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ABSTRACT

Thermodynamic equations characterizing the chemical stability
of heteronuclear diatomic molecules AB are presented. These
equations permit one to predict the conditions in which yet unknown
molecules can be observed. The chemical stability of the transi-
tion element chalcogenides is discussed.

A similarity in trend of the heat of vaporization of transition
elements, the lattice energy and the dissociation energy of their
chalcogenides is pointed out. AB molecules can be classified in
groups for which the value of the ratio

o= AH~[at.AB'0nJ /1* (AR)
is characteristic. This parameter is important for predicting the

chemical stability and available values are reviewed.
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INTRODUCTION

The object of the present vaper is to extend to
netercnuclear diatomic molecules, symbolized by AB, con-
siderations previously given for homonuclear diatomic mole-
cules Mz(l). In addition to the usual concept of the stabi-
lity of a given diatomic molecule, i.e.,its dissociation

energy, which is a measure of the bond strength of this mole-

cule and which was called the "physical Stability", a "che-

mical stability" was defined which is related to the DOS=

sibility of observing this molecule. For homonuclear dia-
tomic molecules, the chenmical stability was defined as a
free energy change which gives a measure of the relative
concentration of diatomic to monocatomic species in thermo-
dynamic equilibrium with the solid or liquid phase. This che-
mical stability was shown to depend on the parameter
a = AHg[vap.MJ/Dg(Mz), which was correlated with the electro-
nic structure of the ground state of the free atom and the
atomic number; AHg(vap.MJ is the heat of vaporization of the
monoatomic species and Dg(Mz) the dissociation energy of the
diatomic molecule. Further, for the transition elements a
correlation was given between AHz[vap.Mj and the excitation
energy of the free atom to well defined low lying electronic
states(l’z).

In this paper, the chemical stability of AB mole-

cules will be defined and again special focus will be put
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on certain molecules of the transition elements. It has been

(3) that the bonding energies of

pointed out by Krikorian
solid carbides, silicides, nitrides and oxides of the tran-
sition elements follow a trend similar to that of the heats

of vaporization of the elements, It is shown here that this is
also the case for gaseous monoxides of the transition ele-
ments. Finally a parameter a = aH®(at.AB}/D°(AB) similar

to the one defined previously for homonuclear diatomic mole-
cules appears to be important for the classification of the
chemical stability of AB molecules; aH®(at.AB) is the energy
required to transform one half molecule gram of solid AB

compound into atoms and D% (AB) the dissociation energy of

the gaseous AB molecule. The available o values are reviewed.

THE CHEMICAL STABILITY OF AB MOLECULES.

In the case of homonuclear diatomic molecules, the
highest concentration of M, molecules relative to M atoms
is obtained in the saturated vapor. It was therefore pro-
posed to define the "chemical stability" of M, molecules
as the free energy change AG; corresponding to the equi-

librium

Mo+ (M) 3N,

o_ _ 4] e}
AGT--RTlnp(M)/p(M2)-DE(MZ)—AHO(vap.M)—TA{—G%-HO/T)}

{(M)+H-1,}

=AH® (vap.M}{(1-a)/a}-Ta{~(G2-H/T))
° T oo T (M) +M=My 1}



Square bracketts (] denote the condensed phase, symbols with-
out bracketts are used fdr gaseous species. In a similar manner
it is now proposed that the chemical stability of a hetero-
nuclear diatomic molecule be defined as some measure of the
concentration of AB molecules above condensed (AB) relative
to the most abundant of the other gaseous specles, Therefore
its definition will depend on the vaporization process of
(AB). In addition to the process leading to AB molecules

(AB) < AB (0)

four other processes will be considered

(AB) T A4 + B (1)
(AB) < (A) + B (2)
(AB) ¥ A + 1/2 B, (3)
(AB) ¥ (A) + 1/2 B, (4)

Besides these four processes a comprehensive list should
comprise numerous other modes of vaporization such as the
formation of stodchiometric or non-stoichiometric solid com=-
pounds AxBy’ solutions or alloys; solids andliquids should
be distinguished; higher polymeric species than B, and AB
as well as gaseous molecules AxBy should also be considered.
The detailed discussion of these cases will not be given as
the relevant equations may be found easily using the same
principles as applied here.

For the simplest decomposition process (process(l)),

the chemical stability of AB is obtained by combining reactions
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(0) and (1) yielding the evaporation equilibrium

-+

AB « 1/2(AB} + 1/2 A + 1/2 B

for which the free energy change given in Table I is related

to the relative abundance of AB molecules and is taken as

its chemical stability. A similar treatment of processes

(2), (3) and (4) lead to the evaporation equilibria and
chemical stabilities given in Table I. As the change in
free energy function —{(G;-Hg)/T} in all the evaporation
equilibria is not very considerable, the chemical stability
is mainly determined by the enthalpy change (except at very
high temperature). Further, Table I (enthalpy conditions)
gives the conditions for thé predominance of respectively
process 2, 3 or 4 compared to process 1, using for the sake
of simplicity in the table, again the approximation which
consists in neglecting the entropy term. Thus the condition
AHE(l:.Z)=AH2(vap.A]—AHZ(at.AB]>O means that process (2) is
predominant compared to (1); the condition AH2(13.3)=
Dg(Bz)-AHg[at.ABj>O, that process (3) is predominant compared
to (1), and so forth, or vice versa if the corresponding
AH<O, Further due tc these conditions, the chemical stability
for a given AHz(l) value is the largest for process (1) and
the smallest for process (4).

A distinction, important in practice for heteroge-
nous equilibria, vresults from the predominance of the enthalpy

terms in AG;(l), (2), (3) and (4), If the corresponding 4H>0
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high concentrations of AB will be found at low temperatures
and, as 1n homogenecus dissociation equilibria, the relative
concentration of AB will decrease with increasing tempera-
ture. For AL>0 the concentration will be low at low tempe-
rature and will increase with temperature, as has already
been pointed out for dimers of halides by Brewer(4) and for
homonuclear diatomic molecules(l). The former mav be called

"low temperature molecules”, the latter "high temperature

molecules". For homonuclear diatonmic mclecules the distinc-

tion appears as a<l or a»l, For heteronuclear molecules in
case 1 (Table 1), AHg(l) = AHg[at.ABJ(l-a)/a and the two
types of molecules are distinpuished in the same manner. For
cases ?2-4 if a>1, AB is also necessarily a high temperature
molecule; AHE(?) or (3) or (4) may however be smaller than 0
even if a<l(AHg(l)>O).

A simple and useful approximation and a satisfactory
general picture of the chemical stability,i.e.)of the expe-
rimental possibilities of obéerving a given molecule,is ob-
tained from a plot of AHO[at.ABj,AHO[vap.AJ, DO(BQ) and
D°(AB) as shown as an example in fipg.l to 4, for the first
row of transition element oxides, sulfides, selenides and
.tellurides, Of course free energy plots give a more accurate
picture and the exact concentration ratios; in that case
however sets of plots for each temperature would be necessary.

Since the reduction to 0°K is uncertain in many
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cases the practically equivalent values for 298%9K are given,
Also the DY°(AB) values even for gaseous oxides are not all

as reliable and accurate as would be desired., For the pur-
pose of this paper an estimation of D°(AB) values for some
transition elements chalcogenides was made on the basis of

a parallel trend in D° values for oxides, sulfides, selenides
and tellurides.

Where the aH°(at.AB) curvei?ig.l—u lies above the
all°{vap.AB) and D°(B2) curve process (1) occurs rather than
(2), (3) or (4), and this is, as easily seen, most favorable
for observing gaseocus AB molecules, Therefore for gaseous
oxides of Sc, Ti and V the relative concentrations will be
highest; those of Ca, Cr and !n are considerably less stable
partly due to the fact that the dissociation equilibrium of
oxygen is shifted towards 0,. A relatively favorable situa-
tion was expected for CaS and Mn3, due to the low value of
ﬁHo[vap.A]; this was confirmed by a mass spectrometric study
(18). TiS(l7) has alsoc been observed. It would be of inter-
est to check the presence of ScS and VS, For the selenides
and tellurides, the chemical stability is usually very low.
It seems very improbable that the paseous molecules can be
observed with the methods presently available, except perhaps
CaSe, CaTe, ScSe, 5cTe and MnSe. The gaseous group IVg-group
(14)

VIB molecules are stable

Representation similar to fig.l to 4 can easily be made for



other groups of compounds., Heats of vaporization are reaso-
nably well known for all elements, as well as the dissocig-
tion energies of homonuclear diatomic molecules Bz, as far
as their presence has to be considered here. Standard heats
of formation for many simple compounds are known, making
data on AH®°[at.AB) available in many cases.

It is also easy to see from such representations
that in some instances conditions fop studying given types
of molecules may be improved by changing the activity of a
component by forming an alloy or by maintaining gaseous com-
ponents at pressures different of the equilibrium decompo-

sition pressure (oxidizing or reducing conditions).

THE PHYSICAL STABILITY OF TRANSITION ELEMENT OXIDES,

The similarity in trend of the heat of vaporization
of transition elements, of the heat of atomization of the
solid AB compounds and the dissociation energies of the ga-
seous oxides appeared in figs.l to 4. On the other hand, the
highly irregular trend of the heats of vaporization of tran-
sition elements especially in the first transition period
disappears and a practically smooth curve is obtained(l’z)
from Ca to Cu if, instead of the heat of vaporization to atoms
in the ground state, the heat of vaporization to a promoted
configuration is represented. This promoted configuration

dn-l

includes 4", s and dn_zsp States where n is the diffe-

rence between the atomic number Z of the element and the



atomic number of the preceding rare gas. Therefore, 1t aprears
+hat these states play an important part not only in the
bonding of the pure elements but also in the solid and gaseous
compounds of these elements. It is beyond the scope of this
paper'to dpraw further conclusions from this fact, It is be-
1ieved however that these considerations may form a basis

for a more thourough theoretical treatment.

TKE RATIO OF HEAT OF ATOMIZATION OF SOLID AND GASEOQUS

AB COMPQUNDS

It has been mentionned above that the quantity

a = AHE{at.M]/Dﬁ(MZ), which appeared to be important para-
meter for the classification of homonuclear molecules L
has a parallel for the heteronuclear diatomic AB molecules
in the quantity a = AHg(at.AB]/DZ(AB). Here again the values
of o fall into different categories (Table II):

1) the smallest values of 0,5<a<l are found for the
molecules where A and B are a group IV and a group VI or
a group III and a group VII elements. These molecules‘aré
isosteric with group V homonuclear molecules and the values
of a of these isosteric molecules show a close relationship.

2) it is interesting to note for the typically ionic
alkali halides o« = 0.76 is practically constant, although
some trends appear. Qualitatively this is easily understood
by an ionic modelj; accurate calculations could of course be

made only by solving the well known difficulties about the
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exact shape of the "repulsive" interaction. For I, halides

R
a 1s somewhat larger but still in ceneral <1.

Thus the molecules isosteric with group V and the

ionic molecules are definitely "low temperature molecules".

Most other AB molecules seem to have value of a>1., This is

the case for the halides HgX for which o = 1.24; 1,53; 1,95

and 3.94% is found, For the only known III /VB molecule InSb

B
a = 1.9 (for the isosteric Sn, molecule: o« = 1.5) and high
values of a are the reason why other molecules of this proup
as well as II/VI could not be observed.

3) again it is interesting to note the values of appro-
ximately 1 or more for the transition metal oxides with a
smooth increase from Ti0 and NiO, CuO scems to beZlow tempe-
rature molecule., However the dissociation energy is uncertain(®’,
For the two known transition metal sulfides, the o« values
are higher than those of the corresponding oxides.

4) an increase in o when going from oxides to sulfides

appears alsoc for the IIA molecules for which e>1 with the

exceptioh of BaO.

QUTLOOK

The use of the definition of the chemical stability
has already facilitated the search for certain previously
unknown molecules, In numerous cases reasdnably satisfactory
predictions can be made as to the possibility and experimental

conditions in which such molecules may be found; estimates



of entropies must of course be included. The temperature
dependence of the chemical stability can be foreseen and
as has been shown earlier can be changed systematically if
convenient for the aimed object(za).

These considerations can also be easily extended
to polyatomic molecules. Dimers or polymers of molecules
can be treated in a similar manner to dimers of elementsczu).

The main point in all these cases 1s that since
the highest concentrations of gaseous molecules as compared
to dissociation products are observed at the highest pressures,
the chemical stability is defined in the saturated vapor.

At a given temperature therefore, pressure is not an inde-
pendent variable and the chemical stability is given by a
pressure ratio.

Finally, the interesting parallelism between heats
of atomization of sclids and dissociation energies of gaseous
molecules as expressed by the a values are valuable in using
the thermodynamic equations given and may be accessible to
fundamental theoretical considerations. In fact, such regu-
larities exist also for polyatomic molecules and for polymers.
A similarity in trend was observed recentlycze) between the
dissociation energies of the oxides of the lanthanides and
the vaporization energies of the corresponding elements. As

for the transition elements, minima were observed for the

half filled and totally filled f shell.
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TAsLE II
o value

for known AE molecules

a = alSgs(at.A3)/DS g5 (AB)E

Yolecules i1sosteric with Sroup V

2, Group I and IB halides

.{'\
FaY Iv/VI ITI/VIZ
N? J.50 Ci 0.560 Br 0.51 r Cl Br i
< 510 0.72 AlF 0.54 f
P. 0,70 Te5 (.85 i L1 0.7% 0.71 G.74 0.80
‘ 515 0,72 LoNa 0085 0,78 0.79 0,85
LK 0.7% 0.77 0.78 0.81
As, 0,77 Sni o 0,74 InCl 0.8k 4 Rb 0,71 0.7% 0.72 0.80
TeTe 0,75 Sabr 0,65 . Cs C.b8 0.75 0,72 0.82
Snse 2,77 i
Snd 2,80 ; Cu  l.,1% 0.81 0.85 -
PO G.E5 lnEr Q.74 L Ag - 0.89 0,86 0.91
. Au - 0.80 - -
Sb, 0,87 SnTe .83 Int 0.869 2
RIVRS 0,83 TiCl 2.7C ;
PLie  0.87  TiBr ©.75 :
PbTe  1.07 TLI .82 :
!
Bi2 1.1 ;
E
3., Transition element L, Group I,
Oxides Sulfides Oxides Sulfides
Sci Bel 1.32 BeS -
Tid 0.9 Tis 1.04 Mgl 1.42 MgS 21.68
Vo 0,95 Cal 1.36 Cas 1.54%
Cro Srl 1.17 Srs 1.45
MnO 1.13 MnS .41 Bao 0.95 Bas 1,19
Fel 1,20
Co0
N1i0 1.27
Cu0 0.85
E
8H9gg(at.AB) values were calculated from he of formation given

by Kubaschewski and Evans(®)

of (A} were taken from Part I

of vaporization of B

The best available value for D2

and Herzberg(2

by Colin and Drowart

¢
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Frgemanfl3.
. Dlssoclation energies and h ags
halides were taken from Stull and Sinkel7
(AB) were selected from Gaydon(S)
GP?EE)IV—group VI AB molecules have been reviewed
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Legend to fig,l, 2, 3 and &,

Fig.l Chemical Stability of Transition Hetal Oxides

8395 at.A0)=2{-0:3 95 (A0 +8HS g vap. AJ#+2D345(0;) )

.. 0
A“ngf values were all taken from Kubaschewski and

Evans(S), except that of [GeOJ(U)

3 D5gg(05)=119,1020,05

kcal/mole(7); Aﬁggg[VaP-AJ were taken from Part I(l);

D%gg(AO) for ScC, Mn0, FeO0, Cul and Gal are those

given by Gaydon(a); Dggd(CaO)(g); D99g(Ti0) ang DSgg(VO)(lc)
11 . (12
nga(CPO)( ); Dgga(HlO) ); D298(GQO)( 6)

Fig.? Chenical Stability of Transition Metal Sulfides

9gd[at AS)= 7{ Anoggf[ASJ+Ad29 (vap.A)+ ,Adzga[vap.SZ}

+3D298(82)}

&Hgggf values were all taken from Freeman(la), except

that of 3 AHD [Vap.82J=30.8*l.5 kcal/mole(7);

298
. 13,15,16 5
D544(5,)2102.0%2.0 keal/mole (13215 'y D;98(Ca5)(l s

(17) D (18) ) - (19) ) 1u)
298(T i38) ;5 238( S) : ngg(énS) 3 DZQB(GeSS

" Fig.3 Chemical Stability of Transition Yetal Selenides

1

A11998{a't ‘C\SQJ 2{ Aﬂzgfjf[AupJ*’é“QdalVa-D°AJ+2£\1129 [Vap.Sezj
1

(5)

- 0 I . 7
bilogge values were all taken from Kubaschewski and Evans

y
except that of lGESejl ) ; AH898LVap_SeJ = 34,1%1.5
kcal/mole(7); D§98(Se2) = 75.4%2,0 kcal/mole(20>i

0 (19) 0 (1)
Dygg(ZnSe) 3 Dygg(GeSe) .
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Chemical

Stability of Transition HMetal

]
Auzgg(at.

L - . .
ATeJ:f{-Ahgggf[ATeJ+Anggs[vap.AJ+ gngggtvap.TeQ]

0 \ .
An998 values were all taken from Kubaschewskl and

Lvans

39.6%1.5
(21,22)

2

(14)

except that of {GeTe]) ; MHfgc{vap.Te, )=
7
kcal/mole( ); D898(Te2)=52.2t2.0 keal/mole
. (1¢ by
D8 g5 (inTe) ); Dggg(GeTe)(l ).
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