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I. Introduction

Germenium is one of the least studied of the stable elements, its in-
organi.c chemiétry being eépeéially sketchy, The heat of formatidn ﬁf GeOy hes
‘been determined1249 and this permits an estimate of the oxidatipn'potentiai for
the couple Ge - HyGeO, Bﬁt no ﬁhermodyﬁamic'properties have been determined

- for ény +2 germénium'species. Unfortunately, the gerﬁanous ion cennct be
studied directly because no germanium (II) species exists in any appreciable
concentration in noncbmpleking'aqueous solutions, Germanous icdide, Ge129‘

. was chosen as a reference +2 compound because it is easily prepared and stable

Cin dry eir,

This report deals only with.the experimentation deéigned to measure the
heat o o<idation of GeIz(S) to germenic acid in aqueous solution. By esti-
mating entropies it is then possiblé to obtain the oxidation potential forfthe
couplgs |

GeI, (8) + 3Hu0 = HyGeO, + LE ¢ 217 + 2e7, | .
Germanous iocdide is slightly scluble in both water and perchloric acid solu-~
tions, and until further work is done on the measurement of the»solubility
product; it will bevimpossiblevto,evaluate the corresponding potential in-
volving germenous iomn, -

o Several-attempis were méde to oxidize sblid GeIz to germanic acid

,_bbth in‘aqueous solution and in perchloric acid‘solutiohs, but even
with use of very high stirring/speedé in the caiorimetér, it‘was found

- impossible to oblain complete reaction in -a reascnable time, The reason

for this lies in the low solubility of Gelz. However, in two runs,

\
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practically compiete SOIution_and reaétiog‘of the Gel, was effected,

and the résiduallsolutioné_were anal?zed in Qrdef'to determinie the extent
of reaction, These‘two rﬁns_constitu@ezéne séﬁ‘of.déta toward the
evaluation of the deéired hqatf \A;second setwof data\resultéd from a
more roundabout appioach% némely-ogé-iﬁvblving_the oxidation.of Gel,

in 3.88 molar hydfochloric zécid° In order %o get the desired heatgvit
Was necéséary to add four differen@ experimental heats, These two
expérimgntal approaches are presented ;eparately in this repoft9 even -

- though they both‘lead_to the same final result,
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II. Experimental Procedures

Preparation of Germanous Iodide

A modification of tﬁe'method of Pgwgli'aﬁd Brewer’ was used, In
a typical preparation, 6.0 g. oﬁ gefmanic oxide was dissolvéd in about
30 mi, conc, sodium hydroxide solut_iono Then 6 g‘HCl’was addeq until
" the initial precipitate of éeo2 jusﬂ redissolved, .With ccoling, 60 ml,
gonco HC1 and 45 ml, 50% H3F02 were added and the solution heated under
carbon dioxide for 5m6 hours at 100°C. Thebresulting solutién was cooled,
aﬁd germanous hydroxide precipitated by addition of aqueous aﬁmonlao_
The hydwoxﬁde was flltered off under nltrogen and the moist material
added to about 45 ml, 1od1neffree hydrlodlq acid (constant b0111ng)o
iThe.suspension was heated with stifring at 80° for half an'hour; cooléd;
.‘an&‘the resulting crystals of Gei2 filtered off and washed with 50 ml;
of a 30% aqueous solution of.cohstant boiling hYdriodic acid, ‘The ger—
manous iodide was drled and freed of GeIh by heatlng at 100° in vacuum

cvernight, The dry materlal was stored in a vacuum de51ccator over °

4g(C10y,) 5.

Chemical Analysis of Germanous JTodide

f

An appropriate sample of GeIéx(ca 0.3 g,) was weighed out and
4dissolved in 20 ml, 6 ¥ HCl in an“atmqsphefe of carbon dibxideg Then
, BQ ml, water‘wefe added apd phe“;olutién'titrated“with 0.1 N KMnOh to
the firstiappearance of igdine_color (the ﬁit;ation being carried out
~under CO,). This eﬁ@point permitted a calculation of the germanium (II)
coﬁtedto Sevenﬁy'mla cone, HCL along with 5 ml, chlofoformvwere-then
added and the titraﬁign contiﬁued, ‘(Vigorbus stirring wa§ neéessary)o

. The disappearance of the igdine color from the chloroform layer indicated
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the completion of the oxidation Qf iqdide to I012=; From this one

titration, it was thus possibie to deterﬁine both germanium and iodide,

Typical results follows

Ge (II); found: 21,77%, 21.65%; theory: 22.24%

I" ; found: 77.22%, 77.84%; theory: 77,76%

¥=Ray Analysis of Germanous Jodide

The X-ray diffraqtion patterns Qf‘sgvefal éamﬁles of freshly
prepafed Geiz, including one sample of sublimed Gel,, were obtainedi’
j.The results were all in clqse_agreeﬁent, énd'showed that'GeIZ.has the
CdI, fype structure, The lattice constants a = 4,249 £ 004 % and’
9

e o= 6,833 % ,PO? % were méasuredo New Powell and Brewér have found
much lower lattice constﬁnts for this clompound9 Qizg, a = 4.1, and _
¢ = 6,80 (correcteﬁ figﬁres); bu£ ﬁoné of our samples gave results
-anywhere near their fesultso Our véiues for theAlattice constaﬂts lead
, Lo a Ge - I distance of 2,99 X,‘which is the séme as the Cd -~ I dis-~

A

- tance in Cd12; Credit is due Mrs, Carol H, Dauben for analyzing the

diffraction paﬁternso

Preparation of Germanic Iodide,

The method of‘foster and WillistﬁnB was, used for preparing GeIL,o
.The produgt.was purified by fgcrystallization froﬁ chloroform followed -
" by air drying at 80°C, One preparation was analyszed by titrating the |
iodide with standard permanganate; A | |
. Iodide found: 87.9%, 86,8%
.IvTheoreticalwiodideg 87.55%
‘Prdbably'the.purified material‘wasﬁbettér thani99% pﬁre;
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" Preparation of Standard Solutions

The’potassiuﬁ permanganétevsolutions and the triiodide éoiutibns
were. both standardized against ;tanda?d arsenite solutions, The stand-
ard arsenite solutions were prepared from analytigal reagent arsenious
oxide, A1l standard‘acid solution§ were standardized against solutions

of godium hydroxide which were in turn standardized against potassium

aeid phthalatez

Calorimeter : .

The calorimeter used in these measurements has been described -

. Ry 6 » ‘o : '
previocusly, A11 heats were measured at 25,0 + 1,0 °C, and are -

' ) N
expregssed im terms of the defined calorie,

Whenever a calorimetric run was carried out using a solution con-
talning some easily oxidized species; the solution was well saturated
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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&, The Direct M%thod

In these exper’imenté9 the oxidiziﬁg solution used in the calori~’
meter was preparéd Hy mixing meaSured amgunts‘df a standérd triiodide
soluﬁian with dQZOO M HC1O, . An excess”of 00,1009 N triiodide, solution ,
Qas pipétted into a one litev volgmgtric_flask and diluted'to volune
with 0,200 E_HClO&O This solution was then poured into the calorimetric
‘dewair while flushingbwiﬁh.earben dioxide, AfterAassembling the calori-
meter and immediaﬁély before .proceeding with the run, carbon dioxide was
bubbled throﬁgh thg solubion., The bqlb containing the germanous iodide
was attached fovthe end of a rod which had spegial stirring blades on
it, The sample was introduced by plungihg the rod. down and sreaking_the |
bulb';n the,bottém Of the dewar, After completion of the run, the |
calopimetér was immediaﬁely opened and 100 ml, aliquots 6f the residual
sbluﬁion.wefeititratéd with standard thiosulfate solutiqn: ‘ R

The genmaﬁdus iodide used in these runs wés about 96% pure,
Approximately one hour was allowed for the sampies to react; but in
both rung a féw‘grains of indissolved material remained, For these
reasons, the molés'of reacted GeI2 calculated on the basis of thé final
titrations were lower than that calculated on the basis bfvthe sample

weighings, The details'for the runs are given below:

Run_49 " Run_50
Mi, 0,1009 N I5~ ) 200 . 150
M@lesﬂGeIz weighed out, ’ _ .
assuming 100% purity : - ,00826 ~ .00721

Moles Gel, reacted, on

" basis of titration - ,00780 . ,00671
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A : \

‘ Run_49 Run_50
Heat evolved (cal,) 201,98 174,64
AH (kcai/mole) . : -25,9 - 26,0 a

From considerations of temperature drift uncertainties and analytical

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

tc be #,% and therefore give

AH = =26, O LOO keal for
JH0 + GeIz(s) + I37 = HyGeOy + + 4H* 4 5T

\

B, The Indirect Method

The most convénient way of éalérimetriéally oxidizing‘GeIZ rapidly '
and compietely to a *L germanium species was fqund to be the oxidation
in approximateiy.h molar hydrochloric acid, Ge12 is quite soluble in
AM HC1 (perhaps germanowchloroforms GeHCLBQ forms) and may be oxidized -

in this medium to form a soluble +4 germanium spec1eso )

"LOd ine was chosen as the best ox1d121ng agent for two reasons;
Firgt, lodine was a convenient oxidizing aggnt to have in excess because °
it cannot oxidize»iodideo (1t Was.necessary to employ an excess of
oxidizing agent because of the ease of gxidation‘ofvgermanium (1)
VoOiUulOﬂS by traceq of alr) (Secoﬁ@i'sigcelgermanié icdide WQS used as
a reference +, germani umchmpognd,‘thefﬁse of icdine as an 0xidizing '
agent avoids the necessity of measuring'tﬁe heats.of solution of several’
extra compounds in 3,88 M HCl g N - '

The main dlsadvantape of using a complex1ng solution such asv

3,88 M HCL a5 a reaction medium is that the heats of formation of all’

the dissolved species are unknown and extra calorimetric experiments
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are required to relate the heats tekinfinite dilution in water,

| The formula for the +4 germanium compound which exists in 3,88 M
HCL is unknown;‘ perhaps it is Hzcéog or Geciéso'}Fortunately, iﬁvmakes 
no dlfference what arbltrary formula we use 1n our equatlonso In order
to relate the heat of formatlon of ‘this +4 species to that for HZGeO (aq),1
it is necessary to know the heats of solution of some reference +A com= -
-, pound in both water and 3, 88 M HCl Flrst of'allmGeClk was trled? The
heat of solutlon of GeClh in wster‘was measured.by Roth and Schwartzlt
(one successful experiment) who recorded that the reaction is poor for
ealprimetry because the GeO, - formed in the initia1>hydrelysis is very
slowly soluble, In our astempts to measure this heat the same diffi-
culty was enéoﬁntered' Oddly enough; thls difflculty is even more
vlmportant when GeClh is dissolved in 3 88 M HGl A very slowly soluble
white product (an ox1de or oxychloride).forms when liqui@ GeClh is
added to 3,88 M‘HClo- | |

' Germanlum tetramlodlde was, flnally declded upon as a reference +hy

eompound Again, very slow solutlon was found in 3 g8 M HCl but not

1

nearly as slow as was the case with Geclho'
The following 1s an outllne of the varlous reactlons whose heats
were measured in order to flnaTIy obtain the heat desired,

(1) GeIz(s) + Ip(HCL and KI) = GeI (HC1 and KI)

(2) | GeIh(s) - GeIA.(HGl and KI)
(3} o ) I,(s) ~ I, (HCl and KI)
) | GeIh(s) * 3H0 = H2G603(aq) + AH o 417

The sum of equations (l)@ (3) and {4) minus (2) glves ecuatlon (5)
(5) GeIz(s) + I{s) ¢ 3H,C = HyGeOy + 4LH' + LI,

By adding the following to (5)
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(6) 13@ 12(5) “‘"I’
we obtain 7

(7) }H20(+'Ge12(s) + 13“ = HyGeOy + QH* + 5T,

Reaction (1)

Fou?vruns were qar;ieddouﬁﬁ §WO“usiqghqne_prepération of Gelz and
3.8 J HCL, and two using entirely different preparations, In each rum, -
& oulb containiﬁg thg‘ge#mgnousmiodidevwas_brpken into a solution of
: 3;88 M HC1 coptaining.about éO g. of potassium iodide per litef andian

excess of iodine; In'runsr7:and 8 the GeI, used analyzed 99% pure and

in runs 35 and 36 the Gel, analyzed 96% pure,

* Grams _ ‘ Heat - AH
Rug 3.88 M HCL Grams KI Grams Io Moles GeIp Evolved(cal ) (kcal/mole)
7 1008 60.0 097  ,002778 52,7 -18,98
& 1008 57,0 . 0.48  ,001268 2 47 e19;3o'
'35 1070 80,4 1;24‘ 003252 61;91 : ,19;04 o
36 1009 60.0 0.7 002406 b5.53 _18.92

Average AH = =19 06 kcal/mole'

Instead of trying to guess the impufities present in the Gely sanples and
to estimate the correctlons necessary to brlng the heat up to that for
100% Gely, we shall merely assume a p0351ble error of as much as 004

. kcal/mole,and take

AH = =19.06 * 0.4 kcal/mole for

(1) GelI,(s) + I,(HCL and'KI) = GeI,(HCL and KI)

Reaction (2)”

o -

Reactlon (2) invoLves the dlssolutlon of solid germanlc 1od1de ln '

6

3 88 M HC1 containing about 6% potassium 1odideo Mlstakenly9 three runs
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were carried out without the potassium iodide; that 139 Geih was dis=
solved in 3m88‘§ HC1l alone, The rate of solutlon was qulte slow9 but
complete solution generally occurred after stlrrlng for 30 minutes,

The results of these runs are shown below,

‘Run  Grams 3 88 M HC1 Moles Gefé Heat evolved (cal ) AH (kcal/mole)

\

31 ° O 1ook 003796 . 7 6 -2,02
32 1007 .002657 bo03 » 152
33

1004 L0473 5,905 ~1,70

Average AH = =1,75

When runs were étFempted using HCl containing potasgium iodide, the rate
of-solufiop‘was found tc be pfohibitively élow; In the best of three.
' at'%,empts9 a %ery high stirring spéed wés used in conjunction-with extra
stirring bladesu Even then9 only about 90% of the GeIh dissolved after:
L5 mlnuteso. The result of this run is very low in pre01s ion, but the

details are nevertheless given,
Run 48
Moles Gel, . .001806

Grams 3,88 M HCL 1008

Grams KI . - 60,0
‘Heat evolved (cal,) 8.4 - SR

AH (kcal/mole) <byoT

\

The valiue =4.7 kcal/mole'probably only gives the order of mégnitude,v

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

Reaction (ﬁl

| In a fough_preliminary run it was found that the heat of this
reaction is Very‘smalls and‘hence_théliodéne was not weighed out into
£he Eulb with great pr’ecisiono (A'sgmiagnalytical balancé rather than
an analytical balance was used;) The pqtassium ipdide,was dissolved in
5,88 M HCL and diluted with the same acid to one liter, Tnis solution
was then used in‘the calorimeter, The iodine used was Bakér and Adamson

Resublimed Analytical‘Reagent Iodine,

Run Grams KI Moles I,  Heat evolved (cal,) AH {(kcal/mole) -

b 60,0 . ,0116 o =T7.58 40,65

CB5 60,0 ,0220 T 13,82 40,63

We shall take AH = 40,64 £ 0.05 kcal/mole for

(3) I{s) = I, (HC1 and KI)

Reaction (L) , _ b_ -

" The bulb containing the'GeI& was attacheq to a hollow shaft which
not only had extra stirring.blades on the end, but also had é nole near
the bottom which pérmipped bubbling inert gas thqugh the soiutich in
'thevcalorimeter; AIn runs”28 an4m29 thgiyater in the:caldrimeter was

.degassed with CO,; in run 30, with argon, o

Run VGPama water Moles Geié Heat evolved (cal;) AH (kcal/moig)
28 980 ;ooga5§ | 4178 o 9,37
ECA 1016 | O04LE0 4239 - =946
30 1016 ;003788 o '35;38Q o
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With the aid of the Debye-Hickel equation, these heats were extrapolated.

tc infinite dilution: f : ' o

Run AH®

28 ) ‘“’9063 . )
29 -9.72

30 =9,57

 We shall take AH® = -9,6l * 0,10 kcal/mole for
(4) GeI,(s) + 3H,0 = HyGeOy # LH' + 4T".

By adding together the heats for reactions

(1) m19;06 + 0;4 keal/mole
=(2) 4“3;0 * 2;0 |

(3) < 0;64 + 0;05

<M,=i@i¢f

'We obtain for (5): =25,1 % 2,0 kcal/mole

Byladding AH = -1,0 kcal/moles'for
6y T e ILys) w1 ' ‘
we obtain AH = -26,1 * 2,0 kcal/mole for reaction (7).

(7) 3Hx0 + GeIp(s) + I~ = HyGeOy + 4HT + 517,
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Two independent’ ﬁxperlmental methods have glven essentlally the

seme Value for the heat of reaction (7), and we shall take AH = -=26,0

l 0 kcal/moleo Estlmatlng entroples of L3 and 36 for HZGeQB (aq) avd

Gle\s)g respectlvely9 we flnd AS = +30.4 * 2, O e.u, for reactxcn (?) 8

These values yleld AF.= c35 1 kcal/mole9 and by employlng the value

o

for the couple : ' ’ .

30 ¢ Gelp(s) = H2G603 + AH + 21 + 2e”

E® = -0,534 v, for the I° - 13 couple5 we calculate E° = +O°23 .04 vo

Using the known heat of»formation of GeOZS_«lZBOA‘kcal/moleg and

estimated its éntropy at 12 €oU,, We obtain ~llh h kcal/mole for thé free -

energy of formation of GeOQo (5298 = 10,1 for germanlum metal‘o' Pugh

10

has given the solubility of GeOp in water as h 47 g. per liter at 25%,

' whlxe,Laubengayer and Morton7 reported L.53 g, Taking an average of

4,50 g./liter, we find AF = 1,86 kcal/mole for the solution of GeOg,

Hence we obﬁain the following potential diagram for germanium in acid

solution;
. . ) L . ) *Oool
r P |
Ge(s) =0.25 GeI,(s) *p°27 GeOy{s)
*0o23v HZGeOB (aq}
=0Q,01

According to this diagramgiGeI2 is very unstable with respect to

disproportionation in 1hg,acid; The chemical behavior of Gely is to the

" contrary, Perhaps it is not wise to employ the heat of oxidation of -
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. Ge0, as measured by Hahn and Juza% and Becker and Rothl, for they un- -

dcubtedly formed thé glaésyfdxide in theif Bomb'calorimeters; Itﬂis
weil known that thefsalubility'énd’qther‘properties éf GeOé depeﬁdi”..
markedly on the crystal form, One would expect a ﬁore negative hgaﬁ of
formation for the édlublercrystallige modifiéation; and consequently
greater stability for the 42‘stat¢ of gérmanium° " The disproporticnation
of germanous iodide fp the metal and gerﬁanic'iodide ié being studied

in an effort to clarify the situation, a ,
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