Y WADD TR 60-782
- PART XXIII

AT HIGH TEMPERATURES

PART XXIill. THERMOCHEMICAL STUDY OF THE GERMANIUM
OXIDES USING A MASS SPECTROMETER —
THE DISSOCIATION ENERGY OF
THE MOLECULE GeO

o
=
Ve

VAPORIZATION OF COMPOUNDS AND ALLOYS
=
LS o

TECHNICAL DOCUMENTARY REPORT WADD 60-782, PART XXIII

SEPTEMBER 1964 B

MICROFICHE  §.

F

AIR FORCE MATERIALS LABORATORY
RESEARCH AND TECHNOLOGY DIVISION
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

DDC

Project No. 7350, Task No. 735001

DDCIRA C

(Prepared under Contract No. ‘AF 61(052)-225 by the
Universite Libre de Bruxelles, Brussels, Belgium;
J. Drowart, F. Degreve, . Verhaegen and R. Colin)

1964




NOTICES

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated furnished, or in any way supplied the said draw-
ings, specifications, or other data, is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Defense
Documentation Center (DDC), (formerly ASTIA) Cameron Station, Bldg. 5,
5010 Duke Street, Alexandria, Virginia, 22314,

This report has been released to the Office of Technical Services, U.S.
Department of Commerce, Washington 25, D. C., in stock quantities for
sale to the general public.

Copies of this report should not be returned to the Research and Tech-
nology Division, Wright-Patterson Air Force Base, Ohio, unless return
is required by security considerations, contractual obligations, or notice
on a specific document,

900 - September 1964 - 448 - 7-227



FOREWORD

This report was prepared by the University of Brussels,
Belgium, under USAF Contract No. AF 61(052)-225. The contract
was initiated under Project No. 7350, '"Refractory lnorganic Non-
Metallic Materials, ' Task No. 735001, "Non-graphitic.'" The work
was administered under the direction of the Air Force Materials
Laboratory, Research and Technology Division, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio. Mr. F. W,

Vahldiek was the project engineer.

ACKOWLEDGEMENTS

The authors ackowledge Professor P, Goldfinger's interest
in this work,

They thank Professor W.,L. Jolly for communicating details
of his earlier work,

They are very grateful to Mrs S, Smoes for assistance
with the measurements and Mr, A, Pattoret for taking and inter-
pretating the X ray diffractions. The latter were obtained
with equipment made available by Dr, F. Bouillon which is
acknowledpged here,

The germanium used was kindly made available by the
Union Miniére du Haut Katanga.

900 - October 1964 - 448 - 7-227



ABSTRACT

The mass spectrometric study of the vaporizatior of the compounds
GeOZ(hcx) and GeO(am) and of the mixture GeOZ(hex) + Ge(c) made it
possible to establish their mode of vaporization:

GeOZ(hex) - GeO(g) + 1/202 (I)

n GeO(am) — (GeO)n(g) (n=1,2, 3) (11)

n/2 GeOZ(hex) + n/2 Ge(c) — (GeO)n(g)(n =1,2,3) (L)
The enthalpies of vaporization are

AH® () = 121.2%1.6 kcal/mole

298
° 1) - 53.4%1,
AHZQB(H' n=1) 3.4+ 1.0 kcal/mole
° p— - 3 2 . k
AHZ?S(IH' n 1) 58.2 1+ 1.0 kcal/mole

The polymerization energies are

AHEQB(GCO-GCO) = 44.7+ 3.0 kcal/mole

AHSQB(GCO-GCO—GCO) = 88.5%+5.0 kcal/mole

Total pressures given in the literature were reinterpreted taking

the presence of the polymers into account.

ii1



The heat of formation o1 the metastable compound GeO (am)
obtained here s AH;(G('O) - -59,6L0.7 kcal/mole.
The dissociation encrgy of the gaseous mclecule G20 is

D2 (GeO) = 157.4 1.5 kcal/mole.

This technical documentary report has been reviewed and 1s approved.
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INTRODUCTION,

As part of a study(l) of the composition of the vapors
in equilibrium with the group 1VB-Group VIB compounds and of

(2)

the thermochemical determination of the dissociation energy

of the corresponding molecules and of their polymers, the vapor

over germanium monoxide, a mixture of germanium dioxide +

3) 3)

. ( 3 » L3 (
germanium and germanium dioxide was analyzed mass spectro-

metrically,

Germanium monoxide is metastable and disproportionates

(4,5)

to germanium and permanium dioxide . Details concerninp

this disproportionation were obtained in the present study,
Germanium dioxide can exist in three modifications, the
quadratic, hexagonal and glassy(ﬁ). Althoupgh the low temperature
form is the quadratic (i.soluble) form, the more common ore is
the hexagonal (soluble) form. The heat of formation(7)
thermodynamic properties of the hexagonal form ar= acuurately

known(s). To the extent to which similar glassy Ge0, samples

and

can be obtained, the thermodynamic properties of the latter

are also established(s).

The total pressures of the mixture of hexagonal GeO2 and
cristalline germanium and of the metastable compound GeO were
determined by Bues and von Wartenberg(u) and by Jolly and
Latimer(S). The former authors measured the pressure of both
systems by a manometric method and that of GeOz(hex) + Ge(c)
also by the transport method. The latter authors applied the
Knudsen technique to initial GeO smples but concluded that
these had disproportionated to GeO, + Ge. Fgrom their own measu-
rements and from those of Bues and von Wartenberg, Jolly and
Latimer deduced the dissociation energy of the GeO molecule,
Dg(GeO)= 157,2¢3,0 kcal/mole, compared to the value Dg(GeO) =
157¢+4 kcal/mole estimated by g?alogy with Si( from spectroscopic

data by Barrow and Rowlinson( . From the data of Bues and von

Manuscript released by suthors Aug 64 for pudblication es a RTD Technical
ROport .



Wartenberg for GeO and for GeO2 + Ge, Jolly and Latimer also
deduced an approximate heat of dismutation of GeO of about
-7 kcal/mole.

The pressure of GeO0,, contained in quartz cells,

(10)

was determined by Davidov , using the Knudsen t:chnique

and with the assumption that the gaseous molecule 1is GeO

(or a polymer thereof). Shchukarev and Semenov(ll)

.2

studied

the sublimation of the same substance mass spectrometrically

and identified the molecules (GeJ)2 and (Ge0)3. (1-2)
The systematic mass cspectrometric study of the

sublimation of the Group IVB-Group VIB compounds (Group IVB=

¢, Si, Ge, Sn, Pb represented bv Me; Group VIB= 0, S, Se and

Te represented by X) as well as the previous mass spectrometric

study of SiO2 and SiO2 + Si bv Porter, Chunka and Inphram:l2)

indicated that the polvmers (MeX)n are typical of the MeX com-

pounds or MeX., + Me mixtures, but not of the MeX, compounds,

which vaporizé predominently bv one of the two piocesses
MeXz(s) + MeX(s) + 1/2X2(r) or MeXz(s) - MeX(g) + 1/2X2(g).

The sublimation of GeO(s), of the mixture GeOz(hex)*
Ge(c) and of GeOz(hex) was therefore reinvestipated.

The present paper reports the results of these studies
which made it possible to explain and reconcile the pressure
data in the literature, to obtain independant values for the
heat of formation of the metastable compound GeO and for the
free energy of plassy relative to hexaponal permanium dioxide.
It further made it possible to determine the thermodynamic
properties of gaseous Ge,0, and Ge,0,. The thermochemical data

2 Shci
for the dissocilation energy of Ge0O are also discussed.



EXPERIMENTAL TECHNIQUE,

The experimental technique and procedure have Leen

(13)

described in detail earlier . The mass spectrometer used

L is a sinple focussing, 20cm radius of curvature,
60° sector instrument, equipped with a secondary electron

(16). The Knuidsen cells containing the samples

multiplier
were made out of quartz and were placed within molvbdenum
shells heated by radiation from a concentric tungsten loop.
The temperatures were measured with Pt-Pt 10% Rh thermocouples.
The dimensions of the almost circular effusion orifices were
measured with a microcomparator. Their Brea was varied between
5)(10.3 and 10.2cm2 and was small comrared to the surface of
the sample., The thickness of the effusion orifice was also
measured to evaluate the Clausinp(l7) factor (about 0.8),
The samples were standard permanium (99,999% purity) and
hexaponal germanium dioxide (checked bv X rav examination),
The metastable monoxide was prepared by vacuum sublimation
of a stoechiometric Geoghix) + Ge mixture, as described by
Y

Bues and von Wartenberg . It was brown-black and amorphous

as verified bv X ray examination.

RESULTS

1. Composition of the Vapor and Precsures.

The ions formed bv electron impact from the molecular
beam i1ssuing from the cell containing either GeO(am) or
Ge0,(hex) + Ge(c) are Ge', Ge0', Ge,0"; Ge,0," and (je303:.
These fsrmed from cells containing 7002(hex) are O2 , Ce
and GeO ., The approximate appearance potentials were obtained
bv the linear extrapolation method, the enerrv scale being

. . . + .
calibrated with the appearance potentials of the ii,0 Lon(la).



12.2%0.5, Ge.0",

They are Ge', 14,0t1, Ge0', 10.1:0.8, 0,", ,

14.3:1.0, Ge,0,", §.7¢1.0 and Ge,0,", 8.6:1.0 eV,

. +
The appearance potential of Ge0O , 10,1:0.8 eV
: . +
compared to that of a number of 1scelectronic 1ions, ”2 ,

0
15,618 P, 10:0.51¥(11,8:0.5)%0) As,”, 10:0.5 71

]
(11.0so.5>(30), sz+, 8,410,392 co*, 14,0028 si0,
(123

(9) PR (20) B :
NORES (10,8:0.5) and n0O , 10.0:t0.7 , lndicates this
ion to be fermed directly from the Ce0 molecule. Similarly,

. . +
the appearance potentials of the 1ons 1e?07 s B.7t1l eV and

e

Ge303, 8.6t1 eV indicate these to be parent ions from the

corresponding molecules, The arnpearance potential of the

. + c
ion Ge , 14,0t1 eV compared to the spectroscopic value for

(23)

the lonization potential, 8.13 eV shows this ion to be formed

by frapmentation, mainlv cf the GeO molecule.The situation

. + : .
1s analopous for Ge,0 , whose appearance potential 1s much

2
hirher than expected for a parent ion, It is considered to

be formed by frasmentation, mainly of the Ge202 molecule,
The predominant molecules 1n the vapors of both the GeO(am)
and GeOz(hex) + Ge svstems are therefore GeO, Ce702 and Ge3O3.

In the GeO, system, thev are GeO and 02.

2
The maln vaporization processes are thus:
nGeO(am) - (GeO)n(f) n= 1,2,38
n

Ge0,(hex) + 5 Celc) » (GeO) (r) nz1,2,3

<

8]

Ge02(hex) + CeO(p) + 1/202(p)

The partial pressures were determined either by
completely subliming samrles of a few mp or by determining
the weipht lost bv sublimation during a piven time by more
important samples. In both cases, the different (GeO); inten-

sities were measured and interrated with time. By replacing



in the Hertz-Knudsen relation, G = P(H/?vRT)l/zst (G= weipht
loss, Pz pressure, Mz molecular weipht of the sublimine
molecule, Rz pas constant, T= temperature, s= effective area
of the effusion orifice, t= interval at temperature T) the
pressure by P,* InT/onYnk (Inz intensity of speciles n, o=
relative 1lonization cross section of species n, = secondary
electron multiplier yield for ion n, k= proportionallitv cons-
tant), one obtains, when several species r are simultaneously
responsible for the weipht loss and when the experiment 1is
carried out at several successive temperatures during a pive..

time 1nterval t

1/2 A o,y
Al{l+£ nl/2 n1l'1

AlonYn

S

M
)
e )

k( 2nR

with A_ = LI T
n n

(24) (25)

By analopgv with a number of diatomic and dimeric molecules,

the ratio e 0 /OGeO was taken equal to 1l.6. The ratio %ce .0 /OGeO
was taken equal to 2.l1. The relative multiplier yields were

. .. 2
read from the calibration curve of the multlpller(‘B). Molecular
effects were corrected for as surrested bv Stanton, Chupka and

(279

Inphram . The numeric values used are 1, 0.61 and 0,52 for

CeO, Ge202 and Ge3O3 respectivelv,
The patrtial pressures are glven separately for GeO(am),

Ge0,(gl) + Ge(c) and GeOz(hex) + GCe(c) in fipures 1-3.

2. Disproportionation of Cermanium Monoxide,

As expected for a metastable svstem, the pressure
(intensity) of the different paseous specles 1in ecullibrium with
Ge0 were higher than those for the Geoz(hex) + Ge(c) mixture at the
same temperature, (This feature macde it nossible to studv the
(CeO)n(p) + nGeO(g) (n=2,3) equilibria over a much wider tempe
rature interval than would have been the case 1in the GeOQ(hex)

+ Ge(c) system alone).



When increasing the temperature to about 800°K, the
intensity (pressure) of all three (GeO)n species decreased
with time and temperature and eventually reached a new steady
level, indicating disproportion to have occured. In four
experiments, carried out with samples of comparable size
(100mg) the temperatures at which the disproportionation
took place was the same within some 25°, The apparent rate
of transformation which was not studied systematically was
also rather reproducible,

After disproportionation the partial pressure of
the three (GeO)n species were however still about 3" times
higher than those in the Geoz(hex) ¢+ Ge(c) system, It was
therefore concluded that the Geo2 formed was not the hexa-
gonal but the glassy form. X ray examination of a sample
obtained by interrupting ane experiment immediately after
the disproportionation took place showed only the presence
of cristalline permanium. Another argument for considering
the GeO2 formed to be pglassy form isthat the GeO partial
pressure as wellas its temperature dependence within the inter-
val 770-830°K was not entirely reproducible from one experiment
to the other, indicating slightly different "glasses" to be
formed. It is further to be noted that the slope dlnP/dl/T
was in one experiment higher rather than lower than that for
the Geoz(hex) + Ge(c) system, which is a thermodynamic incon=-
sistency.

When the samples of GeOz(glassy) ¢+ Ge(c) obtained by
disproportionation of amorphous GeO were heated to about 900°K,
a further decrease in partial pressures gradually took place.
The relative intensities of the (GeO)n species and the absolute



pressures became identical with those in the GeO,(hex)+GCe(c)
system, X rav examination of the samples so obtained now
showed the presence of hexaponal Ce0. in addition to the cris-
talline permanium. The observations presented for clarity
for GeO(p) alone, are represented in fipure 4, The dispropor-
tionation of GeO to glassy GeO2 + Ge and the transformation
of glassy 1nto hexaponal Ge02 are in apreement with Ostwald'
slels

In an attempt to observe also the transformation of
hexagonal into quadratic dioxide, a mixture of the former
and of cristalline germanium was heated up to 1000°K. MNo
transformation took place under the conditions of the expe-
riment. Because of the value of the pressures at the latter
temperature, which are at the limit where Knudsen conditions
are still satisfied, the sample was not heated te hipher tem-

peratures,

3. Entropv and Stabilitv of Gaseous Ce ,0, and Ge;0,.

The relatively larpe interval accessible and the ratios
of 1ntensitv (pressures) made it possible to determine both
the entropv and the stabilitv of paseous GerQ and Ge303 by

<

a second law treatment (fipure 5). A least squarc calculation

gave A”BSO— 43,0t0.75 kcal/mole and ASBSO- 30.2:0.9 e.,u. for
the reaction ;e207(g) + 25e0(¢) and AH850_ 85.1t2.0 kcal/mole
and ASBSO- 57.0t2.4 e, u., for Ge3O3(p) - 3Ge0O(p). The error

limits are statistical errors. An estimate of the heat content
bv analofv with other tetratomic and hexatomic molecules then
298(dlm)- uy ,7¢3,0 kcal/mole and AhQQS(trlm)=88.5*5

kcal/mole, the error linits now being estimated over all uncer-

pave AH

tainties, The entroppies of Ge,0, and Te, 0, obtained from the above

entropv chanpes and the CntPODV of raseous 700(28) are SbSO(Ce O )
=94 ,b¢ h,apso( ey ) 130,21 7 B(Pﬂ D?)=75.l*3 e.u. and J?98 e303)
= §99,3t5 e, u,.



DISCUSSION

Reaction enthalpies AH;QB were calculated using the

relation o Vo o .
6G"z =RPTInK = RTLnwP " = 8H, o +Ta((G -

[o] . . . .
(AC" = chanece 1n C1bbs free enerpgy accompanving the reaction

2g8)/T)

considered; K= the equilibrium constant; p,* the partial pres-
sure, in atm, of the molecule n; voF the stoechliometric coeffi-

cient of molecule n; (G -}?98)/T the free enerpy function).

The numcrical values for the free enerpv functions of
Ge(c), CeO(an), CeO(gp), GeOz(pl) and GeOz(hex) were taken from
the literature as referred to (TABLE 1),

1. Thermodynamic properties of the condensed compounds.

a, Heat of formation of wermanlum monoxide.

The ratio of the Ge0 pressures over the metastable
monoxide and over the mixture of CeOz(hex)*Ge(c) (fipure 4)
directlv pives the free energy of dismutation. Since the ratio
of pressures or more preclsely, 1lntensities, was obtained each
time within one sinple experiment and was therefore independent

of 1nstrumental factors, the accuracy 1s quite good.

The averare value at 800°K 1s ACBOO -4,1t0.3 kcal/mole,

Tosether with the free energy functlion estimated by

Couphlin(30) it rives AH?QB -5.3t0.6 kcal/mole. It can be
compared with the A“298 value derived for the same reacticn,
viz. GeO(s) - 1/2600 (hex) + 1/2Ce(c) determinated by e.m.f.

measurements by Jolly and Latlmer( 1d for the GeO/GeO2 couple:



GeO(s)+i1,0(1) » GeO(hex)+2H +2e £z0.118:0.010 mV
[o]

or AG298=-S.uu2tO.u6 kcal/(3l)
mole
2HY 4 2e HQ(g) AGS98 = O(standard electrode)
0~ _
Hz(g)*l/QO?(ﬁ) -+ H?O(l) AG298--56.69O!O.001 kcal<32)
mole
[0} - 3
1/2Ge02(hex) + l/?Ge(c)+l/202(g) AG298-*58.09520.2OO kcal{e)
mole
GeO(s) » 1/2Ge0,(hex)+1/2Ge(c) AG;98=-N.O3730.5 kcal/mole
leading to AH298= -4,5¢0,5 kcal/mole.

The two figures are in agreement but the magnitude of the uncer-

tainties in the AC measurements does not warrant an estimate

of both aH® and 8S°from the temnerature variation of aG°.
Topether with the heat of formation of GeOz(hex)(S),

-129,08010,13 kcal/mole, the average of the above

° -4,9t0,6 kcal/mole values leads to the heat

298~
of formation of amorphous GeO, AH;98 £ -59.6t0,7 kcal/iole,
1]

£ _
B e g

values for all

b., Free energy of transformation of glassy into hexagonal

germagium dioxide.

The free enerpy of transformation of plassv into hexa-
gonal germanium dloxide was obtained from the pressure ratio
in the same wav as the heat of dismutation of the monoxide,

-2,3t0,8 kcal/mole, compared to
(7)

The average value 1s AG8OO=

the figure -1.5 kcal listed by Mah and Adami for one parti-
cular plass sample, If meaningful, the difference indicates
the plasses not to be identical. Since the present data do not
permit to separate enthalpv ard entropy contributions, the
thermodynamic data riven for glassy GeO2 by Adami and Mah were

used in the subsequent calculations,

2, ieat of sublimation of “CeO;

The heats of sublimation of GeO from amorphous GeO,

from the mixture of grlassv GCeO

9

2*cristalline Ce and from themilxture



of hexagonal Ge020cristalline Ge are summarized in table 2-u4,

3. Reinterpretation of Total Pressures,

a. Germanium Monoxide.

The pressures over samples which were initially metastable
GCe0, determined by Bues and von Wartenberg, were measured by a
manometric method and are therefore the sum of the partial
pressure of the monomer, dimer and trimer, provided those of
higher polymers not observed here can be neglected. The total
pressure given by the latter authors were reinterpreted accor=-
dingly, using the extrapolated equilibrium constants for the
reactions (GeO)n(g) + n(Ge0)(n=2,3)(see fig.5). The partial
Ge0 pressures so obtained are represented in Fip.6 which sum-
marizes the data for the different systems and investipations.

The pressures measured bv Jolly and Latimer for initial
Ge0 samples by the Knudsen method can be reinterpreted in a

similar way, writing

P P

Ge .0 Ge ,0
PR o = Poeo(ltV2 =22 + /3 23
? ? GeO GeO
where Pgeo is the apparent GeO pressure.

The pressure measurements by the latter authors were
carried out in the temperature region were in the present expe=-
riments disproportionation occured. The apparent scatter in the
points obtained by the authors referred to indicates that the
same probably occured during their experiments. Of the eipht
measurements, numbered here (Table 5) 1-8 in the seauence in

the original publication(S)

(33)

s, three (n°l,2,4) were carried out

with fresh samples . The pressure in run 1 is auite close

10



to those obtained here before disnroportionation occured and
probably corresponded to GeO(am). The pressures in runs 2 and 4 are
close but somewhat above those for Ge+GeO2(Wl), nrobably indi-
catinpg that durinpg the measurement disproportionation occured.
The corresponding pressures are therefore considered tc repre-
sent upper limits for the system Ce(c)*CeOz(pl). The pressures
for runs 3, 5, 6 and 7 are 1in pood apreement with these measured
here for Ge(c)+GeO2(gl) and are therefore considered to pertain
to that system and to confirm the present values. The pressure
in run 8 finallyv was obtained at a temperature at which GeOz(pl)
had transformed in the present work into Ceuz(hex). The same
probably occured durinp the measurement by Jolly and Latimer
which therefore rives an upper limit for the Ce(c)+GeO2(hex)
svstem,

Since in this temperature ranpge, the di and trimer are
relatively unimportant, the total pressure is close to the
partial pressure of the monomer. Therefore, the Knudsen measu-
rements by Jolly and Latimer are a cross check of the present
measurements, which depend on the estimate of the relative ioni-

zatlon cross sections.,

b. GeO,(hex) + Gelc).

The total pressures by Bues and von Wartenberg, measured
by a manometric and by the transport method were reinterpreted
in a similar manner as explailned above, but takinp into account

that in the trancsport method

p p
Ge ., O Ge .0

PR = Pray (1 + ?—-—Pz R e
| : GeO ?Ge0

The partial GeO pressures obtained and the heat of vaporization

of Ce0 calculated therefrom are summarized 1in table © and fig.6.

11



c. GeO

---2

The pressures measured by Davydov(IO)

by the Knudsen
method and calculated under the assumption that the gaseous
rmolecule is GeO2 were recalculated to take the stoechiometry
of reaction 3 into account. The relation between the apparent

pressures is

. (MGeoz )1/2 ; .
P = P
GeO H—Geo 1¢(M02/§MGeO)

The recalculated partial GeO and 02 pressures are given in
table 7 together with the enthalpy for reaction 3. The results
show a marked variation. Davydov attributed this to the trans-
formation of hexagonal.into quadratic GeO,. The reaction enthalpy
for the first <{wo points at 1159 and 1201°K corresponds to the
value calculated from the dissociation energy of GeO and the
heat of formation of hexagonal GeOz. It is therefore accepted
that these points indeed correspond to the vaporization of hexa=-
gonal Ge02. The last two or three points should also correspond
to hexagonal GeO, since the quadratic form becomes unstable
relative to the preceding one at 1306‘10°K(6). Even if the tran-
sition did not occur the use of the thermodynamic functions of
one form for the other should for these points not introduce a
serious difference in AH., It is threrefore suggested that the
difference between Davydov's first two points and the others
(omitting the third), 5.1 kcal/mole corresponds to the partial
heat of mixing of GeO, in Si02. It may be noted that Davydov
observed an interaction between Ge0, anc SiO2 which was also
noticed here when GeO, was vaporized from SiO2 crucibles.,

The observation of the Ge,0, and Ge303 polymers in the

vaporization of GeO, by Shchukarev and Semenov(ll)

is completely
at variance with the mass spectrometric and thermodynamic results

of the present study. In the investipation referred to, Ge0, was

12



vaporized from a platinum filament attached to a nichrome
holder. A plausible reason of the discrepancv 1s therefore
that GeO, was reduced by the latter alloy, which would explain
the presence of the polymers, characteristic of the Ge + GeO2

system,

4, Dissociation Energy of the GeO Molecule.

The dissociation enerpy of the molecule GeO can be
calculated from thermochemical cvcles based on the heat of
sublimation of GeO from amorphous Cef, from the mixture of
slassy or hexaponal Ce¢O,*cristalline germanium and on the

heat of formation of <aponal GeO,. The values used 1in

2
completing the cycles are: D;98(029=119.2!O.1(3u); A“SQB s(Ge)=
. 0 —L (7)., ,,.0 A _
89,510,5; ?gggs’f(ceoz,h-x)- 129.1£0.1° 775 Bliggg ((6e0,,rl)s

o]
- g 03 T~
126,820 .5 ’ A}{298,f( e0) 58.6t0,7 kcal/mole.

The values obtaihed in this work and from théereinter-
preted literature data are summarized in table 8,
The averagre 1s Dggs(GeO)= 156,1¢t1,.5 or Dg(GeO) = 157.421,5

kcal/mole (6.,825t0,06 eV).,
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TABLE 1. Free energy functions -(G.‘;-u;%)/r in cal.deg s

1

mole”

TOK 700 800 300 1000 1100
Oz(g) 51.04 Sl.64 $2,22 52,78 53,31
Ge(s) 9,09 9.58 10,06 10.51 10,95
GeOz(hex) 17.12 18,33 19,51 20,66 21,74
GeOz(gl) 19,37 20,62 21.79 22,95 24,05
GeO(s) 14,6 15.5 16,3 17.2 18,1

GeO(p) 56.26 56,81 57.42 58,01 58,54
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TABLE 2. Heat of sublimation of the molecule GeO from

amorphous CeO

0

co-H2

o -logp(Ge0) -4 (_:7 298] AHgga
(°K) (cal.degreé%mole-l (kcal.mole-l)
754 6, 46€0,15) 41,5(t0,0) 513216
706 6,17 bl,4 63576
775 5,94 bl,u SEIA
788 5.7b 41,3 53.u4
766 Bla 12 2 41,4 53,16
757 b.u3 bl,u 53.6
744 6.73 41,5 Sl [V
769 b.12 bl,u S3.u
778 5.90 bl.u4 33,2
786 5.79 41,3 SRS

averare 53.4
statistical errcor t0,?2
total uncertaintv t1,0

17



TABLE 3, Heat of sublimation of the GeO molecule from glassy
GeO2 + cristalline germanium,

T -log p -A(G.‘l’.--ng2 /T) i Aﬂgga ;
(°K) (atm) (cal.degree. mole ~) (kcal,mole *)
806 5.66(20,15) 42,2(20,5) 54.9
817 $.57 42,2 55.3
843 5.13 42,1 55.3
855 4,97 42.1 55,4
878 4,64 42.1 55.7
789 5.76 42.3 S4,1
768 6.54 42,3 54,5
789 6.10 42,3 55.4
800 5.87 42,2 5§5.3
807 5.77 42,2 55.4
819 5.60 42,2 55,5
830 5.42 42,2 55.6
839 5.31 42,2 55.8
84S 5.20 42,2 55.7
8Ly 4,96 42,2 54,7
8ul 5.05 42.1 54.9
813 5.80 42,2 55.9
769 6.92 42.3 56,9
§01 6.04 42,2 55,2
779 6.55 42 3 56.3
770 6,82 42.3 56.6
782 6,48 42.3 56,2
793 6.19 42.3 56,0
818 S5.46 42,2 54,9
785 6.47 42.3 56,4
826 5.36 42,2 55.1

average: 55.0
statistical error: 0,8
total uncertainty: 1,0
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TABLE 4, Heat of sublimation of the Ge0O molecule from hexaponal

GeO2 + cristalline germanium,
(] (+]

T -10¢ Pgep - af Cr=H298 ) 82ca
(°K) (atm) (cal.depreeflmole°1) (kcal.mole™ 1)
825 6.20(20,15) 42,8(20,.4) 58,7
784 6.97 42.9 58,6
770 7.17 42,9 58.3
754 2402 42.9 59,0
795 6.82 42.9 58.9
840 5.85 42,8 58.4
806 6.56 42,8 58,7
849 5.63 42,7 57.2
880 4.99 42,7 57.6
863 5.35 42.7 58.0
811 6. 44 42,8 58,6
779 7T.12 42,9 58,8
827 6.19 42,8 58,8
831 6.14 42.8 58,9
851 5.70 42,7 58.6
857 5.59 42,7 58.5
870 5.29 42,7 58,2
882 $5.01 42,7 57.9
897 4,68 42,6 57.5
915 4,36 42,6 $7.2
937 4,06 42,6 57.3
927 4,20 42,6 57.3
9us 3.94 42,5 57.4

averape: 58,2
statistical error: 0,7
total uncertainty: 1,0
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TABLE 5. Reinterpreted pressure data for GeO(am), Geoz(gl) + Ge(c)
and Geoz(hex) + Ge(c). (Jolly and Latimer - Knudsen technique).

N° T -logp™ =10gPgeq condensed -A((Ggﬂggele) " AH;98
(°K) (atm) (atm) phase (cal.degree ‘mole (kcal;1
mole )
1 770 5.89 6.30 GeO(am) 4l.4 54,0
2 788 5.75 6.08 intermediate - -
3 816 5.59 5.78 Ge0,(gl)+Ge(c) 41,7 55,5
y 835 4,96 5.29 intermediate - -
S 758 7.17 7.23 GeOz(ql)OGe(c) 41.8 56,8
6 816 5.82 5.95 " 41,7 56,2
7 790 6.43 6.51 - 41.7 56,4
8 859 5.11 5.%5 GeOz(hex)OGe(c) 42,7 §7.3




TABLE 6a. Reinterpreted pressure data for GeO(am)
(Bues and von Wartenberg - manometric method).

4 -logp" =108Pse( -a((c° -Hzge)/T) AH;98
(°K) (atm) (atm) (cal.degree}mole-l) (kcal.mole™1)
915 2,63 3.67 41,1 3.0
917 2.36 3.55 41.1 $2.6
948 1.89 3.13 40,9 S2.4
978 1.43 2,73 40.8 51l.1

average: 52.3

TABLE 6b. Reinterpreted pressure data for Geoz(hcx) ¢+ Gel(c)
(Bues and von Wartenberg -manometric and transport methods).

T method -logp. =logpa Ge0 A((G °H29!/T)) ‘Hgga g
(°K) (atm) (atm) (cal.degreésmole™t) (kcal .mole~l)

1027 manometric 2,63 3,02 42,4 §7.7

1038 2,36 2,95 42.4 58,0

1042 2.62 2,83 42,3 57.6

1057 2.16 2,65 42,3 57.6

1084 1.89 2,40 42,3 57.8

1123 1.43 2,01 42,2 57.7

980 transport 3.05 3.47 42,5 57.2

1081 1.90 2,41 42,3 57.6

average57.7




TABLE 7. Reinterpreted pressure data for GeO,
(Davydov-Knudsen technique)

*
T -logp =108Pge0 -logpo2 -A((G°-H;98/T)) AH;98

1 1

(°K) (atm) (atm) (atm) (cal.degrei}mole' ) (kcal.mole-")

1159 5.62 5.66 6.18 63.3 119.8
1201 S.k3 S.47 5.99 63.2 122,¢
1227 $.31 5.17 5.69 63,2 124,0
1248 $.23 5.26 5.78 63,1 125,2
1268 5.13 $.17 5.69 63,0 126.4
1288 4.98 5.02 5.54 63.0 127.0
1296 4,75 4,79 5,31 62,9 125,6
1338 4,43 4,46 4.98 62,8 126,7
1351 4,28 4,32 4.84 62,8 126.6
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