the most concentrated last. There~ 

fore one would expect the first run with the cell containing the 

yellow GeO to be in disagreement with the later runs, where the HCl 

concentration was sufficient to rapidly convert the GeO to the 

stable form. 
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The cells were inunersed in a thermostatted bath vrhose tempere.turF! 

was held constant to ±o.l°C. Potentials were measured at 25.0°C. and 

at temperatures about 6° above and below this temperature. The details 

are given in Table 10. 

We see that the first run using the yellow GeO gave a standard 

potential 0.155 v. higher than the average of all the other standard 

potentials, in agreement with the preceding experiment. We shall 1;.ake 

wa(25°C.) "' 0.386 ± .010 volts for 

GeO(brown) + 2HgCl + H20 = Ge02(ppt.) + 2Hg + 2H~ + 2Cl~. 

Since the standard potential of the calomel electrode is-0.268 v., 

we calculate E0 "' 0.118 ± .010 volts for the Ge0(brown)-Geo2 couple. 

An attempt to calculate the entropy of the cell reaction from 

the temperature coefficients of the potential at various concentra

tions gave discordant results. Much too high entropies were obtained. 

from the data for the dilute solutions. 
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Table 10 

Molality Temperature E Eo(25o) 
of HCl oc 

Brown GeO 

.00260 25·.0° ·.690 .381 
19·.0 ·.675 
31.0 .707 

.1042 25.0 .519 .391 
19.6 ·.514 
33.3 .526 

1.06 25.0 ·.400 .393 
21.5 .4007 
33.2 .4017 

Yellow GeO 

.00260 25·.0 ·.850 ·541 
19·.0 ·.834 
31.0 .865 

.1042 25·.o .505 .377 
19.6 ·.499 
33.3 .514 

1.043 25·.0 ·.395 .)87 
2L5 ·.394 
33.2 .396 
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V. THE SOLUBILITY OF GERMANOUS HYDROXIDE 

1 
Everest and Terrey found germanous hydroxide to be inso:\.uble 

in alkaline solutions and hence disc.redited the reports of Hantzsch2 

and others who postulated "germane-formic acid". They measured the 

solubility of the hydroxide in water and found a solubility of 

5.0 x 10-3 molar. Their method of analysis consisted of oxidizing 

the +2 germanium in solution to germanic acid and then titrating 

this acid after addition of glycerol. (Any germanic acid already 

present or fo:rmed by air oxidation of the germanous hydroxide would 

have led to high results) • These investigators observed the spon-

taneous darkening of germanous hydroxide which was discussed in 

Section IV. Presumably their solubility measurements were carried 

out with the yellow form of the hydroxide. 

The purpose of this investigation was to check the solubility 

of the hydroxide (brown) in water and to determine the solubility 

in various concentrations of hydrochloric acid. 

Brown germanous hydroxide was prepared as described in Section 

IV. Excess of the moist hydroxide was wash~d by decantation with 

the solvent and then a mixture of the hydroxide and the solvent was 

sealed off in an argon atmosphere in a closed tube. The flask was 

immersed in a bath thermostatted at 25.0 ± 0.1°C. and the suspension 

was stirred magnetically, using a glass-covered iron bar·. After a 

suitable time, the flask was opened, argon flushed over the suspen-

sion, and the suspension was filtered by sucking it up into a pipet 

equipped with a removable sintered glass tip. (The pipet delivered 

19.4 ml.). The filtered solution was acidified if necessar,y, sodium 
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iodide was added and the +2 germanium was titrated in an inert atmos

phere with standard permanganate. For the dilute solutions, .005 N KMn04 
was used; .for the more concentrated solutions, !1 N KMn04 was used. The 

first appearance of the brwon triiodide color was taken as the endpoint. 

The suspension of hydroxide and solvent was usually stirred for 

at least six hours before filtering and titrating. This was considered 

ample time for reaching equilibrium, because other runs (wherein ali

quota of the same suspens-ion were titrated at various times) showed 

no appreciable change in concentration after four hours. 

The hydrochloric acid solutions were prepared by suitable dilution 

of standardized 0.1 molar, 3 molar and 6 molar solutions of HCl. The 

solutions were either standardized by titration with sodium hydroxide 

solutions which had been standardized vs. potassium acid phthalate 

or standardized by titration of sodium carbonate. In one experiment, 

using a relatively concentrated solution of HCl, it was necessary to 

titrate the acid after equilibration with the germanous hydroxide, be

cause the solubility of the hydroxide was so great that it would not 

have been economical to rinse the hydroxide with the acid. 

The results of the solubility determinations in water and hydro

chloric acid solutions are given in Tables 11 and 12. An average of 

about 2 x 10-4 molar was obtained for the solubility of germanous 

hydroxide in water, as compared with 5 x lo-3 molar obtained by 

Everest and Terrey. Some of the difference may be ascribed to the 

different forms of the hydroxide used. It can be seen that the 

solubility in hydrochloric acid remains fairly low below 3 M HCl 

and suddenly begins to increase at about 4 M HCl. Even in 4 M HCl, 

however, the solubility is only ca 0.01 molar. 
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Table 11 

Solubility of Brown Germanous Hydroxide in Water 

Experiment 

1 

22 

Time allowed to reach 
equilibrium (hours) 

1.1 
20 

13 

13 

!11olarity of 
+2 germanium 

1-.2 x lo-4 
1.5 X 10""4 

1.8 x 10 .. 5 

2,3 x lo-4 

~~Hydroxide which had previously been equilibrated with 0.1 ~ HCl was 
used. 

Table 12 

Solubility of Brown Germanous Hydroxide in Hydrochloric Acid Solutions 

Experiment l-1olarity of HCl Molarity of 
+2 germanium 

2 0.01 1.1 x lo-4 

3 0.1 4 X 10-5 

5 1.02 3.4 x lo-4 
2.7 X 10-4 

8 1.02 1.8 X 10'"'4 

7 1.79 1.6 x io-3 

9 1.79 1.0 X 10~3 

11 2.43 
. -4 

4·,9 X 10 
4 4.4 X 10"" 

6 2.99 2·.6 X 10-J 
2.8 x lo-3 

10 3.65 2.5 x 1o-3 

13 3.65 2·.7 X 10-3 
2.7 x lo-3 

14 4.00 8·, 7 X :LQ-3 
8.7 x 10 .... 3 

12 4.39 2·.5 x lo-2 
2,7 X 10-2 
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At this point it was decided to determine, ifpossible, whether 

the increased solubility at high concentrations of HCl was due to the 

increase in the activity of the chloride ion or the increase in activity 

of the hydrogen ion. Consequently a series of solubility measurements 

were carried out at constant ionic strength (u • 4.00) in which the 

chloride and hydrogen ion concentrations were varied independent~ 

of one another. The solutions were made up by mixing standardized 

solutions of ~ HCl, ~ HClo4 and ~ NaCl. The results are shoWn in 

Table 13. The data are very inaccurate; the lack of reproducibility 

is probably main~ due to the difficulty in obtaining germanous 

hydroxide in a stable form. Only one g~neralization can be gleaned 

:f'rom Table 13: when the chloride ion concentration is held constant 

at 4 molar while the hydrogen ion concentration is increased (or 

vice versa), the solubility of germanous hydroxide goes up. This 

behavior is consistent with the formation of a complex ion of the 
+(2-x) 

type GeClx , where x> 0. The net reactlon c.orresponding to 

such a complex formation is 

.. REFERENCES 
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Table 1.3 

Solubility of Brown Ge~anous Hydroxide in Various Chloride-

Perchlorate Solutions 

Molarity of Molarity of Molarity Molarity of 
Experiment HCl - · HCl04 of NaCl +2 germanium 

·15 0 4.00 0 3.4 x lo-4 

29 0 4.00 0 10.1 x lo-4 

28 0.50 3.50 0 2.0 x lo-.3 

30 0.50 .3.50 0 14.5 X 10-3 

21 1.00 .3.00 0 1.7 X 10-2 

27 1.00 .3.00 0 1.7 X 10 -2 

25 2.00 2.00 0 1.9 x lo-2 

26 2.00 2.00 0 1.8 X 10~2 

24 .3.00 1.00 0 2.3 x lo-2 

14 4.00 0 0 8.7 X 10-:-'J 
,, 

16 0 0 4.00 4.9 x lo-5 

2.3 0 0 4.00 7 .J X 10-5 

17 1.00 0 .3.00 1.1 x 1o~J 

20 1.00 0 .3.00 1.0 X 10-J 

18 2.00 0 2.00 1.0 X 10-2 

19 2.00 0 2.00 1.2 X 10-2 

14 4.00 0 0 8.7 X 10-3 . 



VI. THE VAPOR PRESSURE, HEAT OF FORJviATION AND X-RAY PATTERN 

OF GERMANOUS OXIDE. 

THE VAPOR PRESSURE OF GeO. 

Introduction 
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Brewer and Mastick1 have shown how it is possible to calculate 

the dissociation energies o! gaseous diatomic oxides from thermal 

data and thus provide a check on spectroscopic measurements (which 

involve long, uncertain Birge-.Sponer extrapolations). Since 

Searcy' s5 recent determination of the heat of vaporization of metal

lic germanium, there are only two data lacking in order to calculate 

the dissociation energy of GeO: the heat of formation of GeO and 

the heat of sublimation of GeO. 

Preparation of Germanous Oxide 

Germanous hydroxide was prepared by the same method as described 

in Section II. A suspension of the material in water was boiled for 

45 minutes and then centrifuged. After decanting off the water, the 

pasty material was transferred to a glass boat and set.in a glass 

tube. By heating for several hours at 450°C. in vacuo, the material - ... 

was dehydrated to a hard. black substance. Two such preparations 

were carried out for the vapor pressure experiments: one sample was 

89.7% GeO by analysis, the other 95.8% GeO! Probably the main impur-

ity in each case was Ge02 • 

The analyses were carried out by oxidizing the GeO with hydro-

gen peroxide and then igniting to Ge02 in porcelain crucibles. Two 

samples were taken for each analysis; in both cases the ratios 

weight after::weight before agreed within 0.2%. 
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A sample of each preparation of GeO was submitted for spectro

graphic analysis. On~ traces of aluminum, calcium and iron were 

found, and a "weak" amount of sodium. No trace of arsenic was detected. 

Samples of the germanous oxide were also submitted for X-ray 

examination. (Cf. the last part _of this section). 

Vapor Pressure Measurements 

The Knudsen method of molecular effusion was used for measuring 

the vapor pressure of GeO. The cell was made of Pyrex glass, with 

a standard taper joint connecting the lid and the base. (Cf. Fig. 6). 

The top of the lid was of very thin glass ani had a circular hole in 

its center. The hole diameter was measured microscopical~ and was 

found to be 0.219 ± .003 em. The thickness of the lid wall next to 

the hole was not measured, but by visual examination it was estimated 

to be 0.02 em. or less. A small glass ring on the side of the cell 

permitted the cell to be lifted with a wire from the cylinder which 

contained it during the runs. The weight of the empty cell was 

15.9925 grams; the weight of effusate .was ascertained by weighing 

the cell containing the sample before and after each run. 

In order to calibrate the hole, i.e. to measure its "probability 

factor," the vapor pressure of mercury was measured in two prelimin

ary runs. The· cell was charged with about 20 grams of cleari mercury, 

and a blank run was made first to eliminate any volatile impurities. 

The vacuum was furnished by a mechanical oil pump supplemented by two 

oil diffusion pumps. The pressure during the runs was always well 

below 0.1 micron. While evacuating the system, the cylinder holding 

the cell was held in an ice-salt bath (ca -20°C.). The run was 
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started by replacing the ice-salt bath with a manually controlled water 

bath, and stopped by breaking the vacuum. The details are given in 

Table 14. 

Table 14 

The Vapor Pressure of Mercur,y 

Time, Temp., °C. Weight of effused True Vapor Measured Vapor 
sec. mercur,y, grams Pressure of Pressure, atm. 

- mercury 2 atm. 

11,220 26.1 .0347 2.65 X lo-6 2.25 X 10-6 

6,180 45.0 .0710 1.17 X 10-5 o.865 x lo-5 

The pressures were calculated with the equation 

where p is the pressure in atmospheres, z is the number of moles of 

vapor effusing, M is the molecular weight, T is the absolute tempera

ture, a is the hole area in cm. 2, and t is the time in seconds. The 

apparent probability factor for the run at 26.1° was 0.85; for the 

run at 46.0° it was 0.74. Hereafter all calculations were made with 

the modified equation 

which assumes a probability factor of 0.80. 

During the runs with GeO~~ it was found imp~sible to initiate 

the runs quickly enough either by suddenly applying the vacuum or 

by sudden~ raising the temperature. Consequently the lower end of 

the cylinder (containing the cell in its upper part) was heated up 

to the proper temperature while the system was under a good vacuum, 
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and then the cell was lowered into the hot zone with a wire which had 

an iron bolt attached to it. The position of the iron bolt, and 

consequently of the cell, was manually controlled by a strong permanent 

magnet completely outside the evac11ated system. The run was terminated 

by completely removing the heater from the cylinder-=this causing an 

abrupt drop in the temperature. 

It will be not;ed from Fig. 6 that the "hot zone" of the cylinder 

was surrounded by a thick brass cup, which in turn was enclosed in an 

insulated resistance furnace. A chromel-alumel thermocouple out side 

the brass cup led to a Minimax recorder which served to hold the 

temperature of the furnace outside the brass cup constant to ±5°C. 

Because of thermal leakage and lag 9 the temperature inside the brass 

cup was about 40° lower than the outside temperature and constant 

to a bout ±o.5CC The temperature of the inside of the brass cup was 

measured with a platinum-platinum rhodium thermocouple 'V'Thich was 

calibrated at the boiling points of water and sulfur. The tempera

ture as measured by this thermocouple was presumed to be the temper

ature of the vapor in equilibrium with the GeO. Good evidence for 

rapid attainment of thermal equilibrium in the cell is the fact that 

when the cell was lowered into the hot zone, the temperature dropped 

initially about 20°, but by suitable manipulation of the outside 

furnace temperature, it was possible to bring the temperature up to 

a constant value within five or ten minutes. A reasonable guess was 

made as to the time of starting the run, which could not be in error 

by more than 2=3 minutes. 

The first three runs were carried out using 0.57 g. of the 89.7% 

pure GeO;.the remaining five runs were carried out using 0.47 g. of 



the 95.8% pure GeO. The details of the runs are given in Table 15 

and the calculated pressures are plotted in Figure 7. 

Table 12,_ 

The Vapor Pressure of GeO 

Run Purity of GeO rroK. Grams effused Time (sec.) Calcula-
ted pres-
sure (atm~. 

1 89.7% 770 .0021 3600 1.3 X 10=6 

2 89.7 788 .0040 4980 1.8 X 10-6 

3 89.7 816 .0079 6900 2.6 X 10-6 

4 95.8% 835 .0100 2160 l.06xlo-5 

5 95.8 758 .0012 40300 6.7 X 10-8 

6 95.8 816 .0033 4980 1.5 X 10-6 

7 95.8 790 .0061 36400 3.7 x lo-7 

8 95.8 859 .0064 1920 7.7 X 10-6 

Before runs 1 and 4, blank runs of about an hour duration were 

carried out in order to eliminate any volatile impurities. Despite 

these precautions, it is obvious from Fig. 7 that the first runs made 

with a fresh sample of GeO (i.e.~ runs 1, 2 and 4) gave decidedly high 

. vapor pressures. This can be ascribed to loss of volatile impurities 

(e.g. water) and to recrystallization of the GeO to form more massive 

particles. Small particles and particles with jagged edges are known 

to have higher vapor pressures than larger, regular particles. 
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VAPOR PRESSURE OF GeO 
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Fig. 7 
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Calculation of Thermodynamic Quantities 

As will be seen later, the meas"l,l.red. vapor pressures probably do 

not represent the pressures of GeO(g) over solid GeO, but rather the 

pressures over a mixture of Ge(s) and Ge02(s~. However, calculations 

will be carried out assuming the solid phase to be GeO, and the re-

sults may be interpreted either way, inasmuch as the entropies and 

heat capacities of (1/2 Ge + 1/2 Ge02) and GeO are approximately 

the same. 

The data were not of sufficient accuracy to give both the heat 
. 

and free energy of vaporization, so it was decided to estimate the 

entropies and heat capacities. Kelley3 gives 53.5 for the entropy 

of GeO(g) at 25@, and the National Bureau of Standards Tables4 

give 7.39 for the heat capacity at constant pressure at 25°. The 

entropy and heat capacity of the solid at 25~ were estimated to be 

11.5 and 10, respectively. So for the reaction 

GeO(s) "' GeO(g) 

6S0
298 5 42 cal./deg. 

l1Cp
298 

• -3 cal./deg. 

By assuming dC~ to be constant with temperature, the quantity dHg 

can be calculated from.the vapor pressure data by means of the fol-

lowing equation g. 

6Hg s AF0 - 6.9Tlog10T + 62T. 

The qu&~tity 6H8 is not the heat of the reaction at absolute zero, 

since the constancy or. l1Cp cannot b,e presumed any lower than 

about 298°K. The rellability of the data can be tested by the 

constancy of &H8 when ·calculated from all the experimental data. 

Table 16 shows the results of these calculations. 
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Table 16 

Thermodynamic Functions for the Vaporization of GeO 

Run roK AF0 A~ 
cal./mole cal.Zmole 

1 770 20,740 5.3,160 

2 788 20,680 5.3 '790 

.3 816 20,820 55,0.30 

4 8.35 19,000 5.3, 940 

5 758 24,860 56,790 

6 816 21,720 55,9.30 

7 790 2.3,220 56,440 

8 859 20,080 55,960 
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The average of all eight values for 6H~ is 55,130 ± 1,200 calo/mole. 

If we omit the bad runs 1, 2 and 4, the average is 56,030 ± 500 cal./mole. 

We shall use an intermediate value of 6H: a 55,500 ± 1,000 cal./mole. 

Hence 

6H0 ., l!.l-r: + 6Cp T 

... 55,500 = JT 

6Fc • 6H0 = 6C0 T ln T + IT 
0 p 

• 55,500 + 6.9 Tlog10T - 62T 

6S0 • AC0 + 6C0 in T - I p p 

• 59 - 6.9 log10T 

AF29S ~ 54.6 kcal./mole 

6F29a • 42.1 kcal./mole 

6S~98 a 42 cal./deg. mole 

Let us combine t.H29a for the sublimation of GeO with several ot.her 

quant it ie s g 

Reaction AH~98(kcal./mole) Reference 

GeO(g) .. GeO(s) =54.6 This paper 

Ge(g) + O(g) • GeO{g) .).=159 Ref. 2 

Ge(s) .. Ge{g) 85.2 Ref. 5 

l/202(g) E O(g) 59.2 Ref. 4 

==-== 

Ge(s) + l/202(g) • GeO(s) ~-69 

\'fe find that the heat of formation of GeO is more positive than =69 

kcaL/mole. If we assume that the vapor pressure measurements gave 

the heat of the reaction 
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1/2 Ge(s) + L/2 Ge02(s) • GeO(g), 

then we conclude that the heat of formation of Ge02(s) is more positive 

than =138 kcal./mole. 

The Heat of Formation of GeO 

Through the cooperation of Dr. K. K. Kelley and Dr. G. Humphrey, 

two bomb calorimeter combustions of 92% GeO were carried out. The 

combustions were carried out at 30°C. under 30 atmospheres of oxygen 

pressure. The runs were of low accuracy because approximately 3% of 

the GeO remained unburned and because the oxidized material, Geo2, 

for.med both a glassy pellet in the oxidation crucible and a layer 

of.microcrystalline powder on the walls of the bomb. After correcting 

for the Ge02 impurity in the burned GeO and the incomplete combustion, 

we calculate AH0 = -69 ± 3 kcal./mole for the heat of combustion of 

GeO. Using -130 ± 3 kcal./mole (Cf. Section VIII) for the heat of 

formation of Geo2, we calculate aHf ~ -61 ± 4 kcal./mole for the 

heat of formation of GeO(s). This is in agreement with the conclusions 

of the vapor pressure experiments and indicates that GeO( s) is thermo

dynamically unstable. 

2 GeO(s) ~ Ge(s) + Ge02(s) AH298 = -8 ± 8 kcal./mole. 

The 11Ge011 studied was probably a mixture of Ge and Ge02• 

X~ray Study of GeO 

The oXide used in runs 1-3 (maximum temperature 543°C.) was sub~ 

mitted for X-ray examination. Only two phases, Ge and Ge02 were 

identified in the pattern. other preparations heated to maximum 

temperatures of 403° and 475° were also examined. These showed lines 
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due to Ge and many faint lines which could be ascribed to neither Ge 

nor Geo2• Of these unidentified lines (which may be due to GeO), two 

were fairly prominent and corresponded to d • 2.991 and d = 1.831. 

Another preparation of GeO was heated to various temperatures 

and X-ray spectra were taken after various high-temperature treat-

ments. The thermal history of each sample and the intensity of the 

"unidentified" lines are given in Table 17. Each of the samples 

gave strong lines of Ge (diamond cubic symmetry). 

The X-ray studies definitely bear out the thermal data; solid 

GeO appears to be unstable with respect to disproportionation. In 

this respect GeO resembles both SiO and SnO. 

Table 17 

X-ray Examination or GeO 

Thermal History 

Heated at 460° for one 
half hour; cooled slowly 

Heated at 520° for two 
hours; cooled rapid~ 

Heated at 580° for one 
half hour; cooled rapidly 

Intensity or 11Unidentified11 

Lines 

Many weak lines 

A few very weak lines 

A few very weak, broad lines 
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VII. HCl - OXIDE EQUILIBRIA 

HCl - Ge02 Equilibrium 

A preliminar.y experiment was carried out to determine whether 

gaseous hydrogen chloride reacts with solid Ge02 at an appreciable 

rate at 211°C. Dry HCl gas was passed over solid Ge02 contained 

in a glass tube held at 211°C., but no appreciable loss of Ge02 

occurred. The slow rate is attributed to the strong Ge-0 bonds· 

jn the oxide ; 

A quartz tube (cf. Figure 8) equipped with aU-tube was charged 

with some dry germanic oxide and filled with dry HCl gas (23.05 em. 

pressure at 298°K.). The side U-tube contained mercur,y; the capil

iary tubing connecting this U-tube with the main reaction tube was 

heated to 100°C. and insulated. The dead space contained in this 

capillary was negligible compared with the volume of the reaction 

chamber, and pressures were notrorrected for this dead space. The 

mercury U-tube was used as a pressure gauge; when the mercury columns 

were at the same height, the pressure inside the reaction chamber 

was known to be the same as that in the system beyond the U-tube. 

The temperature of the furnace was controlled by var,ying the applied 

voltage, using a Variac and Sola transformer. The temperature was 

measured with a platinum-rhodium, platinum thermocouple. The pres

sures recorded at various temperatures are given in Table 18. The 

ratios of the actual pressures to those calculated assundng the HCl 

to be an inert ideal gas are also given. It can be seen that above 

570°C., the pressures are low by a factor of about 0.75, corresponding 

to the reaction 
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Ge02(a) + 4HCl(g) "'GeC1
4

(g) + 2~2o(g). 

We conclude that the reaction is essentially complete up to th\_ highest 

temperature ?-nvestigated 9 1363°K. The experiment shows that there was 

no oxy-chloride formation under the pressures studied. 

T'able 18 

Pressure=Temperature Data 

T°K Pressure~ Ratiog Pressure/ 11 Inert Ideal 
em. H_g~ gas Eressure 11 

298 23.05 1.000 

389 :30.0 .997 

588 l!-4.85 .986 

843 49.8 .764 

1288 79.1 .794 

4.0.3 2.3 .o 0 7.38 

401 23.55 .760 

814 49.4 .784 

108.3 64.6 .771 

1.36.3 81.2 ,770 

HCl = GeO EqUilibti~ 

A g+ass tube similar to that shown in Figure 8 was charged with 

some dry GeO. When HCl gas was admittedll reaction commenced 

immedia.tely9 and hence the'amount of HCl introduced was not known 
'' 

accurately. However 9 imrn~·diately after putting the HCl in the 

r·eaction chamber 9 the system was sealed off 9 and it was hoped that 



negligible amounts of reaction products diffused out. The pressure 

was recorded as a function of temperature; in Table 19 the results 

of two runs are given. The pressure at the highest temperatures 

investigated in each run was taken as the "pressure of an inert 

ideal gasH, and the ratios of the actual pressures to the pressures 

of this ideal gas were calculated for the other temperatures. It 

can be seen that at lower tempera~ures some reaction involving a 

dimunition in volume took place. Any +4 oxide impurity in the 

GeO should have no effect in these experiments; the results of the 

first part of this section indicate that, at the temperature investi= 

·gated in these experiments, no reaction between Ge02 and HCl occurs. 

The very low temperature pressures (below 370°K.) are probably lo\oJ' 

because of condensation oft he reaction products. 

An experiment similar to the preceding two was carried out-

differing in that the amount of HCl gas originally present was known • 

.A bulb containing a known amount . of pure, dry HCl was connected to 

the evacuated reaction vessel containing the GeO. The HCl was then 

condensed in the reaction vessel by cooling the reaction vessel in 

liquid nitrogen, and the external system was sealed off. The pres

sure was measured as a function of temperature. Table 20 gives the 

experimental data as well as the calculated pressures of HCl (known 

from the amount of HCl introduced and the volume of the apparatus), 

assuming no reaction of the HCl. It appears that some reaction 

caused a dimunition in volume even at the highest temperature, 275°C. 

These static experiments· are not of much value because of the 

limited temperature ranges studied. Lower temperatures are impossible 

unless very low pressures are employed ·(because of condensation of 
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Table 19 

Temperature=Pressure Data 

rroK. Pressure in em. Ratio~ Pressure/ 11 Ideal gas 
:eressure" 

352 9.6 .41 

401 21.15 .80 

474 3lo0 .99 

407 24.2 .90 

357 12.1 .51 

561 37.15 1.00 

339 1L7 .52 

551 61.6 1.00 

535 61.2 1.02 

508 58.5 1.03 

484 56.3 1.04 

448 5L7 1.03 

402 46.0 1.02 

390 43 .o .99 

375 38.1 .91 

353 30.1 .76 

347 28.5 .73 

331 24.8 .67 

313 22.3 .64 
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Table 20 

Temperature-Pressure Data 

rcK. Pressure in Pressure if HCl Ratio: Pressure/"Ideal 
em. inert gas pressure" 

548 52.7 72.6 .73 

525 50.5 69.5 .73 

497 47.4 65.8 .72 

470 44.4 62.2 .71 

451 42.5 59.7 .71 

417 39.1 55.2 .71 

369 30.7 48~8 .63 

350 26.7 46.3 .58 



the reaction products)~ and higher temperatures are impossible be~ 

cause then Geo2 (impurity in the GeO) would begin to react with the 

HCl. 

No definite conclusions can be drawn from the data; possibly a 

number of reactions are taking place at the same time~ e.g. 

GaO ~ 3 HCl = GeHCl; + H20 

4Ge0 + 12HC1 ~ GeH4 + 3GeC14 + 4H20 

2Ge0 + 6HC1 s GeH2Cl2 + GeC14 + 2H20. 

Simple pressure=temperature studies cannot distinguish these 

reactions~ because in each case the ratio of volume of reactants 

to volume of products is the same. 
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VIIL THE HEAT OF OXIDATION OF GERHANIUM 

The heat of oxidation of germanium to germanic oxide by oxygen_ 

has been measured by Becker and Rothl and Hahn and Juza3" These 

investigators found the heat of for~ation of Ge02(s) to be =128"4 

kcaL/mole. It was considered desirable .9 however .9 to check this 

value by measuring the heat of oxidation of the metal by some 

aqueous oxidizing agent. 

Germanium is a hard.9 brittle and relatively inert metaL Some 

idea of the chemical inactivity of the metal may be obtained from 

the following quotation from Hopkins4g "The following reagents, 

(at room temp. for one week or at 90° for eight hours) have no 

effect on metallic germaniumg water.9 50% Na0H 9 cone. HCl~ 1~1 HCl, 

lgl sulfuri.c acid. Ten percent NaOH tarnishes the metal as does 

concentrated nitric acid. More dilute nitric acid forms a coating 

of germanium dioxide on the metal. Concentrated sulfuric acid and 

hydrofluoric acid slightly attack the rnetalj while .3% hydrogen 

peroxide is the best solvent. n 

Indeed~ hydrogen peroxide does dissolve germaniurn 9 but it is 

an unsuitable oxidizing agent for calorimetry because it rapidly 

decomposes in the presence of the metal. Some preliminary experi~ 

ments were carried out on some rotighly grm nd germanium particles 

in an attempt to find a suitable oxidizing agent. No oxidizing 

agent was found to be rapid enough. It was finally found that when 

the metal is very finely pulverized, an alkaline solution of 

hypochlorite effe~ts complete solution in a relatively short time" 

High alkalinity· is. probably necessary in order to dissolve any 
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oxide which forms on the surface of the metal. 

The hypochlorite solution was prepared by passing chlorine into 

approximately 0.8 molar potassium hydroxide. The hypochlorite con= 

tent was then determined volumetrically using a standard thiosulfate 

solution. Three such batches of hypochlorite solution were prepared; 

each batch was used for a separate series of runs. In each of these 

series~ two measurements were made of the heat of solution of metallic 

ger.mani.um and at least one measurement was made of the heat of solu-

tion of germanic oxide. These heats refer to the follmdng reactions: 

The first heat minus the second give ~H3 ~ the heat of the reaction 

In subsequent calculations, the heats of fonnation of Clo-(sol'n.) 

and cl=(solun.) are taken to be the same as those in infinitely 

dilute aqueous solution. 

The germanic oxide used was obtained from the Fairmount Chemical 

Co. (purest= As free). It was dried before use by heating at 900° 

for several hours • 

Some spectroscopically pure germanium po~er was obtained from 

the Belmont Chemical Co. (New York). That 1.vhith passed through a 

400 mesh sieve was used in the calorimetric experiments. The metal 

completely dissolved in the calorimeter in about 20 minutes~ this 

rather long time is responsible for most of the uncertainties in 

heats. Unfortunately~ the metal used in all.the runs did not come 
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from the same sieving. The first two runs with the metal, runs 13 and 

14, were carried out using unanalyzed mat erial. The remaining runs , 

however, were carried out using analy~ed metal from one sieving. 

The sieved metal of runs 13 and 14 probably differed ver,y little from 

the metal of the remaining runs, because the sievings were carried 

out using portions of the s arne batch of powder. (The unpassed 

powder was not returned to the larger batch). We shall therefore 

include the data of runs 13 and 14, but weight the results one half. 

The sieved metal was analyzed by oxidizing with hydrogen peroxide 

and then igniting to the oxide. The entire impurity is assumed to 

be Ge02• The results of four separate analyses gave for %Ge: 

89.7%, 89.7%, 89:.1% and 90.1%. We shall use 89.65 ± .25%. The 

heats were therefore corrected assuming 10.35% oft he material to be 

The calorimetric experiments were carried out at 25 ± l°C. 

From the data in Table 21 we calculate as a weighted average 

AH3 • -159.4 ± 2.4 kcal./mole. The National Bureau of Standards5 

gives -27.83 kcal./mole as the heat of fonnation of HClO(l~OO H2o). 

Pitzer6 tabulated 3.32 kcal./mole as the heat of ionization of 

HC10; hence 6Hf • -24.5 kcal./mole for ClO-. Bichowsky and Rossini2 
. . 

give -25.9 for 18°C. Using 6Hf ~ =40.02 kcal./mole for c1=, we 

calculate AHf • -128.4 for Ge02(s) (using -24.5 for ClO-) and 

AH.r"" -131.2 kcal./mole for Geo
2

(s) (using -25.9 for Clo-). Actually 

the more negative value is probably more nearly correct. It will be 

noted that runs 16, 19 and 22 agree vecy >-Tell, and the 6H3 values 

for these runs are higher than those of the other runs. We shall 

finally take AHf • -130 ± 3 for the heat of formation of Ge0
2
(s). 



Table 21 

Calorimetric Experiments 

Run Grams of Material H~ochlorite Solution Calorie-s Corrected heats 
Molarity of Holarity of per-gram AH1 AH2 AH3 KOH ClO- {uncorr.) ...... 

12 .2723. g. Ge02 .S4 • 076 81.4 -8.5 

13 .0720 g. Ge .84 .076 2,017 -162~ 7 -154.2 

14 .0727 g. Ge .S4 .076 2,071 -167.1 -158.6 

11 ~1467 g. Ge0
2 .S4 .076 80.0 -8.4 

16 .09?S g. Ge 0.8 .039 2,108 -170.0 -161.0 

19 .1151 g. Ge 0.8 .039 2,115 -170.5 -161.5 

20 .672S g. Ge02 0.8 .039 86.2 -9.0 

21 .1066 g. Ge 0.8 .OSl 2,053 -165.5 -156.5 

22 .OS18 g. Ge 0.8 .081 2,117 -170.7 -161.7 

23 .1923 g. GeO 
2 

o.s .081 85.7 -9.0 

I 

~ 
i 
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IX. ABSORPTION AND RAMAN SPECTRA OF GERMANIC IODIDE 

Absorption ·spectra 

Dennis and Hance1 reported the colors of solutions of Gei4 in 

various organic solvents. Colors ranging from pale yellow to red 

were reported. The results of this eection lead to the conclusion 

that some of the orange and red colors observed by Dennis and Hance 

were not caused by Gei4 alone, but by a mixture of Gei4 and iodine. 

Solutions of Gei4 in benzene, hexane, carbon tetrachloride and 

chloroform are yellow. -when these solutions are allowed to stand 

open to the air, they gradually turn orange-red. The latter color 

is due to oxidation of the iodide to iodine; the yellow color of 

the Gei4 and the purple color of the iodine yield orange-red. 

(Probably completely anhydrous solutions Would not change color in 

the presence of dr,y air). 

The absorption spectra of Gei4 in cc14, benzene and hexane 

were determined with a Cary Recording Spectrophotometer (Model 11, 

Serial 4) using a 1.000 em. quartz cell. The spectra of these solu-

tions were very similar; each exhibited absorption maxima at 
0 I Q 

approximately 2800 A and 3600 A. The carbon tetrachloride and ben-

zene were of C. P. Reagent grade; the impurity of the hexane was 

unknown. Solutions were made by weighing out samples of recrystal-

lized Gei4 and dissolving in known voltunes of solvent. The extinc

tion coefficients (liter/cm.-mole) at the absorption maxima are given 

in Table 22. The values are accurate to ±5%. No rigorous test of 

Beer's Law was made. 
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Table 22 

Extiriction Coefficients of Gei4 

-Solvent Wavelength, Extinction 
Angstroms Coefficient 

CCl4 3600 6200 

cc1
4 

2820 4100 

Hexane 3570 6500' 

Hexane 2820 4500 

Benzene 3600 7200 

Benzene 2950 8300 

The color of solid germanic iodide is markedly dependent on 
- 1 . 

the temperature. At 0°C. it is yellow, at room temperature it is 

orange and at ·100°C. it is dark red. An attempt·was made to 

measure the absorption spectrum of the. solid using the Cary Spectro

photometer. (The solid was crystallized O'\lt from carbon tetra

chloride on the faces of a quartz absorption cell). The resulting 

spectrum was very indistinct; on~ a broad maximum at approximately 

3850 l was discernible. In orderto obtain a sharp absorption spec-

trum, it would be necessary to grow a large crystal and polish it 

down to a thicknees of about 0.2 mm. 

An experiment was performed, in order to determine whether the 

absorption spectrum of Gei4 in hexane changes with temperature. By 

using a quartz dewar absorption cell, and b,y cooling the hexane 

solution of Gei4 with dry ice, the absorption spectrum was obtained 
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at -50°C. There was no significant difference between the low 

temperature spectrum and the room temperature spectrum; the apparent 

extinction coefficients increased, or course, because of the con-

traction o:f' the solution at the low temperature. A slight humping 
0 

in the curve at about 3100 A was observecl at -500, \o.hich was not 

observed at room temperature. 

Raman Spectrum 

The Raman spectra o:f' GeCl4 and GeBr
4 

have been detennined, but 

the Raman spectrum of Gei4 is unknown. 

An attempt was made to determine the Raman spectrum ot a satura-

ted solution of Gei4 tn carbon tetrachloride. A Steinheil type 

GH spectrograph and a Kodak 103J plate were used. The Raman cell 

was approximately five inches long with a diameter of one inch. 

Two intense mercury vapor lamps were used without any filter. An 

exposure of 3 1/2 hours yielded a completely blank .plate up to 

about 5000 1. Only the 5461, 5770 and S79l l m.rcur,r lines appeared. 

(A sirJiilar exposure using pure carbon tetrachloride gave very in

tense Raman lines of cc14 around the 4047 and 4358 1 mercury lines). 

After this 3 1/2 hour exposure, the solution of Gei4 in CCl4 was 

dark red,. ind.icating considerable decomposition ot the Gei4 by the 

ultraviolet light. (Spectrophotometric examination of the red 

solution showed the characteristic peak ot iodine at 5100 1). 
Using a fresh solution of .Gei4 and a fi~ter of concentrated 

aqueous potassium chromate, another exposure ~f 21 hours was made. 

A few more mercury lines appeared on the plate, but there were no 

Raman lines. The chromate filter partially eliminated the decompo-
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sit ion of the t etraiodide; not as much decomposition occurred during 

this 21 hour exposure as did in the previous 3 1/2 hour exposure. 

The 5461 1 mercury line is the only feasible line to use for 

the Raman spectrum of Gei4, because too much absorption occurs at 

shorter wavelengths. It was hoped that the near-lying absorption 

band would increase the Raman activity at this wavelength, but 

apparently it does not do so sufficiently. Ordinarily, increased 

exposure might be expected to bring out the Raman lines, but in 

this case longer exposures are precluded by·the photolysis of the 

tetraiodide and consequent absorption in the 5461 1 region by 

iodine. 

The use of solid Gei4 at room temperature is probably impos

sible because the solid is orange. However, by keeping the solid 

a.t 0° or lower, a suitable Raman spectrum might be obtained,, be

cause at low temperatures solid Ge~4 is yellow. 
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X. SUMMARY AND CONCLUSIONS 

In the preceding sections, thermodynamic data have been presented 

for various germanium compounds, and it now remains to correlate all 

these data in some systematic fashion. In an attempt to achieve this 

end~ heats of formation~ free energies of formation and entropies 

are calculated and tabulated in this section. Oxidation potential 

diag1•ams are also presented. 

Calculation and Es~is?_,n of·Thermodynamic Functions 

Ge(s)~ 

Kelley4 gives S0 
m 10.1 cal./deg. 

Ge(g)g 

Searcy11 gives llHf ... 85.2 kcalo/mole. S0 "'40.117 9 hence 

AF f "" 76.3 kcalo/mole. 

~ 
Kelley4 gives S0 ~ 50.6 cal./deg. 

The solubility of brown germanous oxide in 4 ~ HClo4 is about 

5 x lo=4 molar at 25°C. If we assume the net reaction to be 

GeO(brown) + 2H+ ~ Ge++ + H 0 2 ~ 

we calculate K .. 3 x 10=5. Using -54.2 kcal./mole for the free 

energy of formation of brown GeO, we obtain AFf u 8.6 kcal./mole 

for the germanous ion. Using the method of Powell and Latimer9, 

·we estimate S0 "' =11; hence llHf .. 11.6 kcal./mole. 



GeO (black2_g 

AHf ... ~61.0 ± 4 kcal./mole (cf o Section VI) and we estimate 

SQ .., 1L5o Hence AFf ..., =54.1 kcal./mole. 

~~rous.2.,_ brownh 

From Section IV~ vle calculate AF0 = -5.4 kcal./mole for 

GeO(brovm) + H20 s Ge02 + 2H2o 

Hence &Ff"' =54.2 kcal./moleo Estim.::;,ting sc ... 12, AHf '"' -60.9 

kcaL/mole. 

GeO (hzyrous. yellowl.t 

From Section IV~ we calculate AFf • -47o0 kcalo/mole. Estimating 

· sc ~ 12 9 8H.r ~ =53o7 kcalo/mole. 

GeO (g) g 

From Section VI, we obtain AHf = ~6.4 kcalo/mole and AFf ~ 

=12 .• 0 kcaL/mole o se "" 53 o 554. 

Gei2__{,s) g 

From the heat of oxidation of Gei
2 

by triiodide (cf o Section II), 

we calculate &Hf ~ =18.6 kcal./mole. Estimating S0 3 38.5 cal./deg~ 6 , 

we calculate AFf ~ =18.8 kcal./moleo 

Q!ill2~ 

Becker and Roth1 and Hahn and Jm~;a2 found the heat of formation 

of Geo2(s) to be =128.4 kcalo/mole. 

In Section VIII, the value AH.r B =130 ± 3 kcal./mole was obtained. 

The heats of the following reactions, when added, can be used to 

calculate the heat of formation of Ge0
2

(s)g 



· Reaction 

2Gei2(s) s Ge(s) + Gei
4
(g) 

Gei
4 

(g) .. Gei
4 

(s)-

r~r4(s) + 3H20 ~ H2Geo3 +4H++4I~ 
H2Geo

3 
~ H

2
0 + Ge0

2 

1or= + eH+ + 2Geo2 8 

2Gei2(s) + 21
3

= + 4H
2

0 

~~98 

29.7 ± LO 

=20.1 ± o5 

=9.6 ± .1 

=3.3 ± LO 

58.6 ± 2.8 

55 .3±3 .2 
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Reference 

Sec. III 

Sec. III 

Sec. II 

Sec. II 

Sec. II 

Employing known heats of for.mation7j we calculate 6Hr m =136.5 ± 3.2 

kcal./mole. The latter value is probably the least accurate of the 

three j and we shall use 6Hrs =130 ± 2 kcal./mole o Using Latimer s s 

tables6 9 S0 "" 13 cal o/deg o ~ hence iiF f .. ~116 • .3 kcal./mole • 
• 

B,2Ge03 (aSlJ. 

From Section II 9 6H0 
M 3.3 kcal./mole for the dissolution of 

Ge02 o Hence AHr ti =~95o0 kcal./mole for H2Geo3(aq). From Section 

II~ S0 ~ 34.5 calo/deg. 9 hence ~Ff = =171.1 kcal./mole. 

HGeO~ =(ag) ~ 

Using Pitr;er 1s rule8 
j we estimate ~S0 .. =22 cal./dego for 

H2Geo
3 

~ H+ + HGeo
3

= • 

.6F0 ,., 1L7 kcaL/mole5. Hence AFf ... =159.4 kcaL/mole~ liHf.,. 

-1.89o9 kcaL/mole and Sal "' 12o5 caL/dego 

Geo
3 

'"'(aq) g 

We estimate ~S0 ~ =30 cal./deg for HGeo3= m H+ + Geo3•• 



~F0 & 17.4 kcal./mole5. Hence AFr ~ ~142.0 kcal./moles AHf • 

-181.4 kcal./mole and S0 
w =17.5 cal./deg. 

Then one calculates 6~ = ~9.7 kcal./mole for the reaction 

Ge02 + 20H= ~ Geo3• +H2o. 

This is in reasonable accord with the results of Section VIII, 

where an average value of ~8.7 kcal./mole wa8 found for essentially 

this reaction. In fact the experimental value would be expected 

to be somewhat more positive, inasmuch as the above reaction only 

accounts for about 90% of the net reaction in the experiments of 

Section VIII. Some 10% of the oxide dissolved to form the HGeo3-

ion in those experiments. 

Ge3_!!4~g 

Hahn and Ju~a2 give AHr = -15.6 kcal./mole. Estimating 

S0 .. 30, we calculate AF f "' 11.8 kcaio/mole. 

Gec14 (l2_g 

Roth and Schwart~10 found ~~ = =22.5 kcal./mole for 

GeC14 (1) + 3H20 • H2GeOJ(aq) + 4H+ + 4Cl=. 

Hence l1Hr"' =127. 7 kcaL/mole for GeC14 (1). Kelley3 give3 

~S~98 a 22.9 cal./deg. for the vaporization of GeC14 and in Section 

III we c.alculated the entropy of GeC14 (g) to be 83 .0. Hence 

s~98 = 60 for GeC14(1) and AFf = =110.8 kcal./mole. 

GeC14 (g) g 

Using the data in Kelley-3 we calculate AHr == -119.6 kcal./mole 9 

AFr • =109.5 kcal./mole and S0 = 83.0 (Section III). 

These data lead to .&F0 ., 0 at 930°K. for the reaction 
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whereas the one experiment o-f Section VII leads to l363°K. as a lower 

limit for the temperature at which 6F0 • 0. If the error were 

entirely in the heat, the error would amount to almo~t 8 kcal./mole. 

Perhaps this is not too unreaaonable, inasmuch as the heat given by 

Roth and Schwartz for the hydrolysis of GeCl4(l) was the result of 

only one experiment. It seems that the Ge02- HCl(g) equilibrium 

warrants further study. 

~~ 
By estimating the entropy of fusion to be 6 cal./deg. and by 

using the entropy value given below for the liquid, we calculate 

S0 = 62 cal./deg. for the solid. (Using Latimer's tables6, we 

cal,culate S0 = 51.3). 

~~ 
Germanic bromide melts at 26.1°C., but from Kelleyvs3 data we 

can calculate S0 : 68.4 cal./deg. for the supercooled liquid. 

G;eJk4iili 

From Section III, S0 ~ 94.8 cal./deg. 

Gei4l,ili 

From Section II, 6~ a -9.6 kcal./mole for the hydrolysis of 

Gei4; hence 6Hr * -34.0 kcal./mole. S0 = 70 cal./deg. (cf. Section 

III), and therefore 6Ff ~ -35.2 kcal./mole. 

From the data in Section III, we calculate 6Hr = -13.9 
. . 

kcal./mole, 6Ff m =26.2 kcal./mole and S0 = 107 cal./deg. 
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~ra.ble 2) 

'l'he rmodynalTiic Functions at 29B.16°L 

(Energies in kca1o/mole and entropies in ca.L/deg.) .. 
Compound Fhysical AF/~ h.Ho so 

f 
Stc:.te 

Ge metal 0 0 10.1 
Ge gas 76.3 35.2 40cl1 

GeH
4 

gas 50.6 

GeH C'Lf;Ur>OUS (8.6) (11.6) (=11) 
GeO black sol1d ~54.1 -61.0 11.5 
GeO hydrous~ 

brm·m =54.2 -60.9 12 
GeO hyd:r01..15 ~ 

yell':-;v; ~h7 -51+ 12 
GeO gas =12.0 =6.4 53 0 55 
Gei2 crystal 0 ·18 .8 ~18.6 38.5 

GeO') crystal( soluble) =116 .3 =130.0 13 
H2G:;o3 aqueous -·17Ll ~195.0 34.5 
HGe~ aqueous =159.4 =189.9 12.5 
Geo3 - a.queous =1.42.0 -181.4 ~17.5 

Ge3N4 solid 11.8 =15.6 30 
GeC14 liquid =11.0.8 -127.7 60 
GeCl4 gas =109.5 -"119 .6 83.0 
GeBr4 crystal 62 
GeBr4 liquid 68.4 
BeBr4 gas 94o8 
Gei4 crystal =35.2 ~3L~.o 70 
Gei

4 
gas =26.2 -13.9 . 107 



Potentials in Acid Solution 

~0.05 
GeO(black) 0.12 

I I =0.05 0.12 Ge GeO(hydrous 9 brown) r2 I (=0.19) Ge++ (0.25) 

=0.13 
Ge ------Gei2 

=0.18 

Potentials in Basic Solution 

0.77 
brown) 

1.10 
Geoj Ge GeO(hydrous, 

j 1.06 HGeOJ= 
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