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Thsoretical Calculation of the 3tability of Solid end
Gasecus Speciles in the Alkali and Alkaline Earth Oxide Systems

1, IDImtroduction.

The oxides of the elements in the first two columns of
the Periodic Table were chosen as the subject of this treatment
primarily because of the apparent ionic character of the bonding
‘dhown by these elements which greatly simplifies theoretical attack,
snd secondly, since the information in the literature concerning the
stability of the gaseous species studied herein 1s very limited it is
considered that these calculations will be a practtcnl eddition to the
existing thermochemical data of gaseous oxideae

In this'dgvelopmont, ionic models are assumed for th§ solid apd
geseous states; these models are then subjected to theoretical
calculations of ntabilttj“whgch are compered with experimental values
for the stablility of the epecific model or one of the same coulombis
neture. " |

(1) for dealing with the mutual repulsive

Two empirical expres;ions
potential existant between ions were investigated, namely the Born
exprsasion

| Vo = %n- (1)
and the Born nnd Mayer exponential expression

| Vp = 1617 | | (2)

Here, b and n are constants and r is the dlstance botween the ions,
? is taken in ¥q. (2) a8 O. 345 x 10”8 if & is debermined a8 a
“funetion of the valences, ths number of valence electrona and the
ionic radii of the two ions. While the potential of the typs given
"4n Bq. (2) 1eads to a more satisfactory value of the repulsion and

has the further merit of having some theoretical foundation, it was
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-~ found that Eq. (1) was not oﬁly convenient to apply but also was of"
f:aufficient accuracy in view of the fact that in many cases the radii
ef iond_ln the solid and gesecus state were neceséarilyféatlmated.f
.'AThs latter uncertainty was indeed of such a nature to allow the coﬁ»
bination of aacdndary forcea such as those.arlsing from polarigation,
- distortion and sliéht covalency to be neglected. Actually then, this
treatment deals with the coulombic force and the apparent repulsive
force between lons the latter function being of suech nature to give  _
agreement between theoretical and experimental heats‘of formation.
Thus the expressions given by Pauling(g) for the calculation of

.interionﬁﬁiforces and crystal energy are adopted, herein, following

Born, the‘ﬁﬁtual potential energy of two ions is written as

.2 2 A
vy s 2izje” Pije (3)
ryj ryy?

and the total potential energy of an ionic erystal by incorporation

of the appropriate geometrical factor A (Madelung constant) ls ziven

. a8
v e - A28 | Be® (4)
R RN |

In Bq. (3) z1 and 8j refer to.the algebralc value of the valence of
'the'iong b is an appropriate constant and ryj the distance between

the ione, or, more appropriately, the sum of their radii. In Eq. (4)
z 1s the largest common factor of the valences of theh;onsp A is the
Madelung constant end R 18 a crystal dimension appropriate to the
.ﬁalue of A used. In this work both the anion-cation distance and the
unit cell side leﬁéth for ocubic system; has been applied. It 1s
convenient to eliminate the repulsive constant R from Eq. (4) by
allowing % = 0 at R= Ry, the equilibrlum distance. Thus, by substl-

tution in Bq. (4), one obtains fof the crystal energy
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The values for the repulsive exponent n are given by Pauling
for crystals of mixed ion type: '

Ion Type n
He 5
Ne 7
&r, cut 9
Er, Ag” 10
Xe, fu’ 12

£ e
&n average value is taken for the specific case, 1.0., 6 for IoiFo
- In order to calculate the desired heats of forma.tion use S.a

nady of the familiar Born-Haber cycle:

M(o) e w*(g) + X~(g)

AH 'j’ez-rs {6)
-8 - §D

Mo) + & Xpta) ¢— K(g) + X(g)

Here U, 18 the crystal energy given by Bq. (B), I the fonisation
potential of the metal M(g), B the elsctron affinity of X{g), & the
Rost of sublimation of the metal, D the heat of dissceiation of XTI P
. and 4K the heat of formation of crystalline MX from the slements M(c)
and %‘,xg(g)g All heats and energy terms will be gs.v‘en-in kcal/moles
Tho velues of all the energy terms in the cycle should be teken et the
same temperature. It will be noted in the following that hoats of |
formation are calculatod for 0° K and—?ﬁaoi" K as is convenient for
seke of comparison., For the values of I and B one adds 1.481 '
keal/mole per charge on the ion to the 0° K value to .o_btai.n the ‘vamd
appropriate to 298.1° K. For correction of the other values estimated
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.Acp‘valuea are applied sincq this is in general a small correction,
The values for U, are colculated for the interionic distances measured
at room temperature, thus no correction is applied. When Eq. (5)
i¢ applied to gaseous molecules it is assumed that the 1nterion;9
distances'meésuéed.speetroscOpicnlly apply to the ground state and
that they are valid for 0° K and 298.1" K calculations within the
desired accuracy.

Eq. (6) 4s so written that the sum of the energy terms around

the cycle is equal to zergs. Thus
MH=8+I1+2D-8-T, | (7)

In applying thils cycle to oxides one must choose a most probable
value for electron affinity of 0(g) for twd electrons since an
experimental value is not aveilable. In this work the value =168
kcal/mole is used throughout. A discussion of this choice is given
in a later section. The experimentaily determined values for the
terms on the right side of Eq. (7} (excepting U, and E as. explained

above) are availablee(5)9(4)9(9)

2. 8o0lid Stats.
The applicablility of the foregoing theory was first inves-

tigated with respect to the solid state alkali and alkaline earth
oxides. 1In thesg cases the heéf of formdtipn of the solids are
known(S), aﬂd Bq. (7) 4s applied to obtain the experimental Ue and
Eq. (5) gives the theoreticsl U,, wherein '

ﬂgf = 329.7 kcal/mole'

1A .
The results of these calculations are given in Table I and Table II.
~ While Uy and Uy both designate the lattice energy of the crystal the
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‘distinction by subscript is made to distinguish the one (U,) derived
from the Borm-Haber cycle by application of experimentally determined
quantities from thet (U,) calculated by use of Bq. (6).

An inspection of Tables I and II clea_.rly shows the trend in both
series of theoreticel velues which become *amller than the experi-
moi_:til with {ncreasing atomic weight. Indeed, in ‘the almuia earth
series the trend is so pronouhced that the lighter members have U,
values indicating greater stability than that found experimentally.
If the aaminpﬂon of coulomblc bonding 1s valid, | it is necessary to
discuss thie trend in terms of the validity of the repulaive function
and the neClect of secondary bonding forces. | '

It is unlikely that Van der Waals forces and those due to
polarisation will account for the 44 kcal divergence found for Edg0,
although these forces do becomelfof greater imnortance with inereesing
cation size. Bince very little 1s known concerntng the true charscter
of the repulzpive function, one is led to the conclusion that the
function and values for the repulsive eiponént glven by Pauling d4oes
not afrord g correlation much better than that given here. In Table II,
U, exceeds U, for the probable reason that the repulsive energy given
by Ba. (8) 1s actually too low since in these cases the doubly charged
ions may exort enough attractive force to cause kernel repulsion in
the smaller cetions. This, of course, would demand a Aifferent value
of n than that which is giveﬁn by Peuling, |

Thu§ » Within the uncertainty of the repulsive potential '1t- can
'be assumed that bonding in these crystalline oxides is predominately
fonic. It 48 of interest ;to note that the repulsive potential gives
an apparent fit between Ca0 and 8ro. If one applies Bq. (8) to these
compounds to obtain E for 0(g) for two electrons one obtains the
value -168 koal/mole, which is in agreement with the value given by
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Lig0

B&g@v

R0
ﬂbad

. Grystal
Lizo
Naéo

Ex0

Rbgo-

4,610
5065
6436
6674

59 .3

59,8

59,8
58.3

Table I

n
6.0
70
8.0
8.5

168
168

- 168

l¢é8

g:

693
583
622
503

. 142,.3

102 .9
8642
82.9

24
261 6

236.9

20301
196.86

696
622
560
547

.6749 ‘
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28

)

73.9
51.9
4340

41.0

UéaU@

':-gsmg



Ca0
@ro
- Ba0

sta
Be0
Ngo
Ca0

8r0

Ba0

89 .3
503

- $9.8

69.9
89.8

Fableo IX

3 ]
660 1099
740 941
840 841
805 791
066 748

=} =
168 - 147
168 163,68
168 18147
168 140.8 .
168 133

68801
£24 .8
41660
886 .9
362.1

gmd

1080
931
838
794
764

» enBen
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8000
8509
42.6
398
42 .0
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Shormano{8) For this reacon this value for the oloctren affinity of

0(g) has been used throughout this papers

3, Gasaoushﬁlkalidﬂalidese
Having established the iomic model as being satiafactory for

the 80144 atate oxides and ndting the weakness of the repulsive
function when applie& to Aivelent lons, the gasgous moleecules are
next inspected ednéaruina the validity of the ionic model. In this
ense, recourse is had $o the gaseous alkali halides simce thermo-
chemical values for the hoat of the reaction M(g) + Xlg) = Exﬁsi.
are availableo(7):(8) gse 1s ﬁa&e again of Bqg. (5) ﬁo determine the
heat of dissociation, however in this case the Madelung ¢onstant will
be unity and one must investigate the appropriate magnitude of the
repulsive energy contributiom. Table III gives the rsgults of these
calculations for 0° K in which allewance was made first for no
fopulsion and then forfrepulsion ealculated ﬁsing a value of n for
the erystalline state of the species. The values for the squilibrium
bond distence are %taken from spectroscopic data.(8) e values for
the electron affinities of the N{g) and lonisation potemntial of the
H{g) are given by Brewer, st aleggy Use is made of a modified Born= .
Haber cycle in the calculation of the heat of reaction, vhich i@
given as | ‘
Jo 3 (gl + x=tg)
&Y - =1+ B
i(g) + %(g)

HX(g?

The thoorotical and experimental agresment are'very good with no.
repulsive contribution which, vhen apnliedg lowers ‘the theoretical
"values by about 10 kcalo cgnsiderins the smaller interionic distance
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¥aCl
" HaBr
Nal

RbO1
RbBr
i}

Cell

CaBr

- CsX

e

M

)

2.81
2.64
2,83

2.79
2.94
$.18

2.89
$.06
3.26

3.06
Bedd

3.4

L

2

8.0
8.8
9.8

9.0

1008

9.8
1000
11.0

1008
11.0
12.0

124.3
118.8
1001
96 .8
89.8

i

118
110

106

108
100
o5

102
97
98

98
06
89

Tadble IXIXI

92
8sg

94
87
71

xg)

]

i04
93

7

104

98
77

104
96
79

- 8608

8045
724

=] 0o
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96

61

108
93
79

94



in the gno »olative to thé gelid otato oo night oxpest a greater
~repuloive onergy in the foaﬂar state. Hovevaep, tvwe factoro apparentiy
mask this effost. Pirot, tho iom in tho 80144 45 probably held ina
symm@ﬁiical configuration bj the aaﬁawinfinite lattice of charges
surrounding 1t such that only slight distortion occurso 1In the gasecus
di@tortian of the posatxve and negative iana may ‘occur to & groat
extent thus increasing the bonding ene?gy whichs auppleman@eﬂ by
- increased dispersion forces, apparently cancels the revulsive force.
fno oecond factor is that the actual megnitude of the repulsive force
18 1oss in the gaseous state eince repulsiocn oceurs with enly omo
neighder, while in tho sclid state 5ix nearest neighbors are 1nvolva&g
80 again the repulsivo effect is apparentl? diminished with respect to
this salculatione ‘

Hénees it appears that the ionic model 48 walid for these uni-

valent gaseous molecules and the use of Ego (5) making no allowance

. for repulsion may be made in such casese

In tho ealoulation of the hests of formation of the gasecus
alkali oxides the model doveloped above {8 used§ namely, it is
esgumed that tho two alkali atoms have unit positive charge and the
oxygen atem ic doudbly chargod of oppéoito oigne Rurthersmoro, the
moleeple is treated as a lincsr acoemblage of the threo ions. %ﬁe
latter 1s of importance in the application of Bq. (8) since the
Uadelung conatant for the mubusl coulcombie attractions end repulsions
for such a lineap ionie molscule will be %@ a8 followo:

N N LI R BT

o x_o@ 8 . &r e
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which leads to a value of the mutual potential energy between the ions

- 2 2
- w1 87 4 Be
v__a§a+
Upoh differention, allowing g%-ﬁ R = 0 and substituting the exprese.
=Ho

aion for B back into this potential equation (See Pauling's text,
page 339) one obtains

B O A Y
v, = §E2fs ,n) (e)

for the energy Bf‘éissociation into the gaseous ions in accord with
'Eqe (5)o | |

The experimental values for the interatomic distances in these
gaseous molecules are not avallablees In order to obtaln these data
a theoretical method was developed and appliede Pauli.ng(Ld gives é
more detailed discussion of the energy per molecule for a crystal of
the sodium chloride structure containing univalent cations and anions

with radii ry and r. respectively, leading to the expression

n=1
Ae? (rgp + 1) o (2rs)D=1
V= =S s GBge? _~*~;§mg- + 6°1¢26 Bge " A
| | n=l
+ 8°0g75 Boez ngglmﬂ (2)

| | NZ r)®

The first term on the right, containing the Madelung constant, is
the coulombic energy, R being the minimum cation-anion distance. The
. second term repreéents the repulsion between each cation and its six
enion neighbors, the third term the repulsion of each cation and its
nearest six cation neighbors at the distance {2 R, and the fourth
'térm'the repulsion of enion-anion neighbors at the distance Y2 Re
fhe constants 1,25 and 0075 appearing in terms three and four respec~
tively are quantum=mechsnically derived values for the weight of

cation~cation and,anion-anion interaction relative to the cation-anion
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interaction of weight unity. Bo is a characteristlic repulsive

coefficlents Eq. (9) is rewritten as

2 =1
ae2 = 6By n-l _ 1,25{2r. )"
R B | ° _ (V21"
n=1
+ Q.75 %—F%ﬁm] . _ {10}
\2 - _

which 1s analogous. to Eq. (4). Accordihglj, differentiation leads

to an equilibrium value of R ..
R, = (ry, + r.) F(P) (11)

in which F(f) is a function of the radius ratio f& r+/rﬁo The éalues

of the constants r+ and r_ are given in Pauling's text, F(fW has the

1
_ [6nBo)\ 7T { 1.25 f2fL\n"1
e - 6 L i (B

1
0,75 (2 \nd|=g
_ = (12)
(? (f’*‘l}. -

A similar expression may be derived for the fluorite structure.

form

which is that assumed by the crystalline alkalil oxides. In accord
with Eq. (9) this structure gives for the total energy per molecule

. 2 2 oo - n"l nml
v=AeE 4 gp 2 (r# * r=) 7 4 1201.25 Boee--i?r%’ .
R R {1,155 R}"
o n=1
+ 1200,75 Bye? L20=) (13)
(1.633 R)B

The terms in Eq. (;3) have the same respective significance as those
in Eq. (9). It follows then, analogously to Eqs. (11) and (12} that

the equilibrium value of R, in the crysial is given by
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= (e, # r. ) "&T A
(10155)% pa)
n-=1 ..;T
71 a= - (16
(10533)’“ (fﬂ) ] . (. )

In exactly tho came manner the following expressions may be d.e.vkolop'ed‘

 for the gaseoue mgo linear molecule

_ o2 | ne=l ‘ '
R A 2 {ze + r=) ~
Ve-g T + 2B6 ™ - 7 (15)_

7

By differentiation and equating %% to zero one obtains

Rg g(mo)ﬁ%‘r (ry +.7.) | | {16)

7

If; now, .one assumea the value of the characteristic repulsive |
-eoef‘n@ien@ Bo to de the same for the_crye,alline and gaseous state

as well as assuming constancy of the iocnic radii constants and the
'repuls.ve eiponent, the ratio of the equilibrium bond distance in the o

gaseous molecule to the known distance in the crystal may be

| Bg fa\ iy 8 + 15 ap\n~
Re \7 (1,185)8 (f+1

9 2 nal n=1 ,
* ueeas)n'(ﬁ’) : an

Having this value of Bé one may apply Bq. (8), ucing the crystal
valne of n to remein conazstent, to caleulate the heat of’ formation

written as

desiredo iIn order %o test this tneovetimi approachg the heat of
formation of CaPa(g) was caleulated and compared to the gxperimental
valuea“)”“)’w)’(” Table IV gi.vén the results of these caleculations,
in which uso 18 made again of the modified Born-Haber cyclé for éhe
reaction 2M(g) + x(g) = MpX(g) o i‘he value of 97 %eal/mole for the

: elq@troa affmey of Plg) is used to remain consistent with the heat



| ‘Gas.
SO

RN

Lig0
Nao0
K.O

_RbgO
Cag0

i

5.039

5.039
5.039
5.039
5,039

4,116

2,36

2.00

2040

2,79
2,02
3,09

840

740
8.0

865

9.5

6.0

Table IV

1.99

1.52
1.94
2,27

2,37

2,78

507

633
510

446
424
425

it

416

126
120
102
98
o1

97

=168

=168
-168

=168
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@Aﬂgga

285

213
102
74
60
75
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of dissociation of Fg(gb (4) of 64 kenl/mols, which gives for the
reaction Ca(g) + F,(g) = CaPp(gl, AHpgy = =221 kcal/mole, This is
to be compared with the thesmochemical value AHpgg = =226 kcel/moles
8ince the thoory affords a reasonable check with experiment in
the case of @aﬁé%g)a the ocalculations are extended in order that the
- 6tability of the gaseous oxides relativs to dissoclation into
gaseous atoma may be estimatedc Using aD for 0o(g) equal to &9
k@&l/h@l@ggé) and known heats of.: formation(5) of the so0lid oxides
and estimating the entropy of volitilization as 30 e e, the vapor
prossures of the oxides at 1000° K are calculateds From the free
SROTEY valneaggb for ﬁhe gaseous alkali etomic species the vapor
prossure of the metal over the oxide is calculated for 1000° K, the
appropriate spesies for gaseous oxggen beins incorporated at the
. Gerived prossurés, Theso results are givgn in Tabls Vo
'  )4 ;a eean, in aceord with scanty expermsental ovidence, thatb o
Liga(ai'vapdviaea'withaut dissociation to the gaseous metal and

‘.
Gxygene

Gageous a rm.hving;ﬂline,Ea?thHSﬁboxidesg -

The matho&s uoef in the preceding section are now applied to the
investigation of the significance of alkeline earth subozide species
in the ééxa& and gaseous statee Bince no experimental data exist

for these species, 4% io ne@e@@aﬁy to estimate the properties of the
crystelline statoe a@ceuws@ is again had to Paulinsﬁs text (pge 346)
in vhich univalent cryotal redii of ions are given. Now these radii
ara'ealﬁulated »y ﬁﬁa ﬁba-of gereoning constants such that they are

primarily appropriate to the alkali and halogen atoms when they are

in the sodium chloride erystal structures That is, they are redil fop p
the ionic state whi@h Pooulte in the rare gas structure, bubt are |

- I‘.'a -

1
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88 36
88 38
P1000(Ng0)
1.0 8 19‘“5 hmo
lo.l 10016
1.3 x 10=32
8.¢ x 10720

Volatiil-
aati‘@

5%
103
86

o s

0%

By oggﬁm'

=) fe

 GORL=883

73

%8 a

2,0 x 10°%¢ atm.

8,6 x 10°F

141 z 1078

1.2 2 1077
1.2 z 10°7



| UGRL~553
--esleulated on the asswsption that they enter into coulombie inter-
getion as a wunivalent fon. Hence the radii given for the univelent
alknline earths are smaller than those to be expa@ted in the actual
eene oinco allowance 18 not made for the remaining ls eolectron. 1If
thens radid a#a used in the csoulombic functione weed herein, the
‘w~aeﬁ&nte& ntability of the suboxide will be favorod. BHinee the

. potultn indieate a great {nstability and furthermors, since it ie
&&f@%@ult to arrive at a better figurs for these univalent radii the
raaﬁi given by Paulins are used in the following.
' Prom the probable radil ratios it ie assumed that these

. subomifos assume the fluorite atvucﬁur@e Taus ons hes assembled
‘  §hé radll, Madelung constant and repulsive exponents necessary to
@énﬁm@tvﬁna same calculations carried out in the precediag section,
fha'reamisa of these calculations are given in Table VI, The heat

of formation given in the last columm on the right is for the Peaction

zm» + ofg) = Mpo(g).

| Hoving available the exparzmautal heats of formation of the
ﬁwlaa@ax and aaaewuaggﬁ) alkaline aawunmaxaﬂaa_&bm fw@g ePPERLes ..
. for the Q@llowing reactions were calculatoed using the estimated
‘entropies chown after the reactions '

§

Hg0(s} = M(s) + H0(s) 8% o0 2981 K
Hoo(g) = u(g) + uo(g) A3 E 25 2000° K

1

In order to calculate the AF at 2000° K the expressiocn
i‘?éooo>g Moog = %009 (a8) which teeats the ACp ac sere wes used.
ke heato of formation of the species Mp0(s) from standaré clowents
guls) *;%@QQs) s Mao(s) were caleulated by application of 8. (8)
é&ﬂ {6). ﬁahla VI gives these results, It will be noted that the
| h@ﬁﬁa of favmatian in this tedle for the solids at 298.1° K are



Beg0
¥g,0
Cags0
s:»zo
- Bag0

i

5,039
5.039
5,039
5,039
5.039

1.84
2.22
2.58
2,72
2.93

6.0
7.0
8.0

805
9.5

Table VI

1,38
1,79
2.14
2,26
2.45

Uy

707
562
482
461
433

i

214

178

140
131
120

168
168
168

168
168

eiee
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101"
34
24
- 21
18



Oxide

Beg0
Mg20
Cas0
3ry0.
Bag0

Teble VII
AHpog(s) . ~AHpgg (s)
M20 MO
62 147
7 144
29 152
27 141
44 133
-aligog (g) =aHz0g(g)
MBO _ MO
101 129
34 71
28 125
21 109
15 131

. T
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=AFp9g(8)

209
151
181
168
177

~AF2000(8)

78

87
151
138
168
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fromn the standard elemento, whereas the heats given for the 5aseaua ,
oxides at 208,1° K are fog-formation from M{g) and 0(g). This is
simply & matter of convenlence in choosing standerd state.

Prom the magnitudes of the free energies resulting fra thege
caloulabions one is 1od to the conclusion that, Aospits the approzi-

mations involved, it is very unliksly thet these suboxife oposios cam -

be of any significance in either the solld or gaseous statoe

6o Gaeeouaﬂﬁ&valenslIcnicUSJeciesa'

An attemp& has been made to extend these calculations %o the

doubly eharsed anionwcation type of gaseous moleeule such as one
nmight e=pect would be the case for the gaseous alkaline earth oaadssaﬁ
The caleulations involved tho use of Bq. {5} and the modifiad
Porn-Haber cyele leading to thgﬂhaat for the reaction

Htg) + olg) = motg), | -

?he first moasl assumed was that of &oubly eharged anion and
‘cation and tnree\Valnes for the repulsive contribution to the bonding
enarsy were inveat&gated° (1) no repulsion, (2) repuloion resulting
fram tho use of o vnlue of the repulsive expoment, n, equal to that
approyriaee for the e#yahalline state, and (3) a valuo of ng for N
the gaseoua molecule derived from the use of exprensions similam
- to Bg. (9)s 1In each case the resulting heat is compared to the
thermochemical veluoo | ,

& short discussion of the method involved in daviving-tge
value of»ngg- in case (é) nay be of interest. In the case f the
alkaline sarth oxideos the bond distance in both the so114(12} ang -
,gaseous‘?)vetatea are availableé. Since Bq. (8) is derived for the .
’sodium chloride otructure vhich is that sssumed by the elkaline
-.earth oxides (a#eepting_soe)g it may bs combined with the aimi;ar B |
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equations for the gaaeous"moleeule which are .
| 42 2 (rs + r)e”l
¥V = = &=+ B.o o
& R ° R
BBo\ o -
Ry = (r, + 7.) (w&f ng™ )

Designating the equilibrium distance in the solid and gas Ry
ané R; respectively one may divide Eq, (18) by Eq. (11) which now

sontains the appropriate factor of four for the divalent charges

and solve.for ng: » ' :
@&%ﬁ Lo (s
ng \* -.-.-(R) rvg i 1+ e (?.«.1)

Qa75 2 \Re=1, ;’%;i‘
¥ WEme (fﬂ -

w&idh'should give a repulsive coefficient suitable for 1ncoﬁporation
in the calculations for these gaseous moleculese Table VIII gives
.. the #alues calculated for the alkaline. earth oxidese
% These results indicate that these empipical'forﬁulae ﬁequire
the repulsive contribution to the bond snergy to deecrease rapldly
with inereasing cation radiusge
The heats of fommation of the gaseous oxides from the gassous
elements celculated sssuming doubly charged ions with these thres
' repulsive contributions are compared with the thermochemical
values'!t) in mavie X,
The ionization potentisls of the gaseous metals were taken from
Brewer, ot algs) and the electron affinity of 0{g) ia taken as

=168 keal/mole in the calculation of these heats,
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An inspection of Table IX shows no agreement between ths
experimental and theoretical values. In view of the large thermo-
dynamic instability of 0=(g) ion the next model investigated was that
in which the bonding was coulombic in nature, reeultiné from unit
positive and negative charges on'the cation and anion respectivelys

The heats for the reaction M{g) + o(g) = Mo(g)‘calculated for
this model are Siven in Table X.

The velues for R, and n, are given in Table IX. The 1onizat$#h
potentials are given by Hsrzberg(la) and the electron affinity of ‘ .
ol{g} for one elsctron 1s given by Brewsr, et alosg)w_ !

In Teble X appsrent agreement is seen with respect to the *
order of magnitudé and trend when no allowance is made £or repufe
sion, The use of the n, values egain lead to no agreementa

At the present writ;ng the apparent agreement is regarded as
being eassentially fortultous since there 1s no theorstical basis
~for the type of bondlng assumed here. Actually, these results are
interpreted as an i{llustration of the failure of the existing formu-
lations of the repulsive energy when ions or atoms are subjected to
high compression. %hat Such_compresalon occnré in these gaifoua ;
moleculas follows from the short bond distance and the hignkattraeezve
forses existant between the doubly chargea ions, |

The fallure of the Borp expression for the fores between ions
" has been observed by Bridsmanclé) by the researches utiliz&ng high
presaureso It de 111um1natzn§ to qucte from his review:

%0ne aspect of the method of treatment rollowéd by Born is . -
‘conventional in practically sll derivations of an equation of state,
whether or not’ intended to be applicabls to high pressures and @onk
densed phaaes; namely the assumption of a 'law of force! between

atoms, & function only of the distance of separation of atomic
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semters. In vieu of tho foiluro of all attempts to reprodueo moro
than tho £irct &erivative'of volume with reopect to prosours the '
quoeotion proushts S.i:aelf oo te hou far the action Setwe'en ctomo im -
amdonoea pBA000 aa&sr voriations of tempemture and presnure can
bo ?owaaenmﬂ By 'a 1o of foreo.t In oosuming o Iaw of forcs of
tho forn, for example, =a/s‘3 + b/eR, wo are wtdcsm;y mamm&nms
ms tho dchavier of tho entire msecudlago of atoms can bo found by
pootulating that cach atca of cvory palr of atoms acts on the othor
with the foree givenm, irrespective of the presence of other atemo,
in all oriontatiocns (oriwtatian is not a factcr for em type of
ione juat comsidered, vhich by vave mechanics have spheﬁcal a;mmew-
try), eand at all distances. 'l'h;a aﬁsumption of a law of force of the
form given certainly correaponds to the facts from the point of vhow
of one very importane first apprgximatamne -For two atoms acting on
each other with a force of this éhamctl:e‘r may be brought indéf&nit'ely
close together by the action of sufficiently large forces, that i,

euch atoms are not rigid bit are sffectively deformabis, as is

. cnded by wany lines of experimental evidence. But tho auestion

' iég bew mmeh mwﬁdﬁi\\ia'the approximation reprsesented hﬁ’ cuch a lav.
Valifo s o s o o o Imbo this law of foreo vill cortainly enter tho
diotribution of ¢ho electrons within the atoms., %ho law of force may
remain good as long ao tho aaoemﬁucmn of olectrons remnins fined

or ao long 0o She electron distribution is not fixed uniquoly on the
| d4otanco », a6 Thom proasure is changed at congtant tc:apommrée me
1¢ tho oloctron Aictribution s not fixed uniqueiy by r, a p’és‘aﬂ.buiﬁy
which vo smot x@oeogniao i¢ both prescure and temperaturo are aclloved

| to vary, sthos wo nust be propared to £ind that the interastion can-

‘, ‘not Ye doooribed im tormo of constanto and r only, that io, wo puod
be yrepa?cﬂ Lo f‘m thnt thore is no 'lav of force.! Doubtlooo m -
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¢ sufficlently norrow renge the assumption of s law of force 15 a
valid approtimetion.”

Eomal fonic b«m&n@ $s nssumed to axiet bow«aen the atoms in
éhe gacecus allmli halides, alkall oxides and slkaline earth sube
oxides as well as fo’r tho 90144 state of the last spacles. The
empirtcafl- repulsive funetion suggested by Borm and the values of
the repulsive expoponb glven by Peuling are epplied 4n the celeéu~
lation of the hest of formation of the gasecus and solid oxide

 species menticneds \

In order to esteblich thny @ Mct.ian which éppe;,§§ to
:nags'es Jent the mmlaavmm&bmm %0 the bonding snergy of those
gaseous opecies; maatz-«m of the rspniaive exponent are mtrmm&
into the Vh@m'w%aal ca!)culaﬂ.en for gaseous species whose themow
chemical hoats of fovmetion are known. To eubstent&asa the aawzm
of !.ontc bending 4a ¢the mame species ’ tha lattice snorgy of the
alkali oxides end sllmline a@ﬂ; oxad@a are calmmea thoorvetioally
um&m ampl.ote 4ondo bonding and compared to the value of ths
hﬁt&ﬁe energy obdained from expemmtal data by use of the Born-
Maber opoles | -

In the casq of the lattice émemy calculatdons, the value of

=168 kosl/mode wae chosen for the electron affinity of 0(g) for two
electrons, and this value is used consistently throughout this paper.
In genersl, good agreement 45 had between the theoretical and experi-
montal reeultep however, i’b 16 to be noted that Paulingfs valunes
for the ropulsive é%pcu@% do nﬁ_t give an éxceptimuy good £it for
sither gerdes 68 there 46 a definite trend which, on the basis of
lonie b@&iug, {ndicates t}_w theory affords too much ‘:ﬁm@we energy
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for the higher molecular weight members. Furthermore, in the lighter
members of the alkaline earth series one is led to the conelusion
thet kernel repulsion is of significance due to the close contact
“induced by the doubly charged ions which is not accounted for by the
theory which sn these cases then gives values for the lattice energy
higher than that obtained expe#imentallyo Howaver, ffom these ﬁesulﬁav
it may be assumed that the bonding in these solids is predominately
ionico ' | |

It 48 found that the calculated heats of formation of the
gaseous alkali halides assuming a very large value for the repulsive
exponent, 1.6., 8 negligible repulsive energy contribution to the
ionie bonding, agree exceedingly well wlth the experimentsl value;
whereas the calculations which 1nc1ude the value of the exponent
. given for the solld statg arg ip ‘disagreement by about 10 kcal/moles
It is concluded that twbveffects are masking the actual repulsive
energy in theses systems: (1) é;sreat Aeal more distortion of the
ions probably oécﬁrs iﬁ‘the gaseocus state leading to higher attractive
potential than that of coulombic alone, and {2) the actual expected
magnitude of the;repulsive forces in the gaseous molecule will be
‘lower than that per molecule in the sclid since six neighbors about
each ion are involved in repulsion in the 80114 whereas only one is
1nvoivod in the gassous atate. This is true even though the actual
repulsion per contact 4s greater in the gaseous moleculs. Thus it
is probable that the increased attraction due to‘distortion essen-
tially equalizes the #epnlsive force, both of these being relatively
' emall. o '

In order to establish the heats 6f formation of the gaseous
alkali oxifes; it is first necessary to develop a theoretical method

‘which onables one to caleulate the bond distances in theae moleoules
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since these ﬁata are not availadle from.SpectrdscOpic data., Such a
method 48 Asveloped through application of a detailed expression
given by Pauling for the solid state of NalCl typo'lattice which
involves the couIdeic attraction and quantum-mechanically weighted
anion-anton, anion-cation, and cat;on~catioh repulsions. This |
gxpresslon 15 éhangéd in order to be gpnrbpriaté for the CaF2 strue=
ture and é simlap éipression is established for the gaseous moleculeo
Assuming the vepulsive conétante betwéen the ionms fo be the same in
both states and knowing the bond distance in the solid, the distanpaa
Por the 5aaeous molecules Qre obtaineﬁ° In the calculationiof the
neat of formation of the gaseous compounds the value of the repulsive
exponent used is that given.by Pruling. This was Aone originally to
rensin consistent with the same usage which was made in the derivas
tion of the géseoﬁé,bond distances, and is substantiatéd by a chetk  \\\

R
\\

caiculation of the heét of form%tion of gaseous CaFs which gives
=221 kcal/mole and is to be comﬁ%red with the thermochemlcal valueg
 -226 kcal/mole, | o | .
" Having caleulated the heats of formation of the gaseens alkeld ',
'ekiééa‘ﬁy“ihal method, having eveilable the heats forxthe scllids and“
estimating the entwepy of vnlab%liaa&ﬁon or the oxide to be 30 e.u.,
ﬁhe vapof presaura of ﬁh@»gs@eous oxide and that of the geseouns
‘metal 1n equilibrium with ho solid at 1000° K are cbteined, It 4o
found that tn aecord with scenty cxperimentel svidence, Li,0(a)
¥aporizes undissociated whereas the remaining members of the series
d&anociato to the metal und'omygan upon volatiligation,

~ In order to caleulate the stdbility of solid and gaseous |
alkaline earth suboxides with respect to disproportionation to‘ﬁhe ”
wotal and normel oxiaeg the lattice energy was calculated assuming

5 fluorite structure and appiying Pauling's univalent lonic radii
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and repuleive expohentsg The heat of formation of the gaseous sub-
oxides were cbtalned by the method Adescribed in the alkali oxide
calculatiaﬁso

Having avajleble the experimental heats of formation of the
s0lid and géaeous alkeline earth oxides the freaéenergies for the
following reactions were calculated using the estimated entroples

shown after the reaction:

Mz0ts) = u(s) + Mo(s) AS =0
Mo0(g) = M{g) + Ho(g) AB = 26

%

In the case of the solid state reaction at 298.1° K the free
energies for the series fall between =151 and -209 kcal/mole, and
in the gaseous stats reaction at 2000° K the free energy values fell
between =78 and =168 keal/mole. From 'this it is concluded that
despite the assumptions made in the calculations these large values
strongly indicate that thé alkaline sarth suboxides are not signi-
ficant species in either the solid or gaseous state, |

When attempting to apply these methods to the gaseous alkaline
earth oxides it is found that the simple Born expression does not
afford a good £it to the known bond energies i one aésnmaa‘bhe
cation and aniom to be doubly charged. Actually, & closer £it 46
obtained if the repulsiom 1o assumed to be negligibleo and further,
that the cation and enion are singly charged. Prom an investigation
of the results of these caleculations and the findings of Bridguan in
high pressure researches it is concluded that'i£ auch molecules
where the mutual penetration 18 high, because of the large coulﬁmbié
' force arising from doubly charged ions, the simple repulsive "law of .
 force” such as givon by Born no lahger applies. Bridgman comee to
the same concluncion 1n,aeudying,ionié compressions due to extsﬂng;}y
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applied pressursy namely, that the simple Mctlms of the distance
between the ions are a good empirical it over a short range of the
distance end fail badly when applied o oxtm;me c@awo This is the
situation which obtains in the case of the alkaliné earth oxides.
The Born expression effords a good £it in the solid state since the
equilibrium interionic dlstances do not involve extreme interpene=
tration by virtue of the semi-infinite lattice of positive and
negative chargéa about any one ion. In the 'saaeous state, however,
only the coulombic force between the cation and anioh are acting
whichjloada to & much closey apbréach of the two ions relab1VQ‘ﬁo"
that in the .80114 state as is actually shown from the spectro- .
' scopically determined bond Aistance. .
' Thus, caleulations using the methods developed herein cannot
be _ﬁade for saum molecules whose bonding is coulombic resulting
from charges on Blw fons of magnitude two or greater since the'
repulsive "law of force” which is the basis of the theory presumably
does not apply to these systems,
This work was plrformed under the ausplces of the Atomle Energy

Commission.
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