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ABSTRACT 

The mass spectromctnc study of the vaporization of the compounds 

GeO  (hex) and GeO(am) and of the mixture GeO  (hex) + Ge(c) made it 
*- Z 

possible to establish their mode of vaporization: 

Ge02(hex)   -   GeO(g) + 1/20 (I) 

n GeO(am) -   (GeO)   (g) (n - 1. 2. 3) (II) 
n 

n/2 GeOJhex) + n/2 Ge(c)   -   (GeO)  (g) (n =  1,2,3)      (III) 
c. n 

The enthalpies of vaporization are 

AH°      (I)   -    121. 2± 1.6 kcal/mole 

AH»      (II,   n=l)    =    53.4 ± 1. 0 kcal/mole 

AH»   u(III,   n   -  1)    -    58. 2 ± 1. 0 kcal/mole 
2 90 

The polynie rization energies are 

AHJ     (GeO-GcO)   =   44. 7 ± 3. 0 kcal/mole 

AH°     (GeO-GeO-GeO)    --    88. 5 ± 5. 0 kcal/mole 
298 

Total pressures given in the literature were  reinterpreted taking 

the presence of the polymers into account. 

ill 



The hi'at of formation ol the metastable compound GeO(am) 

obtained here  is AH0(GcO)        -59.6 10.7 kcal/mole. 

The dissociation energy of the gaseous molecule G'?0 is 

D;(GeO)   -    157.4 ± 1.5 kcal/mole. 

This technical documentary report has been reviewed and is approved. 

W.G.   RAMKE 
Chief,   Ceramics and Graphite Branch 
Metals and Ceramics Division 
Air Force Materials Laborator/ 
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INTRODUCTION. 

As part of a study   of the composition of the vapors 

in equilibrium with the p3roup IVB-Group VIB comoounds and of 
(2) the thermochemical determination   of the dissociation enerp.y 

of the corresponding molecules and of their polymers, the vapor 

over germanium monoxide, a mixture of germanium dioxide + 
(3)   ,      .   o-  -^ (3)       , permamum   and germanium dioxide   was analyzed mass spectro- 

metrically. 

Germanium monoxide is metastable and disproportionates 

to germanium and germanium dioxide  *  , Details concerning 

this disproportionation were obtained in the present study. 

Germanium dioxide can exist in three modifications, the 
(6) quadratic, hexagonal and glassy * . Although the low temperature 

form is the quadratic (Lisoluble) form, the more common ore is 
(7 ) 

the hexagonal (soluble) form. The heat of formation   and 

thermodynamic properties of the hexagonal form ar^ accurately 
(8 ) known   , To the extent to which similar glassy GeO? samples 

can be obtained, the thermodynamic properties of the latter 
(8 ) are also established 

The total pressures of the mixture of hexagonal GeO« and 

cristalline germanium and of the metastable comnound GeO were 
(4) 

determined by Bues and von Wartenberg   and by Jolly and 

Latimer , The former authors measured the pressure of both 

systems by a manometric method and that of GeO,, (hex) + Ge(c) 

also by the transport method. The latter authors applied the 

Knudson technique to initial GeO samples but concluded that 

these had disproportionated to Ge02 + Ge. F^om their own measu- 

rements and from those of Bues and von Wartenberg, Jolly and 

Latimer deduced the dissociation energy of the GeO molecule, 

D0(GeO)= 157.2*3.0 kcal/mole, compared to the value D0(GeO) = o »    r 0 

157*U kcal/mole estimated by analogv with SiO from spectroscopic 
(9)    ' 

data by Barrow and Rowlinson   , From the data of Bues and von 

Manuicript released by authors Aug 6U for publication as a RTD Tschnical 
Report. 



Wartenberp  for GeO a.id  for  GeO^   +  Ge,   Jolly  and   Latimer also 

deduced  an  approximate  heat  of   dismutation   of  GeO  of  about 

-7   kcal/mole. 

The   pressure  of   GeO?,   contained   in   quartz  cells, 

was  determined  bv  Davidov ,   usinp,  the   Knudsen   technique 

and with   the   assumption   that   the   paseous  molecule   is  Ge09 
(11) . (or a  polvmer  thereof).   Shchukarev and  Semenov studied 

the   sublimation  of   the   same   substance  mass   spectrometrically 

and  identified  the  molecules   (GeO),,  and   (GeO),. 
. (1-2) The   systematic  mass   spectrometnc   study of   the 

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

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

Te   represented  by X)   as  well  as   the   previous   mass   snectrometric 
'12) study of   SiO-   and  Si0?   +   Si   bv   Porter,   Chupka   and   Inphram' 

indicated   that   the   polvmer^   (MeX)     are   tvpical  of   the  MeX  com- r n 
pounds  or  MeX-   ♦  Me  mixtures,   but  not  of   the   MeX?   compounds, 

which  vaporize   predominently  by  one  of  the   two  processes 

MeX2(s)   -  MeX(s)   ♦  l/2X2(r)   or  MeX2(s)   *  MeX(p)   ♦   l/2X2(g). 

The   sublimation  of  GeO(s),   of   the   mixture   Ge0_(hex)+ 

Ge(c)   and  of   GeO^ihex)  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   glassy  relative   to  hexaronal   germanium dioxide. 

It   further  made   it  possible   to   determine   the   thermodynamic 

properties  of   gaseous  Ge^O»   and  Ge^O..   The   thermochemical   data 

for  the   dissociation  energy   of  GeO  are  also  discussed. 



EXPERIMENTAL  TECHNIQUE. 

The  experimental   technique   and   procedure  have   teen 
(13 ) described   m  detail   earlier ,   The   nass   spectrometer  used 

*   J     is  a  sinple   focussinp,   20cm  radius  of   curvature, 

60°   sector   instrument,   equipped with  a   secondary  electron 
/ -|   r  \ 

multiplier .   The   Knuisen   cells  containing   the   samples 

were  made   out of  quartz   and  were   placed within  molybdenum 

shells   heated  by  radiation   from a  concentric   tunpsten   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  urea  was   varied  between 
-3 -7     7 5x10       and   10    cm    and  was   small   compared   to   the   surface   of 

the   sample.     The   thickness  of   the  effusion   orifice was  also 
(17 ) measured   to   evaluate   the   Clausmp factor   (about  0.8). 

The   samples   were   standard   permanium   (99.999%   nurity)   and 

hexaponal   permanium  dioxide   (checked   bv  X   rav   examination). 

The   metastable   monoxide   was   prepared   by   vacuum   sublimation 

of a   stoechiometric  GeO(hex)   +   Ge  mixture,   as   described  bv 
(u) 

Hues  and   von  Wartenberp        .   It  wa 

as  verified   bv X  ^ay  examination. 

(U ) 
Hues  and   von  Wartenberp        .   It  was  brown-black   and  amorphous 

RESULTS 

1.   Composition  of   the   Vapor  and  Pressures. 

The   ions  formed   by  electron   impact   from  the  molecular 

beam  issuinp  from  the   cell   containinr  either  GeO(am)   or 

Ge0o(hex)   +   Ge(c)   are  Ge+,   Ge0+,   Ge-O   ;   Geo0„     and  Geo0   *. 

These   formed   from  cells   containinr  Ge0o(hex)   are   0?   ,   Ge 

and  GeO   .   The  approximate   appearance   potentials  were  obtained 

bv  the   linear extrapolation   method,   the   enernv   scale   beinf 
+   .      (IS) calibrated   with   the   appearance   potentials   of   the   ii?0     ion 



They  are   Ge   ,   14.0*1,   GeO   ,   lü.l*0.8,   02   ,   12.2*0.5,   Ge  0   , 

1U.3*1.0,   Ge20   *,   8.7*1.0   and   Ge^*,   8.6*1.0   eV. 

The   appearance   potential   of   GeO   ,   10.1*0.8   eV 

compared   to   that  of   a  number  of   isoelectronic   ions,   iJ9   , 

15.6 ,    P      ,    10*0.5 (11.8*0.5) ,   As?    ,   10*0.5 

(11.0*0.5) ,   Sb     ,   8.Mt0.3v ,   CO   ,   1U.0VX      ,   SiO   , 

10.5(9)(10.8*0.5)(      )   and   TnO*,   10.0*0.7(2),   indicates   this 

ion   to  be   formed  directly   from   the   GeO  molecule.   Similarly, 

the   appearance   potentials   of   the   ions  Ge?09    ,   8,7*1   eV  and 

Ge,0   ,   8.6*1   eV   indicate   these   to  be   parent   ions   from   the 

correspondinr   molecules.   The   appearance   potential   of   the 

ion   Ge   ,   1^.0*1   eV  compared   to   the   spectroscopic   value   for 
(23) .       . 

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

by   frapmentation,   ma-inlv  of   the   GeO   molecule.The   situation 

is  analogous   for Ge^O   ,   whose   appeaiance   potential   is  much 

hirher  than  expected   ror a   parent   ion.   It   is   considered  to 

be   formed   by   frapmentation,   mainly  of   the   Ge„0„   molecule. 

The  predominant  molecules   in   the   vapors  of   both   the   GeO(am) 

and  Ge07(hex)   +   Ge   systems   are   therefore   GeO,   Ge?0     and  Ge^O.. 

In   the   GeO„   system,   they  are   GeO   and  0-. 

The   main  vaporisation  processes  are   thus: 

nGeO(am)   -   (GeO)    (p) n   =   1,2,3 
n   ' *    * 

n 
.r  GeO-Chex)   ♦  ^   Ge(c)   -   (GeO)    (p)     n=l,2,3 
2 2 2 n *   * 

Ge02(hex)   -   Ge0(p)   +   l/202(p) 

The partial pressures were determined either by 

completely subliming   samples  of a few mp or by determininp 

the weipht lost by sublimation durinp a piven time by more 

important samples. In both cases, the different (GeO)  inten- r n 
sities wore measured and inteprated with time. By replacinp 



1/2 
in  the   Hertz-Knudsen  relation,   G  =   P(M/2*RT)        at   (G=  weight 

loss,   P=   pressure,   M=   molecular weipht  of   the   subliminp 

molecule,   R=   pas  constant,   T=   temperature,   s=   effective   atea 

of   the   effusion  orifice,   t=   interval   at   temperature  T)   the 

pressure  bv  p  =   I   T/o   y   k   (I   =   intensitv  of   species  n,   o   = K -    f n       n       n  n n • '     n 
relative   ionization  cross   section of   species   n,   Y   =   seconddrv r *      n 
electron  multiplier  yield   for   ion  n,   k=   proportionalitv   cons- 

tant),   one   obtains,   when   several   species   r   are   simultaneouslv 

responsible   for  the  weipht   loss and  when   the   experiment   is 

carried  out  at   several   successive   temperatures   durinp  a   pive.. 

time   interval     t 

r_        s     (        H   \ A1I.^_1/2     nil (  JTT)   ^       \\   1  ^  - 0lYlk     27TR 1 '     ' Al0nYn 

with   A     =   LI   T1/2At n n 

By  analop.v  with  a  number  of   diatomic and   dimenc molecules, 

the   ratio   o /o was   taken equal   to   1.6.   The  ratio  o /a Ge?09     GeO M Ge,0^      GeO 
was   taken   eoual^to   2.1.   The   relative  multiplier vields were 

.      (26) read   from   the  calibration   curve  of   the   multiplier .   Molecular 

effects  were   corrected   for  as   suppested   bv   Stanton,   Chupka   and 
(27) Inphram   '       .   The   numeric   values  used   are   1,   0.61   and  0.52   for 

GeO,   Ge„0?   önd  Ge   0     respectively. 

The   pattial   pressures are   piven   separately   for  GeO(am), 

Ge0o(p,l)   +   Ge(c)   and   GeO   (hex)   +   Ge (c)   in   fipures   1-3. 

2.   Disproportionation   of   Germanium  Monoxide. 

As  expected   for   a   metastable   svsten,   the   pressure 

(intensity)   of   the   different   paseous   species   in   equilibrium with 

GeO  were   hipher  than   those   for  the   Ge0~(hex)   +   Ge(c)   mixture   at   the 

same   temperature.   (This   feature   made   it   possible   to   studv   the 

(GeO)    (P)   -»■   nGeO(p)   (n = 2,3)   equilibria   over  a   much  wider   tempe 
n '■ 

rature   interval   than  would   have  been   the   case   in   the   GeO-(hex) 

+   Ge(c)   system alone). 



When increasin~ th~ temp~rature 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 

ClOOmR) 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 reproducibl~. 
After disproportionation the partial pressure of 

the three (GeO)n species were however still about 3n times 

higher than those in the Geo 2 Chex) + Ge(c) system. It was 

therefore concluded that the Geo 2 formed was not the hexa­

gonal but the glassy form. X ray examination of a sample 

obtained by interrupting one experiment immediately after 

the disproportionation took place showed only the presence 

of cristalline p,ermanium. Another ar~ument for considerin~ 

the Geo 2 formed to be ~lassy 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, indicatir~ slightly different "elasses" 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 Ge02 Chex) + Ge(c) system, which is a thermodynamic incon­

sistency. 
When the sample~ of Ge0 2 C~lassy) + 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 ne0o(hex)+Ce(c ) 

system. X ray examination of the samples so obtained now 

showed the presence of hexaponal GeO,. in addition to the cris- 

talline permanium. The observations presented for clarity 

for GeO(p) alone, are represented in fipure 4, The disprcpor- 

tionation of GeO to plassy GeO„ + Ge and the transformation 

of p,lassy into hexaponal GeO- are in agreement with Ostwald's 

rule, 

In an attempt to observe also the transformation of 

hexaponal into quadratic dioxide, a mixture of the former 

and of cristalline permanium was heated un to 1000oK. No 

transformation took place under the conditions cf 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 t« hipher tem- 

peratures. 

3. Entropy and Stabilitv of Gaseous Ge009 and Ge.,0.,. 

The relatively larpe interval accessible and the ratios 

of intensitv (pressures) made it possible to determine both 

the entropv and the stabilitv of raseous Ge 0. and Ge.,0-. by r- - 2 2       3 3  7 

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

pave Ä'lgc0= ^3.0*0.75 kcal/mole and AS°  = 30.2*0.9 e.u. for 

the reaction Ge-10o(g) -*■   2oe0(r) and AHr.,„- 85.1*2.0 kcal/mole 2    1 8 50 
and   AS°50:   57.0*2.u   e.u.   for Ge303(p)   -   3Ge0(p).   The   error 

limits  are   statistical   errors.   An   estimate  of   the   heat   content 

bv  analopv  with   other   tetratomic   and   hexatonic  molecules   then 

pave   AH?qfl(dim)=   UU.7*3.0  kcal/mole   and   Aii„   ft(trim) = 88.5 * 5 

kcal/mole,   the  error   limits  now  beinr   estimated  over all   uncer- 

tainties.   The   entrpriej   of  Ge709   and   rQ~0     obtained   from   the   above 
(*) & \ 

entronv  chanres   and   the   entropv   of   naseous   ^G0 are   S, .-„ (Ge-,0„ ) o 50        2   2 
=gu.b*2,Sg50(Ge303)=130.2*U,S°g8(Ge2O2)=75.1*3   e.u.   and   G°g8(GG303) 

=   9 9.3*5   e.u. 



DISCUSSION 

Reaction enthalpies AH    were calculated usinp the 

relation v 
Ar.0= -P.TlnK = RTLnwP   = AH°  ♦ n      298 G0-H?_.)/T) TA((u -..298 

(AG = chanpe in Gibbs free energy accorpanyinp the reaction 

considered; K= the equilibrium constant; p = the partial pros- 

sure, in atm. of the molecule n; v = the stoochiometric cocffi- '      ' n 
cient of molecule n; (G -fi   )/T= the free enerpy function). 

The numerical values for the free energy functions of 

Ge(c), GeO(an,), GeO(p.), GeCLCpl) and GeO (hex) were taken from 

the literature as referred to (TABLL" I). 

1, Thermodynamic properties of the condensed compounds. 

a. Heat of formation of rermanium monoxide. 

The ratio of the GeO pressures over the metastable 

monoxide and over the mixture of GeO-(hex ) + Ge(c) (fipure U) 

directlv pives the free energy of dismutation. Since the ratio 

of pressures or more precisely, intensities, was obtained each 

time within one single experiment and was therefore independent 

of instrumental factors, the accuracv is quite rood. 

The averare value at 800oK is AG°  = -U.l»0.3 kcal/mole. oUU 
Topether  with   the   free   enerrv   function   estimated   by 
(30) ,.o Couphlin'    it rives AHori-= -5.3*0,5 kcal/mole. It can be 

. o 
9B 

compared  with   the   AH"   „   vÄlue   derived   for   the   same   reacticn, ' 2 98 
viz. GeC(s) > l/2Ge0 (hex) ♦ l/2Ge(c) determinated bv e.m.f. 

( 31 ) measurements bv Jolly and Latimer     for the GeO/GeO- couple: 

8 



GeC(s)+H20(l) - GeO(hex)+2H++2e     E=0.118»0.010 mV 

or AG°g8 = -5.i442*O.U6 kcal/(31) 
mo 1 e 

2H  + 2e -♦ H2(p,) AG298 = 0(standard electrode) 

H2(rJ+l/202(n) - H20(1) AG2g8=-56.690*0.001 kcal^32) 

l/2Ge02(hex) - l/2Ge(c)+l/202(^)    AG2g8=*S8.095»0.2Ü0 kcal^8) 

mole 

kcal, 
mole 

Ge0(s) - l/2Ge02(hex) + l/2Ge(c)      AG2g8 = -4.037*0 . 5 kcal/mole 

leading to AK°  = -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 AS from the temperature variation of AG . 
(8 ) Together with the heat of formation of Ge02(hex)   , 

AH„q8 f= -129,080*0.13 kcal/mole, the average of the above 

values for AH9  = -4.9*0,6 kcal/mole values leads to the heat 

of formation of amorphous GeO, AHTqo f= -59.6*0.7 kcal/mole, 

b. Free enerrv of transformation of plass^ into hexagonal 

germanium dioxide. 

The free enerpv of transformation of glassv into hexa- 

gonal germanium dioxide was obtained from the pressure ratio 

in the same way as the heat of dismutation of the monoxide. 

The average value is AGQ„ = -2.3*0.8 kcal/mole, compared to 
.8ÜÜ .(7) 

the figure -1.5 kcal listed by Mah and Adami    for one parti- 

cular glass sample. If meaningful, the difference indicates 

the nlasses not to be identical. Since the present data do not 

permit to separate enthalpy aj.d entropv contributions, the 

thermodynamic data riven for glassy Ge09 bv Adami and Mah were 

used in the subsequent calculations. 

2. Meat of sublimation of GeO; 

The heats of sublimation of GeO from amorphous GeO, 

from the mixture of glassv Ge02 + cristalline ^   and from t^mixture 

9 



of hexagonal Geo 2+cristalline Ge are summarized in table 2-4. 

3. Reinterpretation of Total Pressures. 

a. Germanium Monoxide. 
~~--~-------------The pressures over samples which were initially metastable 

GeO, determined by Bues and von Wartenberg, were measured by a 

mano-.tric 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

dinp,ly, using the extrapolated equilibrium constants for the 

reactions (GeO)n(g) • n(Ge0)(n:2,3)(see fig.5). The partial 

GeO oressures so obtained are represented in Fip.G which sum­

marizes the data for the different systems and investir,ations. 

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

similar way, writin~ 

+ 13 

p 
Ge 3o3 
PGeO ) 

• where PGeO is the apparent GeO pressure. 
The pressure measurements by the latter authors were 

cnrried out in the temperature re ~ion 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) l-8 in the seouence in 
the ori~inal publication(S)• three (n°1,2,4) were carried out 

. f 1 ( 33 ) Th . 1 . . 1 w1th resh samp es • e pressure 1n run 1s ~u1te c ose 
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to those obtained here before dicnroportionation occured and 

probably correGponded to GeO(am). The pressures in rune 2 and 4 are 

close but somewhat above those for Ge+GeO (rl), probablv indi- 

catinp that during the measurement disproportionation occured. 

The correspondinp pressures are therefore considered tc repre- 

sent upper limits for the system Ge(c)+GeO„(pi). The pressures 

for runs 3, 5, 6 and 7 are in pood agreement with these measured 

here for Ge(c )+GeO„(pi) and are therefore considered to pertain 

to that system and to confirm the present values. The pressure 

in run 8 finally was obtained at a temperature at which GeO?(pl) 

had transformed in the present work into GeO»(hex). The same 

probably occured duiinp the measurement bv Jollv and Latime^ 

which therefore rives an upper limit for the Ge(c)+GeO?(hex) 

svstem. 

Since in this temperature ranpe, the di and trimer are 

relatively unimportant, the total pressure is close to the 

partial pressure of the monomer. Therefore, the Knudsen measu- 

rements bv Jolly and Latimer are a cross check of the present 

measurements, which depend on the estimate of the relative ioni- 

zation cross sections. 

b. Ge0o(hex) + Ge(c). 
— — — ^ — — — — — — — — ••"• — — — — 

The total pressures by Hues and von Wartenberp, measured 

by a manooetric and by the transport method were reinterpreted 

in a similar manner as explained above, but takinp into account 

that in the transpoit method 
P P Ge?ü9      Ge^O- 

PM   = P   (1 + 2 —- + 3  i—i) rGeO   rGeO vx   '       Pr   n ?r   ,' GeO       GeO 

The partial GeO pressures obtained and the heat of vaporization 

of GeO calculated therefrom are summarized in table 6 and fip.6. 

11 



c. ~!Q2 

The pressures measured by Davydov(lO) by the Knudsen 

method and calculated under the assumption that the gaseous 
c~lecule is Geo 2 were recalculated to take the stoechiometry 

of reaction 3 into account. The relation between the apparent 
pressures is 

M Geo 2 = p• (----
HGeO 

) 
1/2 

( 1 ) 
l+(Ho272HGeo> 

The recalculated partial GeO and o 2 pressures are ~iven in 
table 7 toRether with the enthalpy for reaction 3. The results 

show a marked variation. Davydov attributed this to the trans­
formation of hexagonal into quadratic Geo 2• The reaction enthalpy 
for the first :wo points at 1159 and 1201°K corresponds to the 
value calculated from the dissociation ener~y of GeO and the 

heat of formation of hexagonal Geo 2• It is therefore accepted 
that these points indeed correspond to the vaporization of hexa­
gonal Geo 2• The last two or three points should also correspond 
to hexagonal Geo 2 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 mixin~ of Geo 2 in Sio2 • It may be noted that Davydov 
observed an interaction between Geo 2 ancl Sio 2 which was also 

noticed here when Ge0 2 wasvaporized from Sio 2 crucibles. 
The observation of the Ge 2o2 and Ge 3o3 polymers in the 

vaporization of Geo 2 by Shchukarev and Semenov(ll) is completely 

at variance with the mass spectrometric and thermodynamic results 

of the present study. In the investigation referred to, Geo 2 was 

12 



vaporized   from a   platinum  filament  attached   to  a  nichrome 

holder,   A  plausible   reason  of  the   discrepancy   is   therefore 

that  GeO-  was  reduced   by  the   latter alloy,   which would  explain 

the   presence  of   the   polymers,   characteristic  of  the  Ge   +   GeCL 

system. 

u.   Dissociation   L'nerpv of   the   GeO   Molecule. 

The  dissociation  energy of  the   molecule   GeO  can  be 

calculated   from  thermochcmical  cycles   based  on   the  heat   of 

sublimation  of  GeO   fron  amornhous  GeO,   from the  mixture   of 

plassy  or  hexaponal   GcO^cristalline   permaniun and  on   the 

heat   of   formation   of        <aponal   GeO_.   The   values  used   in 

completinp   the   cvcles  are:   D°g8 (0^ = 119 . 2 *0.1( 3;   Ali298   s(Ge' = 

89 
(7)      .,.o .5*0.5;   AH°   Q   .(GeO.jhGx):   -129.1*0.1W;   AH°   Q   .(Ge0„,pl) 

Cfi V0 »r n ^ yö *t l     ' 
-125.8*0.5^°   ;   AH°        .(GeO ) = -59.6*0.7   kcal/mole. 

z y o , r 
The values obtaibed in this work and from thereinter- 

preted literature data are summarized in table 8. 

The averane is Dnqo 

kcal/mole (6.825*0.06 eV). 

The averare is D°g8(Ge0)= 156.1*1.5 or D°(Ge0) = 157.4*1.5 

13 
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TA8LE 1. Free enerey functions 0 0 -1 -1 -(GT·H 298 >1T in cal.deP, .mole 

T°K 100 800 900 1000 1100 

02(g) 51.0'+ 51. 61+ 52.22 52.78 53.31 

Ge(s) 9.09 9.58 10.06 10.51 10.95 
(;e0 2(hex) 17.12 18.33 19.51 20.66 21.71+ 

Geo 2 <e1> 19.37 20.62 21.79 22.95 2'+.05 

GeO(s) 1'+.6 15.5 16.3 17.2 18.1 
GeO(p) 56.26 56.81 57.'+2 58.01 58.51+ 
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TABLE 2,  Heat of sublimation of the nolecule GeO fror, 

amorphous GeO 

T 

(0K) 

-lop,p(GeO) 
r0-H0 

-A [ ^ J 

(cal.decree.mole 

AH 
298 

(kcal.mole  ) 

754 

766 

775 

788 

765 

757 

7HU 

769 

778 

786 

6.4 6^0.15) 

6.17 

5.94 

5.76 

6.22 

6.43 

6.73 

6.12 

5.90 

5.79 

41.5( »0. 6) 53.6 

41.4 53.5 

41.4 53.2 

41.3 53.4 

41.4 53.5 

41.4 53.6 

41.5 53.7 

41.4 53.4 

41.4 53.2 

41.3 

avei 

53. 3 

"are 53.4 

s tatist iCal error »0.2 

tOtd 1 uncertaintv »1.0 

17 



TABLE 3. Heat of sublimation of the GeO molecule from glassy 
Geo 2 + crist~lline ~ermanium. 

T -log p -A(G;-H~ 9 f/T} 
0 

t!H298 , 
(01() (atm) - -1 (kcal.mole- ... ) (cal.degree. mole ) 

806 5.66(*0.15) 42.2(*0.5) 54.9 

817 5.57 42.2 55.3 

843 5.13 42.1 55.3 

ass 4.97 42.1 55.4 

878 4.64 42.1 55.7 

789 5.76 42.3 54.1 

768 6.54 42.3 54.5 

789 6.10 42.3 55.4 

800 5.87 42.2 55.3 

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 

845 5.20 42.2 55.7 

844 4.96 42.2 54.7 

841 5.05 42.1 54.9 

813 5.80 42.2 55.9 

769 6.92 42.3 56.9 

801 6.04 42.2 55.2 

779 6.55 4 'l 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 5.46 42.2 54.9 

785 6.47 42.3 56.4 

826 5.36 42.2 55.1 

avera'!e: ss.o 
statistical error: *0.8 
total uncertainty: *l.O 
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TABLE 4. Heat of sublimation of the GeO molecule from hexagonal 

Geo 2 + cristalline germanium. 

0 0 

T -lor. PGeO GT-H298 0 

- A( T ) 6 298 

(OK) Catm) -1 -1 -1 
(cal.de~ree. mole ) (kcal.mole ) 

825 6.20(•0.15) 42.8(•0.4) 58.7 

784 6.97 42.9 58.6 

770 7.17 42.9 58.3 

754 7.72 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 4'1.7 58~0 

811 6.44 42.8 58.6 

779 7.12 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 57.2 

937 4.06 42.6 57.3 

927 4.20 42.£ 57.3 

946 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), Ge0 2(gl) + Ge(c) 

and Ge02 (hex) + Ge(c). (Jolly and Latimer - Knudsen technique). 

NO T -logp• -logpGeO condensed -a((G2H; 98 )/T) aH; 98 
(OK) (atm) (atm) phase -1 -1) (cal.de p,ree .mole (kcal!1 mole ) 

1 770 5.89 6.30 GeO(am) 41.4 54.0 

2 788 5. 7 5 6.08 intermediate 

3 816 5.59 5.78 Ge02( gl)+Ge(c) 41.7 55.5 
4 835 4.96 5.29 intermediate 

5 758 7.17 7.23 Geo2 ( p, l) +Ge (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 5.25 Ge0 2(hex)+Ge(c) 42.7 57.3 . 
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TABLE 6a. Rein~erpre~ed pressure da~a for GeO(am) 

915 

91 7 

948 

978 

(Bues and von War~enber~ - manome~ric me~hod). 

-1op,p• - 1ogpGeO -4((G0 -H; 98 >tT) 0 6H298 
(a~m) (a~m) (ca1.degree~mo1e-1 > (kca1.mo1e-1 > 

2.63 3.67 41.1 53.0 

2.36 3.55 41.1 52.6 

1.89 3.13 40.9 52.4 

1.43 2.73 40.8 51.1 

average: S2. 3 

TABLE 6b. Rein~erpre~ed pressure da~a for Ge0 2 <hex) + Ge(c) 

(Bues and von War~enberg -manome~ric and ~ranapor~ me~hoda) • 

T me~hod -1ogp • -1ogpGeO •6((G
0
-H; 9,/T)) 0 

aH298 
(OK) (atm) (a~m) (ca1.dep,rei.mo1e-1 > (kca1•mo1e-1 > 

1027 manometric 2.63 3.02 42.4 57.7 

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 .os 3.47 42.5 57.2 

1081 1.90 2.41 42.3 57.6 

average57.7 



TABLE 7. Reinterpreted pressure data for Geo 2 
CDavydov-Knudaen technique) 

T 

1159 

1201 

1227 

1248 

1268 

1288 

1296 

1338 

1351 

-1ogp• 

(atm) 

5.62 

5. L". 3 

5.31 

5.23 

5.13 

4.98 

4.75 

4.43 

4.28 

-1ogpGe0 

Catm) 

5.66 

5.47 

5.17 

5.26 

5.17 

5.02 

4.79 

4.46 

4. 32 

-1ogp0 2 
(atm) 

6.18 

5.99 

5.69 

5.78 

5.69 

s.54 

5.31 

4.98 

4.134 

-A(CG 0·H~ 98 /T)) 
-1 -1 (ca1.degree.mo1e ) 

63.3 

63.2 

63.2 

63.1 

63.0 

63.0 

62.9 

62.8 

62.8 

0 
AH298 

(kca1.mo1e-1 > 

119.8 

122.5 

124.0 

125.2 

126.4 

127.0 

12~.6 

126.7 

126.6 
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