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I. INTRODUCTION

: Thé chemical literature contains a large amount of descriptive
material on germanium chemistry, but there is a paucity of quantitativg
dat;, The purpose of this investigation was to obtain some quantitative
relationships among various inorganic compounds and, through the
application of simple thermodynimicé, 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. 1In
the summary,' the various data obtained are correlated in an attempt

to present a systematic scheme of heats, free energies and entropies.



II. THE HEAT OF OXIDATION OF GERMANOUS IODIDE

Germanous iodide, GeIz, was chosen as a reference compbund of german-
ium in the +2 oxidation state because it is easily prepared and stable
in dry air. This section deals only with the experimentation designed
to measure the h;at of oxidation of GeIZ(s) to germanic acid in aqueous
solution. By estimating entropies it is then possible to obtain the
oxidation potential for the couple:

GeIy(s) + 3H,0 = HyGeOz + LH™* 217 + 267, |

Several attempts were made to oxidize solid'GeIZ to germanic acid
both in aqueous solution and in perchloric acid solutions, but even
with use of very high stirring speeds in the calorimeter, it was fbund‘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 agueous
solutjons. However, in two runs practically complete solution and
reaction of the Gel, was effected, and the residual solutions were
analyzed'in order to determine the exﬁent of reaction. These two
runs constitute one set of data towérd the evaluation of the desired
heat. A second set of data resulted from a more roundabout approach,
namely one involving the oxidation of Gel, in 3.88 molar hydrpchlogig
acid, In order to get the desired heat, it was necessary to add four
different experimental heats. These two experi@gntal approaches are
presented separately in this section, even though they both lead to

‘the same final result.



Experimental Procedurgs

Preparation of Germanous Iodide

8 was used. In

A modification of the method of Powell and Brewer
a typical preparation, 6.0 g. of germanic oxide was dissolved in about
30 ml. conc, sodium hydroxide solution. Then 6 M HCl was added until
the initial precipitate of GeO, just redissolved. With cooling, 60 ml.
conc. HCl and 45 ml., 50% HyPO, 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 agueous
ammonia. The hydroxide was filtered off 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 crystals of Gel, filtered off and
washed with 50 ml. of a 30% aqueous solution of constant boiling
hydriodic acid. The germanous iodide was dried and freed of Gel, by
heating at 100° in vacuum overhight. The dry materialvwas stored in

a vacuum desiccator over Mg(Cth)z.

Chemical Analysis of Germanous Jodide

An appropriate sample of Ge12 (9af,9’3 g.)_ya§”yeighgq gut agd_
dissolved in 20ml.6 M HCl in an atmosphere‘of carbon dioxide. Then
30 ml. water were added and the solution titrated wiph_oilﬂﬁ KMnQ, to
the first appearance og iodiné color (the titration_be;ng carpied qut
under 002). This endpoint permitted a calculation of the»germanigm
(II) content. Seventy ml. conc. HCl along with 5 ml. chloroform were

then added and the titration continued. (Vigorous stirring was
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neceésary). The disappearance of the iodine color from the chloroform
layer indicated the completion of the oxidation of iodide to ICl, .
From this one titration, it was thus possible to determine both german-
ium and iodide., Typical 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 lodide

The X-ray diffraction patterns of several samples of freshly pre-
pared Gel,, including one sample of sublimed GeIz, were obtained. The
results were all in close agreement,>and showed that GeI2 has the
CdI2 type structure. The lattice constants a = 4.249 + .004 K and
¢ = 6.833 = .007 } were measured. Now Powell and‘Brewer8 have found
much lower lattice constants for this compound, viz., a = 4.l4 and
c = 6.80 (corrected figures); but none of our samples gave results
anywhere near their results. Our values for the lattice constants
lead to a Ge - I distance of 2.99 K, which is the same as the Cd - I
distance in CdIz. Credit is due Mrs. Carol H. Dauben for analyzing

the diffraction patterns.

Preparation of Germanic Iodide

The method of Foster and Williston2 was_usedrfqr prepar;hg GeIh.
The product was purified by recrystallization from chloroform
followed by air drying at 80°C. One preparation was analyzed by N
titrating the iodide with étandard permanganate.,
Iodide found: 87.9%, 86.8%
Theoretical iodide: 87.55% 7

Probably the purified material was better than 99% pure. .



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 feagent
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
previouskyl’S. All heats were measured at 25,0 = 1.0°C. and are
expressed in terms of the defined calorie?

Whenever a calorimetric run was c¢arried out using a solution
containing some easily oxidized species, the solution was well satura-
ﬁed 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 .



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 O.200>ﬁ HC1l0,. An excess of 0.1009 N trijodide solution
was pipetted into a one liter volumetric flask and diluted to volume
with 0.200 M HCth. 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 baisis of the final
titrations were lower than that calculated on the basis of the sample

weighings. The details for the runs are given below:

Run 49 Run 50
Mi, 0.1009 N 13— 200 150

Moles Gel, weighed out,

assuming 100% purity .00826 .00721



Run 49 Run 50

Moles Gel, reacted, on
basis of titration .00780 00671
Héat evolved (cal.) 201.98 174 .64
AH (kcal./mole) -25.9 -26.0

From considerations of temperature drift uncertainties and analytical
inaccuracies, we judge the probable error of each of these measure-~

. ments to be 4% and therefore give

AH = =26.0 * 1.0 kcal. for

- 1t -
3H20 + GeIz(s) + I3 = HZGeO3 + LHY + 5T

The Indirect Method

The most convenient way of calorimetrically oxidizing GeI2
rapidly and completely to a +4 germanium species was found to be the
oxidation in approximately 4 molar hydrochloric acid. Gel, is quite
soluble in 4M HC1 (perhaps germano-chloroform, GeHCl3, forms) and may
be oxidized in this medium to form a soluble +4 germanium specjies.

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. (Tt was necessary to employ an ex-
cess of oxidigzing 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 M HCl.

The main disadvantage of using a complexing solution such as



-8-
3.88 M HC1 as a reaction medium is that the heats of formmation 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 M HQl is unknown; perhaps it is H2Ge03 or GeClgy™. Fortunately,
it makes no difference what arbitrary formula we use in our equations.
In order to relate the heat of formation of this +4 specieé to that
for HZGeO3(aq), it is necessary to know the heaté of solution of some
*+4 compound in both water and 3.88 M HCl. First of all GeCl, was
tried. The heat of solution of GeClh in water was measured by Roth
and Schwartzlo (one succesaful experiment) who recorded tha£ the
reﬁction is poor for calorimetry because the Geo2 formed in the
initia; hydrolysis is very slowly soluble. In our attempts to
measure this heat the same difficulty was encountered. 0Oddly enough,
‘this difficulty is sven more important when Gecih is dissolved in
3;88 M HCl. A very slowly soluble white product (an oxide or oxy-
chloride) forms when liquid GeCl, is added to 3.88 ¥ HCL, |
dermanium tetra-iodide was finally decided upon as a reference
+4 compound. Again, very slow solution was found in 3.88 ¥ HC1, but
not nearly as slow as was the case with GeClh.
The following is an outline of the various reactions whose heats
were measured in order to finally obtain the heat desired.
(1) GeI,(s) + I,(HQL and KI) = GeI, (HCL and KI)
(2) GeI, (s) = GeI, (HC1 and KI)
(3) I,(s) = I, (HCL and KI)

(4) Gel, (s) + 3H,0 = HyGeO(aq) + LHT 441
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The sum of equations (1), (3) and (4) minus (2) gives equation (5),
(5) GeIn(s) + I,(s) + 3H;0 = HyGeOy + LH' + 4I7.
By adding the following to (5)
(6) 13‘ - 12(5) +T
we obtain

(7) 3H20 + G‘eIZ(S) + IB_ = H2G303 4 hH'.' + SI-B

Reaction (1)

Four ruhs‘were carried out: two using one preparation of Ge12
and 3.88 M HCl, and two using entirely different preparations. In
each run, a bulb containing the germanous iodide was broken into a
solution of 3.88 M HCl1 containing about 60 g. of potassium iodide
per liter and an excess of iodiné. In runé 7 and 8 the GeI2 used
analyzed 99% pure and in runs 35 and 36 the Gel, anélyzed 96% pure.

Grams Heat AH
Run 3.88 M HCl _Grams KI Grams I, _Moles Gel, Evolved(cal.) (kcal.mole)

7 1008 60.0 0.97 .002778 52,74 -18.98 -
8 1003 57.0 0.48 001268  24.47 -19.30
35 1070 80.4 1.2 .003252 61.91 -19.04
36 1019 60.0 0.74 00206 45.53 -18.92

Average AH = -19,06 kcal./mole

Instead of trying to guess ﬁhe impurities present in the GeI2 samples
and to estimate the corrections necessary to bring the heat up to that for
100% Gel,, we shall merely aesum§ a possible error of as much as 0.4
keal./mole and take ‘ | 7 |

AH = =19.06 % O.4 keal./mole for
(1) GeIz(s) + IZ(HCl and KI) « GeI, (HC1 and KI)
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Reaction (2)

Reaction (2) involves the dissolution of solid germanic iodide in
3.88 M HC1 containing about 6% potassium jodide. Mistakenly, three
runs were carfied out without the potassium iodide; that is, Gel; was
dissolved in 3.88 M 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 HC1 DMoles Gel),  Heat evolved(cal.) AH (kcal./mole)

31 ‘ 1004 .003796 7.66 -2.02
32 1007 .002657 L.03 -1.52
33 1004 .003473 5.905 -1.70

Average AH = ~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, oniy about 90% of the GeIA dissolved
after 45 minutes. The result of this run is very low in precision,

but the details are nevertheless given.

Run 48
Moles GeIh .001806
Grams 3.88 M HCL 1008
Grams KI - 60.0
Heat evolved (cal.). 8.4
AH (kcal./mole) 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 very much

from that measured in runs 31, 32, and 33, we shall take
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AH = -3.0 % 2.0 kcal./mole for

(2) GeI, (s) = GeI, (HCL and KI)

Reaction (3)

in a rough preliminary run it was found that the heat of this
reaction is very small, and hencé 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 M HCl and diluted with the.same acid to one liter.
This solution was then used in the calorimeter. The iodine uséd was

Baker and Adamson Resublimed Analytical Reagent Iodine.

N\

Run Grams KI Moles 1 Heat evolved (cal.) AH (kcal./mole)

2
L 60.0 0116 -7.58 +0,65

L5 60.0 .0220 -13.82 +0.63

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

(3) I5(s) = I, (HC1l and KI)

Reaction (4)

The bulb coﬁtaining the GeIh was attached to a hollow shaft which
not only 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 COy; in run 30, with argon.

Run  Grams water  Moles Gel),  Heat evolved (cal.) AH(kcal./mole)
28 980 004459 41,78 ~9.37
29 1016 .004480 42.39 ~9.46
30 1016 .003788 35.38 -9.34
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With the aid of the Debye-Hiickel equation, these heats were extrapolated

to infinite dilution:

Bun A
28 -9.63
29 -9.72
30 -9.57

We shall take AH® = =9.64 * 0.10 kcal./mole for
(4) GeI,(s) + 3H,0 = HyGeOg + LH™ + 4T,

By adding together the heats for reactions

(1) . =19.06 % 0.4 kcal./mole
~(2) +3.0 t2.0.

(3) + 0.6L4 % 0.05

(L) -9.64 £0.1

We obtain for (5): =-25.1 % 2.0 kcal./mole
By adding AH = -1.0 kcal./mole’ for
(6) I37 = Iz(s) + I~
we obtain AH = -26.1 * 2,0 kcal./mole for reaction (7).

(7) 3H20 + GGIZ(S) + 13- = H2G303 + [+H+ + 517,
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CONCLUSIONS

Two experimentally independent methods have given essentially the
same value for the heat of reactibn (7), and we shall take
AH = -26.0 £ 1.0 kcal./mole,

Pughg, Laﬁbengayer'and Mortoné,‘Schwarz and Huf'l and Winklerl2 '
measured the solubility of GeO, at various temperatures. From the
tempefature‘coefficient of the éolubility, we can obtain an approxi-
mate value for the heat of solutidn of the soluble form of GeOj.

It appears that the two low temperature measurements of Schwarz and
Huf give solubilities which are too high. For the process

HyO + GeOy(ppt.) = HpGeOy(aq) we calculate AH® = 43.3 % 1.0 keal./mole.
Pugh gave the solubility of GeO, in water as L.A7 g. per liter at'25°,
while Laubengayer and Morton reported 4.53 g. Taking an average of

L .50 g. per liter, we find AF® = + 1.86 kcal./mole for the solution

of GeO,. Combining this with the above heat yields AS® = +4,,733 .4
cal./deg. By estimating S® = 13 cal./deg. for Ge02 (using Latimer's
tablesh), we calculate the entropy of H2Ge03(aq) to be 34.5 £ 4.0
cal./deg. |

For the oxidation of Gel, to GeO, by triiodide,

2H,0 + GeI,(s) + I™ = GeO,(s) + LHY + 51—,

we £ind AH® = -29.3 % 1.4 kcal./mole.
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III. THE DISPROPORTIONATION OF GERMANOUS IODIDE
Brewer and Dennis>’? 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 Gel, disproportionation is dependent on them.

The Entropies and Heat Capacities of GeCl,(g), GeBrh(g) and GeIA(g)

Sufficient experimental data exist for 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 GeCl,: Vq = 397, V, = 132, V; = 452, V) =171,
Herzberg® gives for GeBr,: Vi = 234, V, = 78, Vg =328, V) = 111
(all in cm.-l). It was necessary to e stimate the frequencies for

GeIh. Hildebrand5

has shown that when .Ul 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 halogén and mode of vibration,

each point on a given curve representing a tetrahalide with a different
'cgntral atom. It was hoped that an extension of this_idga might aid

in estimating the fundamental frequencies for germanium tetraiodide.
Figure 1 shows a plot of all four vibrational frequencies of SiF),

: and SiBr, agains e Si - istance. s apparen a
SiClh d SiB L inst the Si - X dist It 1 ont that

the points for a given mode of vibration are approximately on a



~16-

1e00—

VIBRATION FREQUENCIES OF SILICON
HALIDES wvs. Si-X DISTANCE

cm™!

400

200

° ' i 'l L i ] i
1.5 17 F 1.9 2.
) MU 2793




-17-
straight line. It is suspected that the deviations frém linearity .
would be smaller if the values for a tetrachloride, tetrabromide and
tetraiodide were plotted. (The vibration frequencies weré‘t;ken from
Herzberg/+ and the interatomic distances from Pauling and Brockwa;yll
and Kelley7).

Assuming that straight lines would well represent the valugs

for the germanium tetrahalides, the frequencies for GeIh were extra-

polated from those of GeClh and GeBr Rouaultl2 found the Ge-Br

X
‘distanée in GeBrh to be 2.34 % .Ohkz. whereas Lister and Sutt.on9
found it to be 2.29 * ,02 %. We shall take an average of 2,31 1.
The last named investigators found the Ge-I distance in GeIh to be
2.50 £ .03 %, and Pauling and Brockway'l found the Ge-Cl distance
in GeClh to be 2.070 2. The extrapolated vibration frequencies
for GeI, are YV, = 104, V, = 36,-113 = 230, V, = 64. The calcu-
lated moments of inertia for the germanium tetrahalides are:

GeClA: I-673 x10%°

GeBr,: I = 1890 x 10740

GeI, : I = 3510 x 1070

Using the methods outlined by Kelley7 and tables of Einstein-

functibnsé, the heat capacities at constant pressure and standard
éntropies of the germanium tetrahalides were calculated. The results
are shown in Table 1.

Table 1

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

| P20 5398
GeCl,, 23.0 83.05 £ 0.5
GeBrh 214-.14- 9[4--78 x 005

GeI, 25.2 . 107. % 2.0
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The Vapor Pressure of GeIu(s)

Germanic iodide readily sublimes at temperaturesin the neighbor-
hood of 100°C., and so its vapor pressure can be accu}ately measured
with relative ease, A saturated vapor flow-method was empléyed.
Germanic iodide crystals were placed in a horizontal glass tube
which was heated to a constant temperature while a steady stream éf
argon was passed through the tube., By assuming that the gas was
saturated with GeIh vapor in passing through the tube, the amount
of GeIh which was condensed ogt on the cooler portions of the tubing

- was taken as a measure of the vapor pressure,

Experimental Procedure

The preparation and analysis of germanic iodide was discussed
in section II. Two methods for heating the tube containing the GeIh
ﬁere ugsed. In two low temperature experiments the tubing was ‘
heated by a vapor-jacket similar to that used in .Albderhslden driers.
The vapors of boiling benzene and of boiliné water were used to
maintain the temperatures 79.8° and 99.8°, respectively. Higher
temperatures were maintained by heating the tubing in a horizontal -
tube furnace.. A "Celectray" electronic controller (C. J. Tagliabue
-Mfg. Co.) wés used in conjunction with a chromel-alumel thermocouple
to keep the t emperature of the furnace constant to #3°C. The thérmo-
couple was caiibrated at the boiling point of water and the melting
péints of ice, tin and cadmium., A sheath of nickel foil was wrapped
around the tubing where the Gel, 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 Qater by passing the gas
consecutively through hot copper turnings and magnesium perchlorate,
The total volume of gas passed in a run was determined b§ collecting
the gas ovér 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 wlatiligzed GeIh was found to
occur in the cool, narrow tubing immediately outside ﬁhe hot zone.
This narrow tubing was cracked off after each run and the sublimed
GeIh was dissolved. The iodide wés titrated to IClz‘ with a
standard permanganate solution. Details of the runs are given in
Table 2. |

Runs 4, 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 . o

i

&

A very satisfactory representation of vapor pressure daté is
given by ah equation of the form: |
AF® = AHY - AC3 Tin? + I7
where AH8 and I are.empiricai constants. In this casge Acg is.the

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

The Vapor Pressure of GeIh(s)

9K Time Flow rate Total pressure Calc. vapor pres-
(min) (moles A/min.) in tube (atm.) sure of GeIj(atm)
393 106 0.746 x 1073 0.999  g.2x 107k
393 206 0.387 x 107 1.007 8., x 1074
393 W 1.69 x 1073 1.008 7.1 x 107
393 0 (extrap.) 3.7 x iO-h
4,08 75 0.527‘x 1073 1.010 1.79 x 1073
379 203 0.774 x 1073 1.00 - 2.9 x 107
373.0 215 0.735x 1070 1,002 2.20 x 1074
353.0 380 0.634 x io'j 0.999 4.7 x 207
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calculated C; = 25,2 for the gas and by Kopp's rule we estimate
Cg = 33 for the solid. Taking ACB to be -8, we have plotted, in
Figure 3, the "sigma function" AF®/T + AC§ InT versus 1/T. The
slope of the straight line drawﬁ through the points is AHJ =
22,500 cal./mole. The intercept on the 1/T = O axis is I = -90.8.
Hence the free energy of sublimation of GeIh can be represented
within experimental error by the equation
AF® = 22,500 * 8T1nT - 90.8T.
The heat'and entropy of sublimation can similariy be represented by
| AH® = 22,500 - 8T
AS® = 82.8 - 8lnT.
At 298°K., these functions have the values'
AF;98 = 9.0 kcal./mole
AH§98 = 20.1 kcal./mole
68398 = 37 cal./deg.-mole
Since the entropy of GeIh(g) is approximately 107, we calcu-
late the eﬁtropy of solid GeIh to be 70. This is considerably

higher than the value calculated using Latimer's tabless, i.e., 63.3,

The Vapor Pressure of GeIh(l)

The melting point of GeII+ 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.
(Brewer3 gives 11 for SnIh and 31f§r SiIh), then the heat of vaporiza-
tion of the liquid at 1Ah°C. is 16,300 cal./mole, and the entropy of
vaporigation is 27.6 ca}./deg. If we estimate ACp.to be about -15

cal,/deg. for the vaporization of liquid GeI,, then rough values of
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the free energy of vaporigzation may be given by the equation
AF® = 22,500 + 15T1nT - 1337,
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.
Winkler’® reported that the boiling point lies between 350° and
LO0°C. The boiling point calculated above may well be in error by

10 or 20 degrees.

- The Disproportionation of Gel,

First an isopiestic method was tried in an attempt to study
the equilibrium
| 2Ge12(s) a Ge(s) + GeIh(g).

Some'GeIz 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 Ge12 was held at one temperature
(ca. 600°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 GeIz(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 GeIh just began
to condense in the cooler end (or until GeI, already there just dis-
appeared). Then it would be gnown that the partial pressure of GeIA
over the Gel, was equal t& thé’vapor ptessure of Gel, at the tempera-
ture of the cooler end of the tube. However, at the temperatures
required in order to achieve equilibrium rapidly, the Gel, sublimed

over and made measurements impossible.
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Then a saturated.vépor flow-method was tried; an apparatus
(ef. Fig. 2) similar to that used in measuring the vapor pressure of
GeIh was used. Gel, crystals were placed in a glass tube through
which dry argon was passed. The tube was heated by a tube furnace
(same method of control as in the GéIh vapor pressure experiments)
and the volume of gas passed through the tube was méasured by collecting
it over water. |

When the tube was heated to about 2709C. reaction commenced and
clouds of_GeIh dust began emerging from the furnace. Some of the
GeIL (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 Gel,, but even with more than
a meter of tubing for condensation, some of the Gel), particles were
swept through the line, Thus it was impossible to accurately deter-
mine the amount of GeI; 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 GeIh was dissolved out of the tubing and titrated with
permanganate,

In addition to GeIa being evolved due to the disproportionétion
of Gel,, some Gel, sublimed and quantitatively condensed out. At
the end of the runs, this Gel; could be easily separated from the
condensed Gel,, because the Gel, condensed out in a much hotter
zone (almost within the furnace) than did the GeI,. This sublimed
Gel, was also dissolved and titrated with permanganate. Thus these

measurements yielded both the wapor pressure of Ge12 and the pressure
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of GeIA due to disproportionation.

Table 3

Vapor Pressures over Ge + Gel,

‘Run K. Pressure of GeII+ Pressure of Gel,
| (atm.) (atm.,)

ct 557 4.1 x 1074 1.3 x 1074

Dt 557 9.6 x 1074 1.6 x 10k

It was then decided to modify the flow-method technique. The
GeIé was put in a metal boat and the boat was weighed before and
' aftér each run. Then there was no concern over where or how the GeIh
condensed out--the extent of reaction was determined by the change
in weight of the boat, after correcting for the sublimation of Gel,.

For the first five runs, a platinum boat weighing about 4 grams
was used. It was noticed after a few runs ghat 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 meﬁhod of preparing germanous iodide has been described in
Section II. About 2-3 grams of the Gel, was used in each series of
runs; volatile impurities were eliminated by making preliminary blank
runs. Between runs, the mixturé of Geiz and Geiin 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 four 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 sublimed GeI, was separated from the Gel, ,
dissolved, and titrated with permanganate. The vapor pressures fo}
GeI, calculated from these runs are: at 504°K., p = 5.1 x 10~ atm.;
at 618°K., p = 26.7 x 1074 atm. Using these data and the data in
Table 3, we calculate AF® = 30,000 - 36T as a rough free energy
equation for the sublimation of GéIz. In all the following runs
except runé 10 and 11, the amount of sublimed Gel, was calculated
from this equation. The weight of sublimed Gel, 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 rates 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 2989K! We have calcu-
lated S3gg = 107.4 for GeI,(g), and by Latimer's tables®

3398 = 38,5 for GeIZ(s). Hence 65598 = 40,5 cal./deg. for

2Ge12(s) = Ge(s) + GeIh(g).

0 - P 0 - 4 1
For GeI, (g) CPagg = 25-2 and for Ge(s) Cp298 6.2. Using Kopp's
rule, we calculate 05298 = 19,5 for GeIZ(s). Therefore as a rough ’
approximation we shall take Ac; = -8 for the above reaction from

298%K. to 64,3°K. Then AS® = -8 -I -8lnt

and I = -91&0



Moles of Argon 'Floﬁ rate

The Disproportionation of Germanous Jodide

Weight of sub- Moles GeIh Total

Run T°K loss in weight of Pres-
................ ./min . boat (grams)  limed GeI, = formed ~ pressure sure of
\ ; _ ) . A » (atm.)  GeI, (atm)
2 569 .0805 16.9 .0961 .0058 15.6x107° .99  1.93x107
3 569 .0812 41.7 .0540 .0058 8.3x107°  1.000 1.02x1073
L 569 .0819 51, .0629 .0058 9.8x1075  1.003  1.20x107>
6 569 .0808 16.3 .0592 .0058 9.2x10°  1.000 1.U4x107
7 594, .0211 6.9 .0593 .0048 9.4x1075  .995 4.4 x1073
g 59 .0211 13.8 .0507 .0048 7.9x107° 995  3.7x10°3
10 592 .0210 21.0 L0551 .0036 8.9x107°  .988  4.2x107°
9 51, .236 26.8 .0415 .0052 - 6.3x1077 .989  0.26x1073
12 5k +239 17.9 .0762 .0052 12.2x1075 .993  0.51x1073
1n 618 .0210 11.2 1647 .0186 25.2x107°  .987 11.8x1072
13 643 .0208 12.7 3300 .0329 51.2x10"° .992  2%.4x107
1, 61,3 .0208 14.0 3569 55.9x107°  .992  26.7x107
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For each run in Table 4, it is now possible to calculate AH8 using the
equation
| AH8 = AF® « 8TInT + 94T.
The caleculated values of AHY are given in Table 5. It can be seen
that over the experimental range of 100°, there is no significant

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

Hence
AH® « 32,100 = 8T
AF® =« 32,100 + 8T1nT = 94T
| B5° < 8 - BlnT
and

Ho % 20,700 eal,/mole
B3 = 29,700 cal /mole
AF®50g = 17,700 cal./mole

Asézgé “ 0.5 cal;/dég.smclé

In Figure 4, the experimental fres energies of disproportionation
of Géiz(é) to Ge(s) and Ger(g) are plotted versus 1/T. The curve

was caleulated using the above free energy equation.
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Values of AH§ for the disproportionation of GeIZ(s)

T°K.

569
569
569
569

59k
594
59

_m

5hiy

618

643
643

557
557

AF®
7,060
7,780
7,600
7,660

6,400
6,610
6,460

8,920
8,190

5,450

Ly 74O
44630

8,630
7,690

AH3
31,710
32,430
32,250
32,310

31.920
32,130
31,980

32,670
31,940

31,810

31,960
31,850

32,840
31,900
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The Disproportionation of Gel,

2 Gel,(s) = Ge(s) + Gel,(q)

MU 2791

Fig. 4
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Iv. THE GeO ~ GeO, ELECTRODE

2

Preliminary Study

Early in this investigation it was thought that germanous iodide
was not only insoluble in water, but that it was also not hydrolyzed
when in contact with dilute acid aqueous solutions. Consequently an
attempt was made to study the half-cell |

GeI, + 2H,0 = GeOy + LHT + 217 + 2e7,
The cell pictured in Figure 5 (4) was used. An intimate mixture of
germanous iodide and germanium dioxide completesly oo#efed the platinum
spiral electrode. Two different silver-silver iodide electrodes were
used alternately. These wefe 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)velectrolysis of a sodium iodide solution., Corks were
slipped around the glass tubes so that these electrodes cquld phen 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
GeIz-Geoz electrode by a'glaés tube with two stopcocks. Except wheﬁ
measurements were being taken, the stopcocks wefe closed and the
entire cell was stored in a dark place., The two Ag-Agl electrodes .
gave readings which agreed within one or tvo millivolts, The Ag-Agl
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 pipetted out and the cell
then rinsed several times with the new solution. T .’

The cell was notlyhermostatted; the average room temper;?ﬁgé was
ca, 23%°C. The potentials were measured with a Leeds and Northr&p
student~type ﬁotentiometer. -

At first éttempts were made to interpret the results on the"'
assumption that the net cell reaction was

GeI + 2H,0 + 24gI = GeO, + Ag + LHY + 4TI7.
But the data did not agree with the thermodynamic equation for dependence
of emf oﬁ concentration‘when agsuming this reaction. " In order to have
agreement with the eqﬁation, it was decided that the most likely
reaction occurring waé ‘
(GeO + H,0 + 2AgT = GeOp + 2H* + 2I" + Ag.
This implies that the Gel, had hydrolyzed according to.the equation

GeI, + Hy0 = GeO + 2H' + 2I-,

One might expect that gome of the first data obtained would be in error
becauSe_9f the extra hydriodic acid introduced by this hydrolysis.

This effect was apparently very small; probably 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 represented
by the scheme: GeO(hydrous), GeO,; xM HC10, and ylf Nal; Agl, Ag. |
The éctivity coefficients for the hydriodic acid were obtained by using
the "pfinciple of ionic strength"h; the activity coefficient of HI in a
pafticular solution was agsuqu.to,bg the same as that in a hydriodic
acid solution of the same%ignic §treggth. The activity coefficients

for hydriodic acid were taken from the data of Harned and Rdbinsonz.

The experimental details are given in Table 6,



~36-
Table 6

Cell Voltages

Molarity of Molarity of "~ E E°
HClOA NaI
0.205 0.194 .065 -.028
0.102 0.097 . ©,103 -.027
000205 0 001914- . 175 - 0033
o: 512 O.b,85 0016 . ’ -.022

There is a decided trend in the values of E® calculated from the
data, the values being more negative for the more dilute solutions.
However, we shall use the average value, E® = -.03 v. Taking 0,15 v.

as the standard potential of the Ag-Agl electrodeB,, we calculate -

GeO + H,0 = GeO, + 2H' + 2¢™. E° = 0,12

Eurther Studies

The preceding invéstigation was encouraging because it demonstrated
that the GeO-GeO, electrode is:reversible and amenable to further s?udj.
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, GeO2, X.I‘_{ HCl: Sat'da KCl, chl, Hg.,_A suspension of

hydrous germanous oxide and GeO2 in aqueous hydrochloric acid was
stirred in a beaker under 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 capillary bridge containing a
saturated KC1 solution led to a saturated KCl calomel electrode. Three
concentrations of HCl were employed: .0910 molar, .640 mbiar and 1.1,
molar. The reproducibility of the potentials was very poor and only ab

very rough value could be obtained.

Geo + HZO = Geoz + 2H+ + 26-. 'EO‘ = Ca. 0006

Cell: GeO, GeOp, xM HCl, HgCl, Hg,__Two c ells were studied

concurrently. Both cells were constructed so that the electrolyte_
could be easily and thoroughly rinsed through the cell compartmentg.
In one cell (Fig. 5 - B) there was no stirring of the Ge0O-GeO, elec-
trode. The électrolyte was introduced in the top funnel and drained
out either of the two small stopcocks near the bottom of each cell
cdmpartment. The two larger stopcocks in the cross—arm were openeq
only when rinsing the cell with electrolyte or when making measurements.
In the other cell (Fig. 5 - C), the GeO-GeO, suspension was stirred.
Stirring was stoppéd to allow the solids to settle out oply 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 drainagg
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 + Hy0 + 2HgCl = GeO, + 2Hg + 2H' + 2C1~. N

The activity coefficients for hydrochloric acid were interpolated from

the values given by Harned and Owenl. The details are given in Table 7,
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Teble 7

Cell Voltages

Molarity Cell without stirring Cell with stirring
of HCl '
E E® B E®
.00960 .562 318 .62 .38
.038L .511 .335 .518 342
.0960 73 341 495 363
.297 425 348 AL .336
Average E® -~ 336 355

Taking -0.268 as the standard potential of the calomel electrode3,
we calculate for GeO + Hy0 = GeO, + 2H' + 2¢7: E° = 0.068 (cell withcut
stirring) and E® = 0.087 (cell with stirring).

Cell: Ge0,GeOp, xM HC1O,, yMANaI,AgI,Ag.--The electrolyte used

in the cell-without-stirring (Fig. 5-B) of the preceding investigation
was drained and the Ge0O-GeOp compartment was rinsed with a perchloric’
acid-sodium iodide electrolyte. Thus the same Ge0O-GeO, electrode was
used as in the preceding investigation. Freshly prepared Ag-Agl
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 Study")., The details are given in Table 8,
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Table 8

Cell Voltages

Molarity of Molarity of E E®
HCth NaI
.00925 .0100 A51 0 -.09%
.0185 : | .0200 125 -.086
.0925 : .0800 .065 - =072
0462 ‘ 0476 .087 ~~.080
Average E° = -.083

These data give for the half-cell

GeO + Hy0 = GeO, + 2H" + 27, - E° = 0.068

Conclusive Study

In the preceding studies, it was noted tha£ the reproducibility
of the standard potential in any one set‘of measurements was.much
better than the reproducibility of the standard potenti&l from cell
to cell. In addition, a more curious observation was made: freshly
prepared germanous hydroxide (prepared by precipitation in thé éold)b
is yellow, and it stays this color if stored under water at room
temperature. But if an ageuous suspension of the yellow hydréxide
is boiled, or if it is treated in the cold with aqueous hydrochloric
acid, the color changes to a dark brown. These ébservations sug-
gested that the lack of reproducibility of the cell data was due to
the varying 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 form, and the conversion is catalyzed by heat and at least one .
electrolyte -~ hydrochloric acid.

It was decided to directly confirm this suspicion by haking a
cell coﬁpoeed of two Ge0-GeO, electrodes--one containing the yellow
form and the other containing the brown form. Hereafter thev"brown
form" of germaﬁous 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. Mest of the water was then removed by
centrifugation and decantation.

A cell similar to cell A (Fig; 5) was employed, excepﬁ_that both
sides had spiral electrodes, For no particular reason, except that
such a cell was on hand, one spiral wae of gold and the other of
platinum. The electrolyte was 0.0025 M HCl; such a low COncenpra-
tion of hydrochloric acid was found te veryeslowly eatalyze the‘
conversion of GeO from yellow to brown. A mixture of GeOz and brown
GeO was rinsed with the electrolyte and packed around the gold spirel.»
A mixture of GeO,2 andvyellow 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 Ge0O was positive. At no time was a
finite current allowed to pass through the cell. |

As can be seen from Table 9, this experiment fuily confirmed
the predictions. Initially the cell potential was about 0,155 volts
corresponding to the cell reaction (two electron change):

GeO(yellow) = GeO(brown)



- Table 9

Cell Voltages

Time, hours E -
1.0 2155
3.0 | .156
6.8 /129
21.5 . 122
L3.5 | .098
47.5 | 090

117 064
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For this reaction we calculate AF® = — 7,200 cal./mole. As was expec-
‘ted, the cell potential dropped gradually with time, because 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 |

Ge0,Ge0,, xM HCl, HgCl,Hg,

but one contained yellow GeO initially and the other contained brown

GeO.

Cell Materials

Douﬁle distilled mercury was washed with nitrié acid and ripsed
well with water. Baker and Adamson U.S;P; mércurogs 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 ambunﬁs of mercﬁric oxide
by the iodo-mercurate method. In one case, the hydrochloric_acid.was
prepared by diluting some constant boiling acid., The molalities and
activity coefficients were calculated from the data of.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— 
tidn 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 disagreément with the later runs, where the HCl
concentration was sufficient. to rapidly convert the GéO‘to the -

stable form,



-13-

Thé cells were immersed in a thermostatted bath whose temperature
was held constant to #0.1°C. Potentials were measured ét 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,lin agreement with the preceding experiment, We shall take
E®(25°C.) = 0.386 + .010 volts for -

GeO(brown) + 2HgCl + 'Hzo = Ge0'2(ppt.) + 2Hg + 2H™ + 201",
Since the standard potential of the calomel electrode is°50.268 Ve,
we c‘alculate E® = 0.118 % .010 volts for the GeO(brown)-GeO, couple.

An attempt to calculate the entropy of the cell reactio; 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.



Molality
of HC1
Brown Ge0
.00260
.1042
1.06
- Yellow GeO
.00260
.1042
1.043

Table 10

Temperature
Sc

25.0°
19.0
31.0

25.0
19.6
33.3

25,0
21.5
33.2

25.0
19.0
31.0

25.0
19.6
33.3
25.0
21.5
33.2

E

690

675

.707

519
05114-
.526

2400
L4007
017

+850
«834
.865
nsM

2395

2394

396

~l
E°(25°)
;381 
;391

+393

377

387
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v, THE'SOLUBILITX OF GERMANOUS HYDROXIDE

Everest and Terrey1 found germanous hydroxide to be insoluble

1{V]

in alkaline solutions and hence discredited the reports of Hantzsch
and others who postulated "germano-formic acid". They ﬁeasured the
solubility of the hydroxide in water and found a solubility of

5.0 x 107> 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 formed by air oxidation of the germanous hydroxide wopid
have led to high results). These investigators observed the spon-
taneous darkening of germanous hydroxidé 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 solubiliﬁy
of the hydroxide (brown) in water and to determine the solubility
in various concentrations of hydrochloric acid;

Broﬁn germanous hydroxide was prepared‘as.descyibedAin.Section
IV. Excess of the moist hydr&xide was washed 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'wasi
immersed in a bath thermostatted at 25.0 0.1‘0. and ﬁhe 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 necessary, sodium
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iodide was added and the +2 germanium was titrated in an inert atmos-
phere with standard permanganate. For the dilu@e solutions, .0O5 N KMnOh
was used; for the more concentrated solutions, .1 N KMnO, 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—
quots of the same suspension 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 haq been standardized vs. potassium acid pbthalate
or standardized by titration of sodium carbonate. 1In one experiment,
using a relati#ely concentrated solution of HCl, it was necessarylfo
titrate the acid after equilibration with ﬁhe germanous hydfoxidezdbe—
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 hyd?o-
chloric acid solutions are given in Tables 11 and 1l2. An average of
about 2 x lO-h molar was obtained for the éolubility of ggrmanqﬁs
hydroxide in water, as compared with 5 x 10'3 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 0.0l molar.



Iable 11

-/, 8~

Solubility of Brown Germanous Hydroxide in Water

Experiment

—————————

L3¢
22

Time allowed to reach
equilibrium (hours)

Molarity of
+2 germanium

1.1
20

13
13

1.2 x 1074
1.5 x 1074

1.8 x 107°

2.3 x 1074

¥*Hydroxide which had previously been equilibrated with 0.1 M HCl was

used.

Table 12

Solubility of Brown Germanous Hydroxide in Hydrochloric Acid Solutions

Experiment

11

10

13

" 12

Molarity of HCl

0.01
0.1
1.02
1.02
1.79
1.79
2.43
2.99
3.65
3.65

4 .00

4.39

Molarity of

+2 germanium
1.1 x 10~4
L x 1070

3.4 x 1074
2.7 x 1074

1.8 x 1074
1.6 x ].'..O'»"3
1.0 x 1072

1.9 x 107%
b'd 10*“
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At this point it was decided to determine, if”possible, whether
the increased solubility at high concentrations of HC1l 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
¢hloride and hydrogen ion concentrations were varied indepehdently
of one another, The solutions were made up by mixing standardized
sqlutions.of 4M HCl, 4M HCth and 4M NaCl. The results are shown in
Table 13. The data are very inaccurate; the lack of feproducibility
is probably mainly due to the difficulty in obtaining germanqﬁs'
hydroxide in a stable form. Only §ne‘generalization.canubé gleangdm
from Table 13: when the chloride ion concentration is held constant
at 4 molar while the hydrogen ion concentration is increased (orv
vice versa), the solubility of germanous hydroxide.goes up., iThis .
behavior is consistent with the formation of a complek ion of the
type GeCl;(Z_K), where x> 0. The net reaction corresponding to

such a complex formation is

GeO + 2H" + xC1~ = Hy0 + GeCL(27X),
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Table 13

Solubility of Brown Germanous Hydroxide in Various Chloride-

Perchlorate Solutions

Molarity of Molarity of Molarity  Molarity of

- Experiment HCL1 . HClQhV of NaCl +2 germanium
15 0 4 .00 o’ 3.4 x 1074
29 0 4.00 0 10.7 x 1074
28 £ 0.50 3.50 0 2.0 x 1073
30 ' 0.50 3.50 0 14,5 x 1073
21 1.00 3.00 0 1.7 x 1072
27 | 1.00 3.00 0 1.7 x 1072
25 2.00 - 2.00 0 1.9 x 1072
26 2.00 2.0 0 1.8 x 1072
24, | 3.00 1.0 0 2.3 x 1072
VA .00 0 0 8.7 x 107
16 0 0 400 4.9 x 1075
23 0 0 4,00 7.3 x 107
17 1.00 0 3.00 1.1 x 1073
20 1.00 .0 3.00  1.0x 107
18 2.00 0 2,00 1.0 x 1072
19 2.00 0 2.00 1.2 x 1072
1 .00 0 0 e x 102
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VI. THE VAPOR PRESSURE, HEAT OF FORMATION AND X-RAY PATTERN
OF GERMANOUS OXIDE.

THE VAPOR PRESSURE OF GeO.

Introduction

Brewer and Mastiékl have shown how it is possible to calculate
the dissociation energies of gaSeous.diatomic oxides from thermal
data and thus provide'a check on spectroscopic measurements (which
involve long, uncertain Birge-Sponer extrapolationé). Since
.Searcy!ss recent determination of the heat of vaporization of metalf_
lic germanium, there are only two data lacking in order to calcqlate
the dissociation energy of GeO: the heat of formation of Geb and 

the heat of sublimation of GeO.

Preparation of Germanous Oxide

Germanous hydroxide was prépared by the same methqd"asrdesqribed
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 ggt'in a gla§§
tube. By heating for several hours at 450°C. in vacup', the material
was dehydrated to a hard. black substance. T&o-éuch prgpagay?gns”
were carried out for the vapor pressure experiments:m_one samplg was
89.7% GeO by analygis, the other 95.8% GeO, Probably the main impur-
ity in each case was GeO,,.

The analyses were carried out by oxidizing the GeO with hydrqf
gen peroxide and then igniting to_Ge02 in porcelain crucibles; Two
samples were t aken for each analysis; in both cases the ratios

weight after::weight before agreed within 0.2%.



-52-
A sample of each preparation of Ge0O was submitted for spectro-
graphic analysis. Only 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 methoa of molecular effusion was used for measuring
the vapor pressuré of GeO. ‘Tﬁe cell was made of Pyrex glass,vwith
a standard taper joint connecting the lid and the base. (Cf. Fig. 6).
The top of the lid was of very thin glass and had a circular hole iﬁ |
its center. The hole diameter was measured microscopically and was )
found to be 0.219 % .003 cm. The thickness of the lid wall next to
the hole was not measured, but by visual examinéﬁion_it was estimated
to be 0.02 cmi or less. A small glass ring on the side ofithe ce%l
permitted the cell to be lifted with a wire fTbm‘the cylinder yhich
.contained it during the runé. The weight of the empty qell was
15.9925 grams; the weight of effusate was ascertaiped py weighing
the cell containing the sample before and after eaqh rﬁg. 11 

In order to calibrate the hole, i.e. to measure its "prgbability
factor,”" the vapor pressure of merbury was measured in two'prglimiﬁt'
ary runs. The cell was charged with about 20 grams of clean'mercury,
and a blank run was made first to eliminate any volatile impurit%es.'
The vacuum was furnished by a mechanical oil pump supplemented by two
0il diffusion pumps. The pressure during the runs was always well“;
bélow 0.1 micron. While evacuating the system, the cylindgr hqlding

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 contfolled water

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

Table k.
Table 1.
The Vapor Pressure of Mercury
Time, Temp., °C. Weight of effused True Vapor Measured Vapor
sec. : mercury, grams Pressure of - Pressure, atm.
' mercury, atm.

11,220 26.1 L0347 2.65 x 107 2,25 x 1076
6,180 L5 .0 ,0710 1,17 x 1072 0.865 x 1075

The pressures were calculéted with the equation

p = z'\/MT [hloh aet,

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.z, and t is the time in seconds. The
apparent probability factor for the run at 26,l° was 0.85; for the
run at 46.0° it was O.74. Hereafter all calculations were made with
the modified equation

P m,zqfﬁir/BS.S a<t,
which dssumes a probability factor of 0,80,

During the runs with Ge0,” it was found impossible to:iniﬂiate
the runs gquickly enough either by suddenly applying the vacuum or -
by suddenly raising the temperature. Consequently theilower end of
the cylinder (containing the cell in its upper part) was heated up

to the proper temperature while the sjstem 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 oubtside the evacuated system, The run was terminated
by completely removing the heater from the cylinder--~this causing an
abrupt drop in the temperature, »

It will be noted from Fig. 6 that the "hot zone" of the cylinder
was surrounded 5y a thick brass cup, which in turn was enclosed in an
insulated resistance furnace. A chromel-alumel thermocouple outside
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, the témperature inside_the brass
cup was about 40% lower than the outside temperature and constant
to about #0.5%C The temperature of the inside of the bras§ cup was
measured with a platinummplapinum rhodium thermocouple which was
calibrated at the boiling points of water and sulfurov Thevtempera~_
ture as measured by this thermocouple was presumed to be th?_tempera
ature of the vapor in equilibrium with the Geoa_ Good eyidencg 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 ogtsiQQ )
furnace temperature, it was possible to bring the temperature up @ov
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 GeQj; the remaining five runs were carried out using 0.47 g. of



w56
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 15

The Vapor Pressure of GeO

Run  Purity of GeO K. Grams effused Time (sec;) Calcula-
| care (atm).
1 89.7% 770 ,0021 3600 1.3 x 1070
2 89.7 788 0040 1980 1.8 x 1070
3 . 89.7 816 L0079 6900 2.6 x 107
L 95,82 835 .0100 2160 1,06x10™2
5 95.8 758 ,0012 L0300 6.7 x 10678
6 95.8 816 .0033 4980 1.5 x 107
7 95,8 790 0061 364,00 3.7 x 1077
8 95.8 859 L0064, 1920 7.7 x 1070

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 Ge0 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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Calculation of Thermodynamic Quantities

As will be seen later, the measgrednvappr pfessu?es probably do
ﬁot represent the pressures of GeO(g) ov;; solid GeO, but rather the
pressures over a mixture of Ge(s) and GeO2(sz° However, célculations
will be~carriea 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 GeO,) 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. Kclley3 gives 53.5 for the entropy
of GeO(g) at 252, and the National Bureau of Standafds Tablesh
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)
45%y9g = 42 cal./deg.
AC® = -3 cal,/deg.

pP298 A
By assuming AG? to be constant with temperature, the quantity AH$

p
can:be calculated from the vapor pressure data by means of the fola
lowing equations
AHY = AF® - 6D9TloglOT + 62T,
The quantity AH8 is not the heat of the reaction at absolute zero,
since the constancy Qf‘AEB cannot be presumed any lower than
about 298%°K. The reliabiiﬁty of the data can be tested by the

constancy of AH$ when'palculated from all the experimental data,

Table 16 shows the results of these calculations.
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Table 16

Thermodynamic Functions for the Vaporigation of GeO

T°K AF° AHD

e cal./mole cal./mole
770 | 20,740 53,160
788 20,680 53,790
816 20,820 55,030
835 19,000 53,940
758 21,860 56,790
816 21,720 55,930
790 23,220 56,440

© 859 20,080 55,960
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The average of all eight values for AH3 is 55,130 £ 1,200 cal./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 AH3 = 55,500 * 1,000 cal./mole.

Hence
AH® = AH3 + Ac; T
= 55,500 - 3T
AF® = AHS - Ac; Tln T + IT
= 55,500 + 6.9 TlogloT - 62T
BS® = ACS + ACS InT-1
= 59 = 6.9 log, T
AH§98 - 5.6 keal./mole
AF§98 = 42.1 kcal./mole
A3398 e 42 cal./deg. mole

Let us combine AH398 for the sublimation of GeQ with several other

quantities:
Reaction AH398(kcal,/mole) Reference
GeO(g) = GeO(s) =54 .6 This paper
Ge(g) + 0(g) = GeO(g) >-159 Ref, 2
Ge(s) = Ge(g) 85,2 Ref. 5
1/20,(g) = 0(g) 59.2 Ref. 4
Ge(s) + 1/202(g) =« GeO(s) | S =69

‘We find that the heat of formation of GeO is more positive than <69

keal,/mole,

the heat of the reaction

If we assume that the vapor pressure measurements gave
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1/2 Ge(s) + 1/2 GeOz(s) = GeO(g),
then we conclude that the heat of formation of Ge02(s) is more positive

than =138 kcal./mole.

The Heat of FPormation 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 Ge0 remained unburned and because the oxidized material, GeOz,
formgd both a glassy pellet in the oxidation crucible and a layer_
of .microcrystalline powder on the walls of the bomb. After qorr§cting

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

we calculate AH® =69‘i 3 kcal./mole for the heat of combustion of
Ge0. Using =130 * 3 kcal./mole (Cf. Section VIII) for the heat of
formation of GeOy, we caiculate AHp = =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(s8) = Ge(s) + GeOz(s) AH® , = -8 + 8 kcal./mole.

298
The "GeO" studied was probably a mixture of Ge and GeOjy.

X=ray Study of GeQ

The oxide used in runsl=3 (maximum temperature 543%C.) was sub-~
mitted for X-ray examination. Only two phases, Ge and GeO, 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 Gé and many faint lines which could be ascribed to neither Ge
nor GeO,. Of these unidentified lines (which may be due to Ged), two
were fairly prominent and correéponded tod = 2.993 and d = 1.8337

Another preparation of Ge0O was heated to various temperatures
and X-réy spectra were taken after various high-temperature treat-
ments. The thermal history of each sample and tﬁe intensity of the
"unidentified" lines are given in Table 17, Each of the samples
gave strong lines of Ge (diamond cubic symmétry).

The X-ray studies definitely bear out the thermal data; solid
Ge0 appears to be unstable with.respect to disproportionation. In

this respect Ge0 resembles both Si0O and SnO.
Table 17

X-ray Examination of Ge0

Thermal History Intensity of "Unidentified”
Lines

Heated at 460° for one
half hour; cooled slowly Many wealk lines

Heated at 520° for two
hours; cooled rapidly . A few very weak lines

Heated at 580° for one
half hour; cooled rapidly A few very weak, broad lines
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VII. HCl - OXIDE EQUILIBRIA

HCl - GeO, Equilibrium

A preliminary experiment was carried out to determine whether
gaseous hydrogen chloride reacts with solid GeOy at an appreciable
rate at 211°C. Dry HCl gas was passed over solid GeOp contained
in a glass tube held at 211°C., but no appreciable loss of GeO,
occurred. The slow rate is attributed to the strong Ge-0O bonds’
in the oxide.

A cuartz tube (cf. Figure 8) equipped with a U-tube was charged
with some dry germanic oxide and filled with dry HCl gas (23.05 cm.
pressure at 298°K,). The side U-tube contained mercury; the capil-
lary tubing comnnecting this U-tube with the main reaction tube was
heated to lOO°C. and insulated. The dead space contained in this
capillary was negligible compared with the volume of theAreaction
chamber, and pressures were not corrected for this dead space. Ther
mercury U-tube was used as a pressure gauge; wﬁen 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 varying the applied
voltage, using a Varlac 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
ratioé of phe actual pressures to those calculated assuming 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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GeOy(s) + LHCL(g) = GeCl (g) + 2H20(g)
We conclude that the reaction is essentially complete up to the hlghest
temperature investigated, 1363%°K. The experiment shows that there was

no oxy-chloride formation under the pressures studied.

Table 18

Pressure=Temperature Data

T°K Pressure, Ratios Pressure/"Inert Idéal
. cm., Hg, gas pressurel
298 23.05 , 1,000

389 30.0 ' 997

588 lly 085 | .986

8L3 L9.8 CT6L
1288 79.1 o794

LO3 23.0 | 738

LO1 23.55 ' 760

814 49 o4 <T84
1083 6ly.6 a7

1363 81.2 2770

HCL = GeO Equilibriun

A glass tube similar to that shown in Figure 8 was charged with
some dry GeO. When HCl gas was admitted, reaction commenced
immediétely5 and hence the amount of HCl introduced was not known
accurately. However, immédiétely dfter putting the HC1 in the

reaction chamber, the system was sealed off, and it was hoped that
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negligible amounts of reaction products diffused out. The pressure
was recorded as a function of temperature; in Table 1G 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 gas', 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 temperatures some reaction involving a
dimunition in volume took place. Any'+h 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 femperature ipvestia
‘gated in these experiments, no reaction between GeO, and HCl occurs.
The very low temperature pressures (below 370°K.) are probably low
because of condensation of t he reaction products.

An experiment similar to the preceding two was carried'qutew
differing in that the amount of HCl gas originally present waé known,
A bulb containingba 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 systém 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 thg
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

K. Pressure in cm. - Ratio: Pressure/"Ideal gas
— pressure”
352 9.6 WAL
401 21.15 | .80
L7 31.0 .99
107 24 .2 | .90
357 12.1 .51
561 37.15 1.00
339 1.7 .52
551 61.6 1.00
535 61.2 1.02
508 58,5 1.03
L8L 56,3 1.04
148 | 51.7 | ' 1.03
L02 46.0 1.02
390 53,0 .99
375 38.1 91
353 30.1 .76
347 ' 28 .5 o173
331 21,.8 .67

313 22,3 o 6L,
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Table 20

Temperature-Pressure Data

K. Pressure in Pressure if HCl Ratio: Pressure/"Ideal
— (&1 inert gas pressure’
548 52.7 72.6 .73

525 | 50.5 69.5 .73

L97 L7 .4 65.8 .72

K70 Ll ol 62.2 .71

451 b2.5 59.7 71

417 39.1 55.2 oL

369 30.7 | 48.8 .63’

350 26.7 46.3 .58
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the reaction products), and higher temperatures are impossible be-
cause then GeO, (impurity in the GeO) would begin to react with the
HC1.
No definite conclusions can be drawn‘from the data; possibly a

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

GeO + 3 HCl = GeHClB + H20
LGeO + 12HC1 = GeHh + 3GeCl,, + AHZO

2Geo * 6HCl = GeHzclz + GeClh + 2H200

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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VIII. THE HEAT OF OXIDATION OF GERMANIUM

vThe heat of oxidation of germanium to germanic oxide by oxygen
has been measured by Becker and Roth! and Hahn and Juzal. These
investigators found the heat of formation of GeOé(s) to be -128.4
kcal./mole, It was considered desirable, however, to check this
value by measuring the heat of oxidation of the metal by some
aqueoué oxidizing agent.

Germanium is a hard, brittle and relatively inert metal. Some
idea of the chemical inactivity of the metal may be obtained from
the féllowing quotation from Hopkinshz "The following reagents,
(at room tém.po for one week or at 90° for eight hours) have no
effect on metallic germanium: water, 50% NaOH, conc¢c. HC1l, 1:1 HCI,
1:1 sulfuric acid. Ten percent NaOH tarnishes the metal as does_
concentrated nitric acid. More dilute nitric acid forms a coating
bf germanium dioxide on the metal. Concentrated sulfuric acid and
hydrofluorié acid slightly attack the metal, while 3% hydrogen
peroxide is the best solvent.®

Indeed, hydrogen peroxide does dissolve germanium, but it is
an unsuitable oxidizing.agent for calorimetry because it rapidly
decomposes in the presence of the metal. Some preliminary e#peri=
ments were carried out on some roughly graind germanium partig}es
in an attempt to find a suitable oxidizing agent. No oxidizing
agent was found to be rapid enough. It was finally foundvthat when
the metal is very finely pulverized, an alkaline solution of
hypochlorite effects complete solution in a reiatively short time.

High alkalinity is probably nedessary 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
geries, two measurements were made of the heat of solution of metallic
germanium and at least one measurement was made of the heat of solu==

tion of germanic oxide. These heats refer to the following reactions:
AHy: Ge(s) + 20107 (sol'n) = GeOz(sol'n;) + 201“(301'5;)
AH,: Géoz(g) - GeOz(sol“n;)

The first heat minus the second give AH39 the heat of the reaction
Aty Ge(s) + 2C107(sol'n.) = Ge02(s)r# 2Cl“(sol'n;)

In subsequent calculations, the heats of fommation of Cl0”(sol'n.)
and C1-(sol'n.) are taken to be the same as those in infinitely
dilqbe 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 spedtroscopically pureé germanium powder was obtained from
the Belmont Chemical Co. (New York). That whith 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 fesponsible 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 unanalyszed material., The remaining runs,
however, were carried out using analyzed metal from one sieving.
The sieved metal of runs 13 and 14k probably differed very little from
the metal of the remaining runs, because the sievings were carried
out using portions of the same 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 GeOy. The results of four separate analyses gave for %Ges
89.7%, 89.7%, 89.1% and 90.1%. We shall use 89.65 * .25%. The
heats were therefore corrected assuming 10.35% of t he material to be
GeO2°

The calorimetric experiments were carried out at 25 % 19C,

From the data in Table 21 we calculate as a weighted average
BHy = =159.4 % 2.4 kcal./mole. The National Bureau of Standards>
gives -27.83 kcal./mole as the heat of formation of HClO(lQOQ H20)°
Pitzer6 tabulated 3.32 kcal./mole as the heat of ionization of B
HC10; hence AHf = =2,.5 kcal,/mole for Cl0”. Bichowsky andARqssini2
give -25.9 for 18°C., Using AH; = =40.02 kcal./mole for Cl~, we
calcilate AHp = -128.4 for GeOz(s) (using =24.5 for Cl0~) and
AHp = =131.2 kecal./mole for Ge02(s) (using =25.9 for €107). Actually
the more negative value is probably more nearly correct. It will be
noted that runs 16, 19 and 22 agree very well, and the AH3 values
for these runs are higher than those of the other runéo We shall

finally take AHp = =130 £ 3 for the heat of formation of Geoz(s).,



Run

12

13

11

16
19
20

21
22
23

Grams of

Material

2723 g,
.0720 g,

0727 g.

1467 g.

0978 g.
1151 g.

6728 g,

.1066 g.
.0818 g.

Ge

GeO

Ge
Ge

Gel

Ge .
Ge

GeQ
2

Table 21

Calorimetric Experiments

Corrected heats

Hypochlorite Solution Calories
Molarity of Molarity of per gram AHl AH,
o koH €107 . (uncorr.) .- -
084' 0076. 81‘5!‘- "'8 ° 5
.8l .076 2,017  -162.7
.8l .076 2,071 -167.1
.84 .076 80.0 ~-8.4
0.8 039 2,108  -170.0
008 0039 2,]_15 -17005
098 0039 86.2 —900
0.8 .081 2,053  =165.5
0.8 .081 2,117 -170.7
0.8 .081 85,7 -3.0

=154.2

"158 06

_161 QO

-161.5

~156.5
-161.7

=€L=—
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IX. ABSORPTION AND RAMAN SPECTRA OF GERMANIC IODIDE

Absorption Spectra

Dennis and Hance1

reported the colors of solutions of GeIh in
various organic solvents. Colors ranging from pale yellow to red
were reported. The reéults.of this section lead to the conclusion
that some of the orange and red colors observed by Dennis and Hance
were not caused by GeIh alone, but by a mixture of GeIh and iodine.

Solutions of GeIA in benzene, hexane, carbon.tetrachloridg 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 GeIh and the purple color of the iodine yield orange-red.
(Probabiy completely anhydrous solutions would not change color in
the presence of dry air).

The absorption spectra of GeIh in CClh, bengzene and hexane
were determined with a Cary Recording Spectrophotometer (Model 11,
Serial‘h) using a 1.000 cm., quartz cell. The spectra of these solu-
tions were very similar; each exhibited absorption maxima at
approximately 2800 K ana 3600 R. The carbon tetrachloride and ben~
zene were of C, P. Reagent'grade; the impurity o§ the hexaqe was
unknown. Solutions were made by weighing out samples of recrysta}—
lized.GeIh and dissolving in known volumes of solvent. The extine-~
tion coefficients (liter/cmoamole)vaﬁ the absorption maxima are given

in Table 22. The values are accurate to +5%4. No rigorous test of

Beer's Law was made.
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Extiﬂction Coefficients of Ger

- Solvent Wavelength, Extinction

Angstroms . Coefficient
ccy, 13600 6200
CClh 2820 4100
Hexane 3570 S 6500
Hexane 12820 4500
Benzene 3600 7200
Bengzene 2950 8300

The color of solid germanic iodide is.markediy dependent on
the temperatﬁre} At 0°C. it is yélloﬁ,[ét room temperature it is
orange and at lOO°C° it is dark red. An attemﬁt-waé made to
measure the absorption spectrum of thé‘solidvﬁsing the Cary Spectro-
photdmetéf, (The solid was crystalliied out from carbon tetra- )
chloride on the.faceS‘of a quartz absorption Qell). The resulting'
spectrum was very indistinct; only a broad maximum at approximately
3850;Z was,discern'ible° In orderto obtain a sharp absorption spec-
tfum, it would be necessary to grow a large érystal and polish it
down to a thipkneés of about 0.2 mm.

An experiment was performed in order to determine whether the
absorption‘spectrum of GeIh in hexane changes with temperature. By
using a quarte dewar absorption cell, and by coolingvthe hexane

solution of Gel, with dry ice, the absorption spectrum was obtained
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at ~50°C. There was no significant difference betwsen the low
temperature spectrum and the room temperature spectrum; the apparent
extinction coefficients increased, of course, because of the con-
tradtion of the solution at the low temperature., A slight humping
_in the'curve at about 3100 2 was obserﬁod at -50°, which was not

observed at room temperature,

Raman Spectrum

The Raman-spectrg of GeClh and GéBrh have besn determined, but
the Raman specirum of GeI, is unknown,

An attempt was made to determine thé Raman'spectrum of a satura-
ted solution of Gel, in carbon tetrachloride., A Steinheil type
GH spectrograph and a Kodak iOBJ plate were used, The Raqan‘cell
was approximately five inches lohg with a diameter of one inch.
Two intense mercury vapor lamps wére used without any filter. An
exposure of 3 l/é hours yielded a completely biank.plate uﬁ to |
about 5000 1. Only the 5461, 5770 and 579118 mercury lines appeared.
(A similar exposure using pure cafbbn tetrachloride gave_#gry in-
tense Raman lines of CClh arouhd the 4LOL7 and h358 | mercury lines).
Aftef this 3 1/2 hour exposure, the solution of GeI, in CCl, was
dark red, indicating considerable decomposition of the GeI, by the
ultraviolet light. (Spectrbphotometric'examination of the red
solution showed the chéracteristic peak of iodine at 5100 2.

Using a fresh soiution of.GeIh and a filter of_concentrated
aqueoug potassium chrbmate, another exposure of 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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gition of the tetraiodide; not as much decomposition occurred during
this 21 hour exposure as did in the previous 3 1/2 hour exposure.,

The 5461 % mercury line is the only feasible line to use for
the Raman spectrum of GeIh, because too much absorption occurs at
shorter wavelengths. It was hoped that the near-lying absorption
band wpuld ine;ease the Raman aétivity at this Wavelengtﬁ, but
apparently it does not do so sufficiently. Ordinarily, inc;eased
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 GeIh at room temperature is probgbly impos-
sible because the solid is orange. However, by keeping the solid
at 0° or lower, a suitable Raman spectrum migﬁt be obtained,, be-

cause at low temperatures solid Gelh 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

diagrams are also presented.

Calculation and Estimation of'Thermodynamic Functions

GeSsZz

Kelley4 gives S® = 10,1 cal,/deg.

Ge 3
7o 11 3 - -] 7
Seargy++ gives AHf 85.2 kcal,/mole, 8% = 40.11 , hence

AFp = 76,3 kcal,,/mole,

GeH) ¢
Kelley* gives S® = 50.6 cal,/deg.

Ge¥+gagzz
| The solubility of brown germanous oxide in 4 M HCth is about
5 x 107 molar at 2580, 1If we assume the net reaction to be
GeO(brown) + 2H* = Ge*™ + H,0,
we calculate K = 3 x 1075, Using -54.2 kcal,/mole for the free
energy of formation of brown GeO, we obtain AF, = 8.6 kcal;/mole
for the gerﬁanous ion, Using the method of Powell and Latimerg,

we estimate S® = -113 hence AHy = 11.6 kcal./mole.,
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GeO (black):

AHp = ~61.0 * 4 kcal./mole (cf, Section VI) and we estimate

S® = 11,5, Hence AFp = =54,1 kcal./mole,

Ge0 (hydrous, brown):

From Section IV, we calculate AF® = -5,/ kcal./mole for
GeO(brown) + H,0 = GeOp + 2H,.
Hence 6Fp = =54.2 keal,/mole. Estimating S° = 12, AHp = -60.9

kcalo/mole°

GeO (hydrous, yellow):

From Section IV, we calculate AFf = =,7.0 kcalo/moleo Estimating

'S® = 12, AHp = ~53.7 keal./mole,

GeOl(gzg

From Section VI, we obtain AHg = 6.4 keal./mole and AP, =

=12,0 kcal,/mole, S° = 53055h0

Gel, (s):

From the heat of oxidation of Gel, by triiodide (cf. Section II),

2
we calculate BH, = -18.6 kcal./mole. Estimating S® = 38.5 cal,/deg;ég

we calculate AF, = -18.8 keal./mole,

GeQ, (s)¢

Becker and Rothl and Hahn and Juﬁaz fouﬁd the heat of formation
of Geoz(s) to be =128.4 kcal./mole.

In Section VIII, the value &H, = =130 * 3 kcal./mole was obtained,

The heats of the following reactions, when added, can be used to

caleculate the heat of formation of GeOz(s)s
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" Reaction AHZ98 Reference
2GeT,(s) = Ge(s) + G, (g) 29.7 + 1.0 Sec, III
GeIh(g) = GeIh(s)- -20.1 * .5 Sec, III
GeI,(s) + 3Hy0 = HyGeOg+hH™4LI™  =9.6 £ .1 Sec. II
H2Ge03 = HZO + GeO2 =3.3 £ 1.0 Sec, II

101 + gut « 2Ge0, =

-+
N
0]

2Ge12(s) + 213= * AHZO . 58,6 Sec, II

LH® + 617 + GeOy = 2Hy0 + Ge + 2I,”  55.343.2

Employing known heats of formation7, we calculate AHf = =136,5 + 3.2
kcal./mole, The latter value is probably the least accurate of the
three, and we shall use AHgs <130 % 2 kcal./mole. Using Latimer?is

table569 S® = 13 cal./deg., hence bFp = <116.3 kcal,/mole.,

HyGeO3 (ag):
From Section II, AH® = 3.3 kcal,/mole for the dissolution of
GeO,. Hence AHg = -195.0 kcal./mole for HZGeOB(aq)° From Section

II, s® = 34.5 cal./deg., hence AFp = =171.1 kcal./mole,

HGeOB“QaQZz
' Using Pitzer's ruleB, we estimate AS® = =22 cal./deg. for
+ -
H2Ge03 = HW + HGeO3 o
AF® = 11,7 keal./mole”. Hence AF, = =159.4 kcal./mole, AHy =

-189.9 kcal./mole and S® = 12.5 cal./deg.

Qiggiiéﬂli

We estimate AS® = <30 cal,/deg for HGeO3™ = H* + GeOB"o
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AF® = 17.4 kcala/mole5o Hence AFgp = -142.0 kecal./mole, AHy =
-181.4 kcal./mole and S°® = -17,.5 cal./deg.

Then one calculates AH? = -9,7 keal./mole for the reaction

2

This is in reasonable accord with the results of Section VIII,

GeO, + 20H™ = GeOz~ + H,0.

where an average value of -8,7 kcal./mole was 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 HGeOB'

ion in those experiments.

GesN) (s):
Hahn and Juza2 give AHp = -15,6 kcal,/mole, Estimating

S® = 30, we calculate AFf = 11.8 kca'l;/moleo

GeClh flzg

Roth and Schwartz'C found AH® = =22.5 kecal./mole for
GeCL, (1) + 3Hz0 = HyGeOg(aq) + AH' + 4C1-,

Hence AH.= =127.7 kcal,/mole for GeC;h(l)° Kelley3 gives

f
AS3gg = 22.9 cal,/dgeg° for the vaporization of GeCl, and ;n Section
III we calculated the entropy of GeClh(g) to be 83.0, Hence

5%9g = 60 for GeCl, (1) and AFp = -110.8 keal./mole.

Gecl, (g):

Using the data in Kelley3 we calculate AHe = -119.6 kcal,/mole,
AF, = =109,5 kcal./mole and 5% = 83.0 (Section III).
These data lead to AF® = O at 930%K. for the reaction

GeO,(s) + LHCL(g) = GeClh(g)-+ 2H,0(g),
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whereas the one experiment of Section VII leads to 1363°K, as a lower
limit for the temperature at which AF® = 0. 1If the error were
entirely in the heat, the error would amount to almost 8 kcalg/mole.
Perhaps this is not too unreascnable, inasmuch as the heat given by

Roth and Schwartz for the hydrolysis of GeClh(l) was ﬁhe result of
only one experiment. It seems that the GeOp - HC1(g) equilibrium

warrants further study,

GeBrggsz;

By estimating the entropy of fusion to be 6 cal./deg. and by
using the entropy value given below for the liquid, we calculate
S° = 62 cal./deg. for the solid., (Using Latimer's tables®, we

calculate S° = 51.3),

GeBr, (1):

Germanic bromide melts at 26.1°C., but from Kelley'53 data we

can calculate S® = 68,4 cal./deg. for the supercooled liguid.

GeBrhggZ:

From Section III, S° = 9,.8 cal,/deg.

Eﬁﬂiléli
From Section II, AH® = ~9,6 kcal./mole for the hydrolysis of

GeI,; hence AHp = =34.0 kcal./mole, S° = 70 cal,/deg. (cf. Section

III), and therefore AFp = =35.2 kcal./mole,

GeL (g):

From the data in Section III, we calculate AHy = -13.9

kcal./mole, AFp = =26,2 keal,/mole and S° = 107 cal./deg.



Compound

GeOZ
H2G903
HGeOS
GGOB -
Ge Cl[&
GeCly,
GeBr
GeBr
BeBrZ
GeIh
GeIA

Table 23

Fhysical
State

metal
gas

gas

acueous

black solld

hydrous,
brown

hydrous,
yellow

gas

crystal

crystal(soluble)

agqueous

aqueous
aqueous
solid
liqguid
gas :
crystal
liquid
gas
crystal
gas

Thermodynamic Functions at 298,16°K,

(Energiss in keal./mcle and entropies in cal./deg.)

&HD 50
0 10.1
85,2 40.11
50.6
(11.6) (=11)
-61.0 11.5
'="60 09 12
-5l 2
=6, 53.55
-18,6 38,5
-130,0 13
319590 314'05
-189,9 12.5
=181.4 =17.5
=15.6 30
~127.7 60
-119,6 83.0
62
68 ol'l-
GL.8
=34,0 70
=13,9 107
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Potentials in Acid Solution

=0-05 GeO(black) — 212
Ge =0.07 GeO(hydrous, brown)-——gil—%—-creo2
(mool?) et ‘(0025)
~0.1 . -0,18
Ge 3 G012 GeIz+
Potentials in Basic Solution
0.77 . 1,10 -
Ge GeO(hydrous, brown)a—-----————-GeO3

1,06 : HGe O3~
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