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ABSTRACT 

1 The dissociation energy of the Bolecules MgO, CeO, SrO was 

determined.    D,(HgO)-85±$5 ol((^0)-92j:$; D*(SrO)-102±5 kcsl/aole. 

The ground state was considered to be   ü    This choice is discussed, 

A review and discussion of ths  literature ralues for D#(KgO, CaOf 

SrO) is nade. 'The aolecule Sr^O was identified and its atoaiiation 

energy deUminedi  ^H*      .(Sr20)«19316 kcAl/mol*. 

This technical docuaentary report has been reviewed and is approved. 
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TABLE   1. 

Relative   lonization  Cross-Sections   (o),   Multiplier Yields   (Y)» 

and  Measured Appearance   Potentials   (AP)   of  Species of   Interest 

in  this   Study. 

Species AP(eV) APlit(eV) 

Mg 

Ca 

Sr 

0 

02 
Mo02 

M0O3 

WO 2 

WO 3 

MgO 

CaO 

SrO 

Sr20 

15.9 

U2 

61 

59 

62 

70 

73 

19 

U5 

67 

129 

1 

3 

3.3 

5.3 

0.98 _ 

0.92 - 

0.69 - 

1.02 m.o 
1.10 11.9 

0.63 9.2 

0.60 11.8 

0.39 9.8 

o.n 11.9 

l.OU - 

0.95 6.5 

0.69 6.1 

0.U5 W.8 

7.6 

6.1 

5.7 

13.6 

(U6) 

(46) 

(46) 

(46) 

12.2 

9.4 

12.0 

9.9 

11.7 

(52) 

(53) 

(53) 

(53) 

(53) 

Multiplier yields   (y)   are  normalized  relative   to       iiciy ̂
1 = 20 = 1.00 















RESULTS 

From the  reaction  enthalpies  given  in table  2a-Uc together 
f c c. \ 

with  the  dissociation  energy of  oxygen,   D  (0«)   =  117.95  kcal/mole 
and the enthalpies of   the  reactions 

Mo03(g)  - Mo02(g)   ♦  0(g) AH0=   149.6  kcal/mole(53) 

and W03(g)   - W02(g)   ^  0(g) 

the  values given  in Table  6 were calculated for the  dissociation 

energies of MgO,   CaO  and  SrO. 

8 . (53) 
AH0=   146.3  kcal/mole 

Q 

TABLE  6,   Dissociation  Energies of MgO,   CaO  and  SrO   (kcal/mole) 

I   Molecule Equilibrium De(M0) 
0 

Average 

MgO o/o2 
wo2/wo3 

85.9 

8U.0 

85.0*5 

CaO o/o2 
Mo02/Mo03 
wo2/wo3 

90.1 

93.4 

93.1 

92.2*5 

SrO o/o2 
Mo02/Mo03 
wo2/wo3 

102.5 

101.1 

102.0 

101.9*5 

The  enthalpy of atomization of  Sr^O was calculated  from 

the  equilibria  given  in Tables  5a-5c  using  D0(Sr0)=101.9, 
o        ,..   .     , .„   , (54) .   ...o     ...  «   v   . , ,   , (§3) AH"     . (Mo)=   157.1(5l4)   and  AH0   ^ (MoO,, ) = 411.1 
OSUD oat 3 

values are   summarized  in Table     7, 
kcal/mole.   The 

13 











(67) . 
o f a compound (Sro> 1 _~, Al 2o 3 1n the condensed phase. Such a 

reaction was also observed in this study when the use of an alu

mina liner was attempted. Adding the heat of formation of the 
( 6 7) . 

Sr • Al
2

o
3 

compound, -19 kcal/mole to the value obta1ned by 

e l atter authors further g ives D0 (Sr0)= 105 kcal/mole, in agree
o 

r nt with the other mass spectrometric results. It is less easy 
• 0 (68) 

o expl a1n the value D (SrO) = 81 kcal/mole calculable from 
0 

(1 2 ) • ll h . t h da ta o f the same authors us1ng the a -gas p ase react1on: 

SrO(g) • Sr(g) + l/20
2

(p), s ince this P.quilibrium should be inde

pendent of the solid-phase composition. The smaller difference s 
between the Knudsen(this work, 2l) and Lan muir( 18 • 23 - 25 ) mass 

spectrometric investi~ations mip,ht result from the difficulty 
( 2 3-25) 

of measuring accurately the temperature of the sample surfaces • 

Values of the dissociation energies of MgO, CaO and 

SrO have been recalculated a gain here from total vapour pressure 

measurements. The partial pressures of the diatomic oxides were 

obtained from the wei ght loss measurements of the authors< 11 • 17 • 22 ) 

combined with the calculated partial pressures of the metal atoms, 

0 and o2 • These partial pressures were calculated. from the the rmo

dynamic data for the co·.1tlensed oxides,t~H~ 98 f(Mp,O (s))=-1~3.8~( 69 ) 
0 (70) 6.0 , (?1) 

6H2 98 ,f(Ca0(s))=-151.79 , and t~n 298 ,f(Sr0(s))=-l~~.44 kcal/ 

mole; values of the enthalpy of sublimation of the metals and tne 

dissociation ener y of o
2 

are those listed by Stull and Sinke( 54 >l. 
Al t hou h the total vapour pressure measurements are probably quite 

accu r a te it should be e mphasized that a large experimental uncertainty 

subsists in the values obtained for t~e dissociation energ ies of 

the molecules. This i s due to the fact that partial pressures of 

the diatomic oxides are derived from differences between the mea

sured total pressures and the calculated decomposition pressures 

of metal atoms, 0 and o 2 • This method of obtaining the dissociation 

ener y is thus quite sensitive to minor ancertainties in the thermo

dynamic data for the condensed oxides (heat of formation, standard 

18 



and high temperature entropies) and for the metal (heat of subli

mation), which are used to calculate the decomposition pressure. 

It is further very sensitive to the measured temperature, which 
. . . . 07,22) . . . 

~n the Langmu~r vapor~zat~on stud~es m~ght be qu~te uncerta~n 

i~ view of the low emissivity of the oxides. 

for M 0, the transpiration measurements carried out 
(15) (16) 

with 0 2 by Altman and by Alexande r, Og den and Levy are 

within experimental error ~n a reement with the present data. From 

the description g iven by the latter authors, it may be questionned 

whether the correction applied for the contribution of aseous 

Mg ( OH ) 2 was quantitative and if their val ue is not an up pe r limit . 

The re s ults obtaine d by flame spectrophotometry which 

show a larr e dispersion amen themselves are s ystematicall y hi her 

than the results obtained here. In this me t ho d a solution of a 

s al t of the element studied is sprayed in known concentration into 

a f l ame , whose temperature is usually measure o by the sodium line

r e ver s al me tho d . The intensity of a characteristic line of the 

element is measured and the concentration calculated t herefrom 

throu h use of t he f factor for that particular line. I t is next 

assumed that the decrease in co ncentration of the elemen t is solely 

d ue t o t he forma tion o f the aseous diatomic oxide . Uncertainties 

can t h u s r esult from temperature measurements as well as tem perature 

gra dien t s in the outer layers of the flame causin r- self-reversal 

o f the character~ stic line measured. Errors in the temperature 

would al so cause the us e of incorrect values of certain equilibria 

(mainl y the 0 - 0 2 tq uilibrium). Another source of uncertainty is 

in the f factors , t he absolute values of which are known to be 
. - . (7 2 ) 0 • • 

qu1te uncerta~n • At 3000 K an overest~mat~on by a factor of 

3 of t he f value would lead to an error of +13 kca l/mole in the 

dissociation energy , since the concentrations of the metal atoms 

a nd of t he oxide molecules would be respectively under and over

estimated each by a factor of 3. The experimental uncertainties 



. . b L . Q H ld {? 3 ) h of th~s method have been d~scussed y agerqv~st an~ u t w o 

conclude that they may be of the order of 8-12 kcal/mole. 

The major cause of discrepancy is probably the fact 

that other species than the oxides are responsible for the disap

pearance of the free alcaline earth metal atoms. This was pointed 

out by Huldt and Lap,erqvist(g) who drew attention to the fact that 

the dissociation energies obtained are therefore upper limits. In 

the flame work studies themselves and in other spectroscopic inve s -
. (74-83) tigations, hydrox~des have been shown to be present • On the 

basis of stabilities estimated by analogy with those of the corres-
. 1" . d f . { 4 ) . h b pond~n ha ~des, der~ve rom spectroscop~c data , ~t as een 

thought that their concentration would not be sufficiently large 

to explain the discrepancy in the dissociation energy of the oxid~s. 

For CaF, thermochemical values for the dissociation energy have ho

wever been determined recently( 84 >, which are about 50 kcal/mole 

higher than the spectroscopic values. The question of the importance 

of th•! gaseous hydroxides in flames must thus be considered as still 

open. A reason for believing that they may be the main cause for 

the discrepancies in the flame work is that in a measurement of 
(26) D(SrO) based on the same principle but carried out in a carbon arc 

where the nature of the "strontium carying molecule" should be more 

unequivocally E!Stablished, a value much closer to the mass spectro

metric ones was obtained. The fact that the emission spectra of the 

h ..1- . d . h . (74,75,80,81) f 
y~·ox~ es occur ~n t e same reg~on as those o the 

oxid~s probably also explains(?) why measurements in flames(SG) 

gave quite high excitation energies of the x1 t states of CaO and SrO. 

The presence in the flames of other molecules such as 
(75~80 81) . Sr2o and Sr2o2 has also been suggested ' • The present ~den-

tification of the Sr2o molecule and previously that of Ba 2o< 8S) 

supports this suggestion. The data for Sr2o show however that under 

the conditions prevailing in the flames its concentration would be 

0 



negligible compared to that of SrO. The same can b e said for the 

Sr
2
o2 molecule , since in the present experiments its partial 

-3 . pressure was less than 10 t~mes that of SrO. In the flame s the 

pressures, calculated in the ori ginal publications for Sr O, which 

are apparently much too hi gh as discussed above are of the same 

order of magnitude as in the present experiments but at h i p,her 

temperatures. The equilibrium Sr 2o2 <g > + 2Sr0 ( p, ) wo uld thus b e d i s 

placed further in favour of SrO. The s e conclusion s are in a ~re ement 

. f 1 1 ( SG ) 1 1 .. w4th those o Hu dt and Kna 1 , that mo ecu es conta~n~n g two 

Sr or Ca atoms cannot in t h e f lames represent more than 6~ of tho s e 

containing only one. 

In the remainin g part of the discussion, which is extende d 

to BeO and BaO the spectroscopic data and the ionic models are con

sidered. 

The spectroscopic values of the dissociation energy of 

the five alcaline earth oxides are based on long Birge Sponer extra

polations for the x1 r states (and the A1 n state of Mg O). These are 

usually correlated with the lowest excited confi guration of the 

atoms for which the Wi gner-Witmer rules allow a 1 r state. These 
1 1 3 3 M( S

0
) + 0( o

2
> ( M:Mg,Be), M( P)+O( P) (M:Ca,Sr) 

After substracting the corresponding excitation 

atomic states ar~ 
3 3 and Ba( 0)+0( P). 

energie s f rom t he convergence limit obtained from the Birpe Sponer 

extrapolation, one obtains dissociation energies which are small 

compared with the thermochemical values, except for Ba O. In spite 

of the excellent a greement for BaO one questions, because of the 

hi gh dipole moments of BaO(S?) and SrO(Sg) whether the Birge Sponer 

extrapolation does not lead for the alcaline earth oxides as for 

other ionic molecules( 4 ) to values which are out of the line with 

the true ones. 

On the other hand it may be noted that the trend in the 

force constants for the x1 r states of the five alcaline earth oxides 

is qualitatively similar to that in the dissociation energies, 

Table II. (The dissociation energy considered here is that of the 

1 



1 r dissociating to the atoms in their ground states). 

TABLE 11. Comparison of the Dissociatio . Energies and 

Force Constants of the ~r States. 

Molecule I 

BeO 

MgO 

CaO 

SrO 

BaO 

Force constant 
-5 dynes/ cmxlO ' 

7. 52 

3.46 

3.61 

3.40 

3.79 

r 
-8 10 em 

1. 33 

l. 7 5 

l. 82 

l. 92 

l. 94 

Dissociation Energya 
kcal/mole 

TCb BSc 

149 133 

131 84 

13 5 80 

14 3 77 

156 l 56 

a Dissociation energy to the excited states of the atoms. 

b Thermochemical value 

c Linear Birge Sponer extrapolation. 

Both trends are different from the usual monotonic decrease 

within a given column of the periodic table. If the assumption is 

made that for the molecules under consideration there is some compen

sation between the decrease in force constant, normally associated 

with the increase in atomic number or interato ic distance, and the 

measured increase in dissociation energy in going from MgO to the 

heavier members of the family, it seemb that the unusual trend can 

be qualitatively justified. 

If so, the similarity in trend for force constants and 

dissociation energies is not in contradiction with the 1 r states 

being the ground states of all these molecules, contrary to a sup,p,es-
. . h . ( 60) 1 . 3 .. 

t~on ~n t e l~terature • The cerro ary ~s that the expecte1 ~ 
3 

and n states formed from the atoms in their p,round states have hip,h 

excitation ener ies or dissociation energies low compared to the values 

measured here for the 1 r state. If the states observed throuP.h the 
· ' 

perturbations in the A1 r states of CaO, SrO and BaO, located at 



11550, 10870 and 17477 cm-l respectively, which were tentatively 
3 3 considered to be components of r and r states, are indeed the 

3 3 
t and n states formed from the atoms in their ground states, 

the dissociation ~nergie~ of these 3r and 3n states are (see fig.l) 

> 61•5, 72*5 and 80*5 kcal/mole for CaO, SrO and BaO respectively. 

In BeO several perturb tions have been observed( 87 • 88 >. Most of 

h "b . . 1 1 t ese are attr~ uted to ~nteract~ons between the known X r, An 

and B1 t states. Unexplained perturbations possibly due to yet 

unobserved states are located in the regions of 30-45( 87 ) and 
(88) 1 . 

80-95 kcal above the r ground state. In MgO, the only reported 
. ( 3 6) 

perturbat~ons lie above the dissociation energy obtained in 

this work. 

One is inclined to relate the rather low values of the 

dissociation energy of the 3r, 3 n states with the fact that the 

alcaline earth metals in their 1 s states have cl0sed s 2 subshells 

and are thus pseudo rare gases. It may for instance be mentioned 

in this respect that the dissociation energy of the homonuclear 

diatomic molecules Be 2 , Mg 2 , Ca 2 , Sr2 and Ba 2 , as well as ~hose 
(89) of the analo go us Zn 2 , Cd 2 and Hg 2 molecules are very low 

The dissociation energy of the gaseous ZnO, CdO and Hp,O molecules, 

also formed from l·H 1 S)+0( 3 P> normal states have not been deter

mined yet bu t seem to be rather low< 4 >. Here the excitation energy 
j 

to the P s tates and th~ ionization potential of the metal are 

hi gh compared to those of the alcaline earths, so that one can sug

gest that the separation between states for~ed from the ions and 

from excited states of the atoms is too large for t ese to interact 
1 and thereby to make the r state sufficiently stable for it to 

become the p, round state. This would explain why the ZnO, CdO and 

HpO molecules have not been observed. In reverse the upper limits 

of the dissociaticn energy of these molecules, supposed to a pply 
. 3 3 . . 

to the~r r, n states would p~ve eome ~ndependant measure of the 

b "l" f 3 3 . . . sta ~ ~ty o the r, n states ~n the alcal~ne earth ox~des. 





may be due to the difficulty of estimating the repulsive components 

in the force fields between the ions. 

As mentioned before the molecule Sr?0 has probably 

been observed indirectly in flames, whe^e the intensity of some 

bands varies as tne square of the Sr concentration    . The ratio 

of the atomization energy of this molecule and of the dissociation 

enerpy of SrO is similar to the same ratio for Bao0: D  ^(Sro0)/ 2    oat   2 
D0(SrO)= 1.90*0.15; D0 „(Bao0)/D

0(BaO )= 1.72*0.20. It is surprising o oat   2    o r    f 
that where the ionic model gives quite close agreement fo.- the 

monoxides, it seems to fail completely for the suboxides for which 

it ^ives atomization energies of 21 and 15 kcal/mole for Sr^O and 

Ba?0 respectively, compared to the experimental values 193*6 and 

223*17 kcal/mole(8S). 
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