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T:J.e Sts.bili.ty ci' J-aaecns Sn0~ ZnO:; CdO;, Ct<.Op 
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.. 1 - , Y-1 t") ~" • ,-_: ·:'.l .-; I 2) 
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~ \ ' f) 11... \ 0 ' ""'---'-"'- iJ.o.. \ 0 ' !! 

s~~~ ~t~d1es 9 the atabil~ty of the g~seous diato~ic oxide h9S been 

·.:..~.l:..L<::l'~ej oE tl1e bcJ.s:is of this assu:nptiono A rather simple metho6. 

..J.S(; c·i" the hes.t of forma.ti.o!1 of solld oxide 9 whlc.r~ ·.rvhe:r. ;.;ombined 

vL6 t:: ~.qJ.culate the V8.po::·-press~:..re o.f t:-J.e nc:~talli.c g:.>s 1.::. equiLLbrhun 

tt~ j~ss0ciation 0f th6 oxide ~pen vapcrizatio~ .l.s stlC'tt'j~~;. ·t.c' c·· ... ,·:;~; o 
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T_i CH.L- ~'il. 

extrapclati~~ ctserJed vibrationa, levels to the trua dissr~~at1c~ 

sever~L possi~le spectroscopic values is correc~o 

Ir~ the following discussion, the mothods of cal:;ulat.ior. applied 

to each diatc;mic oxide are presenten.. The sot:!.rces of thermo:lyn.a.rrd .. ·~ 
,. 

data used 1-n these calculations are as follows: heats of form&tion 

of S·Jl~d oxides., Brc:wer,( 2 ) .~ National Bureau of Standar'ds( 6 ) ~ thermo-

dyn&.mic prcpert,;ies of the 
f7) 

elements, Brewer\ ; entropies of in~rganic 

t::O!t.po·c.;.:r:c!s and elements at '"''9S l(JK K ~1 (8)o S S '~ c,. c o v 91_ . ey · :~ T - 296 &n r.t 

and. he& t capac:l..ty values for inorganic compounds and elements J) 

• -· .to\ .. · 1 "t'O~ Keiley'wJ; dissociation energies of diatomic oxides, GaydcL~~ ' and 
'1"• \ :S:er·zberg \ .1..: • 

Tt.i.E1Y:mod·v"Tlarnl.c Tr•ea tm en to 
.....,..~ ·1!6.. ... 

A. SnO., The re::ent invest5.gation of the stabilit'Y and volabi.llty 

(12' of tin oxides carried out by Vesselovsky 3 esaentlal:y es~hDlishea 

the fact that SnO l.s a stable gassous species.. The vols.tilit~r c>f a 

mixture of' Sn02 (s} + Sn(l) was studied in vacuum at temperatur-·es 

where neither S.nO.-.. (s} nc·r Sn(l) have an appreciable volat:l:ty 
~ . 

(721-·893'-'C) o The thirteen 'lapo:r=pressure measur,ements were c.ombi.r..ed 

with high temperature heat content and entrcpy data tc yie.1d the 

• '* hea. t cf formation of SnO( g)~ 

Sn ( s) + SnC2 { s) = SnO (g) 9 Lill
298 

:::: 136 o9 + 0., 7 k8a.:../mole" 

The heat c•f dlssocl.aticn of the SnO mclecu1e was calcl~lat~ct by use 

of the fc::.l c:w ing thermochemi.cal c'la ta ~ 
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s ( \ + O~(g) = Sno
2

(s) r..,sJ 
<::: Lill298 = -138o8 kcal/mole 

2Sn {g) = 2Sn(s) Lili298 = -140'o0 kcal/mole 

20(g) ::::: ti i -~) 
·~2 \6 t.ili298 = -118o6 kca'I/moJ..e 

Sn(g) + O(g} = SnO(g) Lili298 = -130o2 kcal/mole 

~Cp = ~lo4 cal/mole/dego 

Lilio = -131 o6 kca1/mo1e 

D
0

(SnO) = l3lo6 kcal/rnole 

- 5u'70 6o7o/mole 

(11) It is of interest that Herzberg obtains the value 5"o7 e.vo 

by a long linear extrapolation of lower vibrational levels ~d that 

GaydcL(:o) reduces this value to 3o2 eovo by empirical methods to 

corr·ect f'or non=lineari ty of the vibrational levels. It appears 

that an uncorrected 1 inear extrapolation of the vibra ti.ona:i levels 

gives the c6rrect dissociation limit. 

Eo ZnO o Although the experimental te'chniques employed by 
.. {13) . 

Fe1se:c L"l tne .:1eterminaticn of the volatility of ZnO &re not 

C(:>r.ti118nsurate with high. accuracyp the values so obtained are the only 

ones available& The volatility was measured by the rate of weight 

loss f'rom an open sample heated in a static -atmosphereo The ·vapor-

pressure of metallic zinc was calculated from the heat of formation 

• • c,f' ZnO aDd the heat of sublimation of Zn at the temperatures Nhich 

Fe is e!~ reo ported., 'I'he calculated Zn partial pressur-es over ZnO are 

a factcr of 2-3 greater than the ZnO pressures reported by Peiser 

and therefore the entire volatility can be accounted for by dj.sso-

ciation of the zinc oxideo 
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Taking P8iser· 1 s values as upper limits to the vapor=·pr•essu:r'F.- cf' 

ZnO(g) the calculated value for the heat cf ~issociation of ZnO(g) 

~ t"' t 1· "u c::: 0 '"' · 1/ 1 :..0 ·ue gaseOUS a OmS S &10 - aG kca IDO~e o 

Co CdOo 
c-: 4) Uyeno ~ has reported the results of measurements of 

the vapor-·pressure c;f CdO which were made by the effusicn methode 

Sir1ce his experimental te-:hn1q1.J.8S were of an accura t;e natu:r•e and he 

gh.res a. c.:.omprehensive report cf the data taken.9 a more e.xtens1.ve 

trerit:ment cf his results has oeen made .. 

In Table I 0olumn 2 the vapor-pressures of CdO(g) repcrted by 

Uyeno ar·e giveno Column 3 gives the vapor-pressures of Cd(g) &.s 

ca:L:.ula.ted fr·cm thermochemical datao The calculated values fc.r p:Cd 

ar·e J.n ··.rer'Y good agreement with those for Pcdo ar..d shown conclusiyely 

that CdO vaporizes by the reaotio~ CdO(s) = Cd(g) + ~ o 2 (g}o 

From tr1e weight loss of the effusion cell per urlit tjme which 

Uyeno reports» the s tanda.rd heat of formation 0f CdO may be c.al,;ula ted o 

In or·der to do this it is necessary to have some knew: edge c·f' the 

ratio of escaping 02 (g) molecules to Cd( g) a toms in order· tc apply 

the reported weight losses tc such a calculation.. During the vapor~ 

pressure measurement the composition of the solid nec:essari::i.y falls 

within the CdO solid solution range because at the Cd - CdO edge the 
~ .. ...-_,f. 

vapcr•~pr·essure of Cd is about 0.,9 atm~ and P
02 

::: 3oO x lC. - atmo and 

t -9 ' ~ ~ . 0 a.· the. CdO - 0 edge 11 Pcd ::.":: r! .,3 x 10 atm and P
02 

':.~ ..L a\.·:n at ..!..000 K., 

If the so1i.d solution r&.nge were sufficiently r~arrow an equ::l :.br i~m 

vapor~"pr--essure measur·ement such as the satur-ation of' an l.nert gas 

str·eam would be done under conditions wherein the ccmpositlcn t:·f the 

sol.i.d CdO would have the same atom rati.o as the gas phase~ namely 

Cd .lo 
" ;; .~ 0 ,.., ;;; In an effus:i.on measurement the situation is slightly 
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Table I 

T°K Pcdo (atm) Pcd (atm) =AH298 ____ ....::, .. ! 

10-6 10~6 
. 

1003 lo27 X lo45 X 66o03 :.... 

~--o-:.3 l. 61:) X 
-! .... -6 
-·U 2oOO X lo-6 66o08 

1023 lo27 X 
~ -6 .LO 2o46 X 10-6 65.,90 

1033 3oOO X 1o=6 3el7 X 10-6 65o89 

:o43 4ol6 X lo-6 4o27 X lo-6 
65o80 

:LC53 5o30 X lo-6 5o76 X lo-6 65o95 

·' 

. -
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atom;; ani(),-, mc:1e:·:.:les must efL .. ap~ ·~:rt t"rt;:.. rat1c. CG.~;~.O,.,o 
G ::. ,::., ..... 

rate GSJ~~J)tS .. 'P 1" -l '"f .;. "•T- ('>'I-,·.:..~ 
"" ~..L ..... 1\; .. (.) •· 'l .. _ • cf 

G..;~·_;.j C>:.(g-) c-:1:~ t:r:..is sa.rne rat~.i=Jo Tt:tr: 0fi"tect r~~?tS l.Jee~ ta·h.~~·?: .... 1!: .. : 
. ... 

,..., a y .... ~ .:'!], "--"" 'l,.. ., ''1 -· 't ~ r ~ - - ""'J'·I- 1~.,.... c. ,.:t '~T~ t '"j_ -~ ''J' o.l' I •. ~..: ·t ~ _..,_ I ... ,....,-- c. .... ,.- -. -. )-r ul· ..;.1;:;_,:;,.!." L~f.;.. 1 ~ ·v 3.u. ·:.;vi;·;__.•, .u.vll v~- .. ~!. '·.J .!..cd .. .£.,0 "· t::-V c· ... l\;l':=.~: 
.;. ;. 

~ t.~ e s a!·n .C: 
> 

l 
I • 

•.:.f:t ;mc:leo 

upper 1 lml t t: c- P,..a~'' at the 
V\ \... 

. .. to ga.s·.;ous atom;;: 'ls 4H ~ se kci.:i}._/mc'ie n ... 

( "·6'· a:nd Kra.u er· Q • • ·' 
.. 
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by Kelley(l?) tJ and therefore it is assumed that the values given for 

Cy.O nT'e reasonably accurate. The values given by Mack, et al, for 

the v&.por--pressures of CuO(g) between 873° and 1223°K are a factor 

of 106 - 108 higher than the v~por-pressure of Cu(g) in equilibrium 

with CuO(s) as calculated from the heat of formation of CuO(s). 

Since these experiments were conducted in 1 atm o2 , it must be 

~on0luded that the principle gaseous species is CuO(g) o 

Sj_nce this stability is out of line with that of FeO(g) and 
"'' 

NlO(g) it is possible that polymerization to cu2o2(g:) is contributing 

tel the observed stability. Effusion measurements of the vapor-

pressure of CuO would help determine if this v1ere the case. 

From the vapor-pressures given by Mack, et al, one calculates 

ths heat of dissociation of CuO(g) to gaseous atoms to be 

A..T{,.., ~ 113 kcal/mole o 
\.,<' 

Eo PbO. Feiser(13) also reports measurements of the volatility 

of PbO by the same method used to determine the vapor~pressure of 

ZnO described above$ The values given for temperatures between 1023° 

~ld 1323°K are at least a factor of 102 higher than those which one 

calculates for the vapor-pressure of Pb(g) in equilibrium with 

PbO(s) at those temperatureso Thus one is led to conclude that 

PbO(g) is a stable gaseous species under these conditions o Fr•om 

. • the vapor-pressures given by Feiser one calculates the heat cf 

dissoeiation of PbO(g) to gaseous atoms to be &1
0 

:::.: 98 kcal/J;tlOleo 

Herzberg(ll) gives for this value, D
0
;(P'bO) ·= 99 k,cal/mole from a 

linear:, Birge-Sponer extrapolation and Gaydon(lo) gives D0 (PbO) ::: 76 

kcal/mole by correction of the extrapolated value for non~linearity 
~ 

by empirical methods. As in the case of SnO-' it appears that the 

:l.inear extrapolation gives the better agreement with the .chemical value. 
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phase present iuring vclat!1i-

one calculates D
0

(SiC) = .160 kc.a.l/mole o 

cf 

7 .. 8 e .·:r. ( :;:::.r:t(;C~":;int:; fer- sl i.c:;ht pos i.tive cur·vature} ass·DJning un~xcited 
" 

a tom. L: pr';:.:t·J.~~- 't;s a Lin6al"' extra po1a tio.n of the 11i' stu. t 3 C·f' S.1 (} yields 

for the ground ~ 
'T 

S ... " t ~ .:; f .j..h •.. .J,'fJ' s t; "' +: :: b.-. .., '"' s uc. •::/ "'" L• t.;;: II ~v.. ::;' - -...:;; to 

w1excited atoms as Gayden suggestsQ However D0 (SiO) may ass1we lower 

;;,r&::L.: ... -:s d' ;::!:";.;-, 1J( st:a.te gGes to excited atoms o Gaydor: ch.::-se 8 ::: l e oV o 

si-:tr:l.pc·lated va.l~:t~.~ and in the states of Si and 0 atoms as well as 

the unc8r~e1nty in the chemical values. n definitive value for the 

the availabl~ ~atao 

Gs.ld i=-<.nd Kc.r~h..'1.e\· state that the constancy of the measur6d vapor-

preesure Jur'ing experi~ncnts :i.n v.rhich 25% of the solid mlxt., .. u.'s. 

'ilapc.r·i..?.sd was eviosn-~e that tne solid was the singJ.e pl:.ase SiO and 

t e used 'i.n su.pp0rt: ~::-f the direct s ubl irrw.t:i en the·y propo~'•') s inc~e it 

is ac:t!~ .. s.:.ly the twc phe.Be syst,:nn and not the aingle pha.se 

wh!_t:}:.:. ::s Jl~+;~rient ctu.rtng such an experiment o 

... - ,., . 0 ...;; .,.,., 1 . . • (} 9 ' b 0 th t 'h ' ~ of .r 1 .ti.. ·.L:. " .rr-om. ~.rl.r· l.C.t1' s' · ' o servat::!..·on a a~.J.JUt: J..;b c:-1' a 3amp e 

~;:;nb:il.ning VEssel c·ne c.an calcu.late an e.pprvxime.te vapor-pre"ssur•e of 
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That the ac tuaJ. Dartia.""_ p:::: :.>s :-:n::rs 

at~. d. 

1.- ..r;;7 ·;;;,C"• 1 - 1~10~1- ·""' o-~ ~re-•·l· ~~ n .. ........ ""·t'"• ·~ ·-!' cJ..., JJ. respectively by Herzberg ~y a 

" tte rhtrd t~e pre~(~i~~t8 gas3G~g 
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' O:x::ide; 

SnO 

ZnO 

CdO 

CuG 

. PbO-

GeO 

StO_ 

TiO 

!>,' 

Temp 
&Pge, ~K 

994 "'li.66 

1673 .-;., 174S 

~ 

.... .;.. . 

1003 = 1053 

873 ~. 1223 

10~3 = '132J 

1000 

117.3 = 14.28 

. 18'13 

. 

.. 

Gaseot1s 
§pecie~ 

SnC 

Zn, ~-

Cd.9 o2 

CuO 

PbO 

. GeO 

·. -SiO, 

Ti~ 02 

.. 

,;: ... ,.. .. · 

Table II-' -_-

' D
0 

· (kcal/m·ole) . 

1"'.)'"' _.~,<. 

.92 

~88.' 

113' 

98 

==-

· 160.9 i?o ___ _ 

~ 184'· 

.:~ •·. 

1:31 

~ 

-
~ , .. ~ ' 

99 

159 . .; ~ , 
·.: 170 

159 

J' 

. 74 ± 23 

-
104 ± 35 

76·"! 9 

1'"'7 ± 2~ .<... ,j 

"~8/ ± 2~. ....... ·'t _..., 

127 ± 23 

.. 

--1--~ 

._, 

a 
ES 
u 

\h . 
-.J ..... 

g 
1-' 
CN 
I 



.r ·.. ~ . 
. ~ ~. .... 

. '. 

i. ! 

. I 

... -
,_. - - .... 

' ~ ... 

'-~-

'' 

1 tm:i.t to or ths v~lue f0r ths heat 

c~f-'d:isscclat1,o.n. -as deterrnined by chemlcal mea.r:.s,? the sixtr.:; the 

ve.lue.3 g:i.7f.:.n t·y· Herz"b6rgD:U {LB) and Ga:ydo.r/lO) (LBC·!. t:-~ vir.:.1.o't:. t.:t::.c 

levels and the .l.a.t~er ccr'rected the linear extrapola~,:ion by emptr-:-, 

··,.., .. .-'"-,·· F"•r''f!.on·+: t'.b_ .. ,~:; .. ~ .J...1 "'""'J."ge ·,;volr:er•t"'l.•nt;-.J" if'! ir'n" or•e'~1._. i•.-, ,..,, t,~ ,f,.."i::."'l .:;.·~ .. J.,.--.f -.:. 1,.: q.. 'LO o.. a. .....- ........-.. ..!..< _. C. u ._. J, .t.v - J . ...,. ,.,.~ 

( ' . t-_ 

e;']:)e:.~;:~l~r3"';~..;r,~ .. -:... "=ls.l.ues· for D ~nr two I"easonsg - ·- ..... . ~ ""' () ...... ( 1) when <."nly ~. · fev-i 

are available for extr·apolat~ c.~i (.·, th~ 

l :l..:near .. lty, c.f' t;be 

( 2) in many cas e 9 . 

tc e.3ta.bLL6h the grotmd state dissociati.on ener·gyo 

as the ground state,and applisd a 

l~nc.a-r· extrapolation to the se-ven available levels o On the <)t:l.1e!' 

,_ ,... '1 / .. , , ' -~ 'h b"' 'j_" .•• .::..,.o . "' + .. J:{Co. ... ;mt,_,_e wn .... c. ...... ow~-~ eu. "'"'' 

by· emp'i.r-.icl'l.l ra~::tt.c·-d.s., 

::Ls t.h.G propel' :'l.nterpr·etat:iono Vago 

the haat of' dlssoci.a ti CY.!. of' PbO whtc.h is in agr~ement: w1. th : .. b.e va3..tte 

for th\.3 . x1c'~e::t of' the four•tb. g.:::'oup elements th.e l inss.r ex-r,re.poJa ti0!1 
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a.ppears tc~. be (. cznrect rather than applying an empirical . cor•r"ecti ve 
I 

fa~t ~~.::· to the extrapolation as Ga:ydon does.. This is shown t~articu.-

la.cly tY:;; ·t~le .~hemi::..al D0 7ah~.es r:or' SnO and PbOp and less conclusively 

by SiOo vVn'ilt2: not: !'ii.s~ussed in ~his paper 9 it i.s of ~nterest to n•)t;e 

that the D0 f'or .. CO c)bta:ined by. a 1 in ear extrapolati.on ~s in good 

agr•eement VJ1 th therrnocb.emical Va]~U6S Obtained from· a r'6C6l').t: deter-· 
. ' . l ..... ,--; .... 

mir .. aticr.;. ,, ~:.-'-. 1 of the heat c:f sublimation o:f gr•aph1.te., 
~ . . . . . 

This work was performed under the auspices. o! the Atortl.ic Energy Cbmmissiono 
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