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Formula for the Melting Points of Inorganic Compounds
of Type MXOx»

By Shizuo FUJIWARA

(Received March 5, 1952)

General

(1—a) Purpose of the present paper is
-to propose an expression for the melting points
of the inorganic compounds of type MXO0, as
the function of the ionic radius and the polari-
-zability of the atom, where M™ is the metal
jon and XO,~ is the anion, e.g., in the case of
the alkali nitrates, M denotes lithium, sodium
-and potassium ion etc., and X0, nitrate ion,
NO;s~.

The melting points of the salts are expressed
by T°K and the polarizabilities and the ionic

radii of the ions, M* and X®@* D+ are written
as & and r respectively. Positive signs are suf-
fixed to & and » of the metal ion, M™*, and the
negative signs to those of the iop, X@n~D*,
in the negative ion. The data of the melting
points which are necessary for this study have
been taken out of the Landolt-Boernstein
tables,™ International critical tables® and the

(1) Landolt-Boernstein Physikslisch-chemische Tabel
len.
(2) International critical tables.
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Smithonian physical tables.® Both the values
of Goldschmidt® and of Pauling,® are adopted
for the ionic radius. The polarizabilities of the
metal ion, M™*, are taken out of the reports
of Goldschmidt® and of Fajans.(» The polari-
zabilities of the ion X@"*~D™ are approximately
taken as equal to the cubes of the ionic radius
of XD+, That is, a/_ is set as (r_)%. The
values of & given by Goldschmidt and by
Fajans have also been utilized.
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Fig. 1.

In order to find any correlation between T,
a and r, these values were presented as graphs
in many ways. Considering the results, a
simple relation was observed, when the values
of T/(a,—a_) was plotted as an ordinate and
(¢, —a_) as an abscissa. In Fig. 1, the ex-
amples of alkali-silicates, alkaliearth-silicates
and alkali-sulphates ete. are given. Each line
shows very similar type, and the type of the
line seems to be approximately €hyperbolic.
These ‘ hyperbolic’ lines can also be obtained
for other series of salts. No other relation has
yet been obtained, which is simpler than those
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in Fig.1. All the data of T, & and r, neces-
sary for the calculation, are given in Tab. 1.
In the table, the data of Pauling, Fajans and
Goldschmidt are cited for &« and r.

(1—b) Now we consider the series of com~-
pounds having different cations and the same
anion. According to (1—a), approximate
“hyperbolic’ correlation should be observed
as a graph of T/(a, —a_) versus (a,—«_)
for these compounds. Then an approximate
expression (1) is obtained for these salts,

™. (@, —a_)'=A (1)

where m and n are the exponent of T and
(a,—a_) respectively and A is a constant.
In order to find the values of m and n which:
satisty (1), the known values of 7' and (@, —
a_) were put into (1) and the values of 4
were calculated for the several values of m and
n. According to the results of calculation, 4
becomes almost constant for all the members-
of the series when,

m=1

and n=1/6. (2)

When these values of m and n» were applied.
to other series, the results were also very”
satisfying. The calculated values of 4 for se-
veral series of salts are also shown in Tab. 2.
Though the values of A4 remains almost-
constant in one series of compounds, there are-
slight differences between the members of the-
series. These differences are due to the dif-
ferences between the constituents of the salts.
In order to find any regularity in these dif-
ferences, the present author examined the cor-
relation between the ionic radius of the atom.
and the values of 4. When he has presented..
these values as a graph of 4 versus the recip--
rocal of the ionic radius of the cation, 7,,,

Table 1

Li+ Na* K+ Rb* Cs+ Mgt Ca?* S+  Bal*

r, Paul. 0.60 0.95 1.33 1.48 1.69 0.65  0.99 1.13 1.35

(10-%.em.)  Geod. 0.78  0.98  1.33 1.49 1.65 0.78  1.06 1.27 1.43.
a, Faj. 0.08  0.196 0.88 1.56 2.58 0.12 Q.50 0.86  1.68

@0~*.em.)  Gold, 0.067 0.197 0.29 1.90 2.85 0.114 0.57 1.38 2.8

Als+ B+ Qi+ Sjt+ L"ﬁ-l— P5+ S8+

— Paul. 0.50  0.20  0.15 0.4l 0.1L 0.34 0.29
(10-%.em.)  Goid.  0.57 0.2 0.49 0.1~0.2 0.03~0.4 0.34

(3) Bmithonian physical tables, P. 254 (1933).
(4) V. M- Goldschmidt Chem. Ber. 60, 1268 (1027).
(6) L. Psuling J. Am. Chem. Soc., 49, 765 (1927).

(6) V.M. Goldschmidt Geochemische Verteilungsgesetze -
der Elemente vol. 7, 60 (1926).
(7) K. Fajans, G. Joos Z. f. Phys. 23, 1 (1924).
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Table 2 6 (MLPOy a,(F), r.(®, r_(P)
0 (M0-BOp e, (G, re(@), r_(P), a-=[r- P
a_=(0.2)7 Salt T°K A r_[re
Salt 7oK A r_lr. Li, PO, 1110 0.061 0.57
LigO- ByO, 1116 0.060  0.256 Na,PO 1613 0.119  0.35
Na 0. B,0, 1239 0.094 0.204 K,PO, 1613 0.157 0.256
K30.B50,4 1220 0.120 0.151 (7-3) (M;0.80, a, (@), r. (@), r_ (&),
: -=[r-(@7F
(MO-B,0.) i *
. NayS0, 1157 0.085  0.35
020-B:0, i’;‘g M g' 11;?; 0. lf’ 8 K,S0, 1340 0.131  0.256
8r0. B0, 1873 0.145  0.157 gbfssg, ig‘;’ g' i;; 0'3;‘;:_
BaO- B,0, 1333 0.158  0.140 22504 : 0-
) (MO.S0y)
@ (MO-AlOy “+‘_G"6 ;;)(f" - (@), MgSO0, 1393 0.0905  0.436
*-=0 0as0, 1723 0.1550  0.32
Ca0. Al0, 1960 (1) 0.167 0.54 BaS0, 1853 0.2194 0.23
1873 0.159 ’ () and (3) of melting points shows the source
$r0- 1,0, 2015 (1 0.207 0.45 of reference quotation. Other values of
2288 0.237 7 melting points bhave been taken out of
Ba0-AlL0, 2000(1)  0.235  0.33 reference (2).
2273 0.267 v

3 (M0.COyp @, (@), r, (@), r_=0.2 strictly speaking, the ratio of the ionic radii,
* + s T 1 T==Vesy

@ = (0.2)* r_[r,, one straight line has been obtained and
Lis0-CO, 1005 0.065 0.256 t].ne following expressions (3), (4) have been
Nag0.C0, 1124 0.085 0.204 given,
K40-CO, 1164 0.114  0.151 A=a—b(r_[r.) (8)
Rbs0.CO, 1170 0.130  0.134 Te(a, —a_YOS=a—b-(r_|r,), (4
MO-.COy
$r0.C0; 1770 0.187 0.157 where @ and b are the constants of positive
'Ba'o_co2 2013 0.239 0.140 Bign which are characteristic for one series of
the salts. Thus the expression (4) is the formula
@ O0-810) @, (@), (@ r- @), for the melting points of the inorganic com-
@-=0.04G) pounds of type MXO, Several examples
Liz0-8i0q 1474 3) 0.0807  0.50 showing the linearity functions of (3) are
Nay0.8i0, 1361 (3) 0.0997 0.40 shown in Fig. 2 and 8.
K 40810, 12493  0.1218  0.294
(MO-Si0g)
MgO-Si0, 18303  0.LI85  0.50 0
Ca0.8i0, 1515(3)  0.136  0.369
8r0.8i0, 1853 (3) 0.1946 0.307
Ba0.8i0, 1877 (3) 0.2223 0.274 - 3
(MO2-8i09  ay =[r (@], a_=0.04G)
Zr04.8i0, 2823 (3)  0.261  0.448
H{0;-8i0, 2851 (3)  0.265  0.443 A |
U0s-Si0, 2881 (3)  0.323  0.37L T oS\
ThOy,.S8i0, 2882(3)  0.372  ~.0.351 L R e e T I
(5-2) (Mz0.N;0; a, (@), r. (&) ank
a_~=[r_(P)1*=0.001
NaNO, . 581 0.443 0.12
KNO, 614 0.0603 0.083 !
RbNO, 583 0.0649 0.074 005 -
CsNO, 683 0.196  0.087 I
-3) (M()'Nxob} @, (F) a_=[r_P)T, r:(P) - \ . N ) "
Ca(NOy), 834 0.0759  0.11L 0 0 0z 03 04 05 0§ 07 08 00 10
Sr(NOps 843 0.0887  0.0975 — .

Ba(NO,)q 865 0.102 0.0817 Fig, 2.
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Fig. 3.

Special

() Borates.—Linear correlation of (4) is ob-
served in the case of borates of lithium, sodium
and potassium when the ionic radius of B**, r_,
is taken as 0.20, and polarizability of B3*, a_, as
0.20)3=0.008(10-**ecm?, The polarizabilities for
the cations are taken from Goldschmidt’s data.
Such a clear-cut linear correlation was not observ-
ed in the case of bivalent métal salts, such as
caleium, strontium and barium, as was shown in
monovalent metal salts.

Following values of ¢ and b for expression )
are obtained by the graph, a=0,195 and b=0.482
for M;0.Bg0,.

2 Alluminates.—Alluminates of bivalent met-
als do not give a linear correlation expressed by
4. But when the ionic radius of Al**, r_, is
taken as 0.57 and the polarizabilities of the cat-
jons are taken from Goldschmidt’s data, we can
obtain an approximately straight line as is shown
in Fig. 3. In this case, the polarizability of AI**,
a_, is set as (0.57)°. When we set e_ as (0.50)%
the cube of the ionic radius given by Paul-
ing for AP+, the presented graph deviates far
from a straight line. Polarizabilities taken out
of the data of Fajans and Joos are unsatisfactory.
Considering the results of this study, the presented
grapbs for most of the other series of compounds
do not show clear-cut linear correlation when we
take the polarizabilities out of the data of Fajans
and Joos, and the ionic radii out of those of
Pauling. Thus the Goldschmidt’s values will be
adopted for polarizabilities and ionic radii in the
following calculation. When we take the melting
points out of the literature (2) as 1873°K for
Ca0.AlL,0,, 2288°K for Sr0.Al,0, and 2273°K for
BaO.AlyO;, the presented graph deviates from a
straight line exceedingly, whereas, the values
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taken out of the literature (1) are satisfying. Thus
the values given by the latter seem close to the
fact, and in this case the following approximate
values of a and b are obtained.

@=0.350, 5=0.327 for MO.Al0,.

This result is an example, where the applica-
bility of the formula (4) for the ‘examination of
the observed values of melting points is demon-
strated.

@ Carbonates.—The ionic radius for C**,r_,
is 0.2 and e_ is set as (0.2)*=0.008. The cor-
relation given by the salts of lithium, sodium and
potassium is approximately taken as a straight
line, and the following values are obtained,

a=0.178 and b=0.450 for M;0.C0;,.

Rubidium carbonate deviates from this line.

The melting points of the bivalent metal car-
bonates are known only for strontium, and barium,
and the linearity can not be examined in this
cagse. But if we make a graph with the two
salts, we can obtain the following values,

2=0.699, and b=38.25 for MO.COx.

@ Silicates,—When the polarizability of Si**
is taken as 0.04, the silicates of lithium, sodium
give closely linear correlation and in this case,

@=0.183 and 5=0.200 for Mz0.5i0a.

The results are unsatisfactory when a_ is set as
r-)™

Caleium, strontium and barium give also an-
other linear correlation, and

a=0.472, b=0.904 for MO-.5i0,.

Magnesium compound, MgO-Si0O,, deviates from
this correlation, The present author examined
also the correlation between the compounds of
tetravalent metals, MO,-8i0;. When the jonic
radius is taken as 0.87 for Zr'*, 0.88 for HI'*,
1.05 for U and 1.10 for Th** according to
Goldschmidt, and the polalizabilities of these ions
are taken as the cubes of the ionic radii respec-
tively, tborium, bafnium and zirconium show
linear correlation and in this case,

@=0.975 and b=1.157 for MO,-5i0,.

Uranium compound deviates from this line.

(3 Nitrates.—A linear correlation can be ob-
tained for the nitrates of sodium, potassium and
rubidium. In this case, the linear correlation
is held for the values both of Fajans and of
Goldschmidt. Both of the ionic radii given by
Pauling and by Goldschmidt can also be adopted
to obtain the linear correlation. And the follow-
ing values of ¢ and b are obtained for MgO-N,Os,
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@=0,113, re,(Fajans)? 6-1)
b=1.57, |r. (Pauling)_l
and
@=0.097, ra,(Goldschmidt)| 5 o)

b=0.440, |_ 7. (Goldschmidt)

Cesium nitrate deviates from this correlation.
Linearity is better when the Pauling’s value is
adopted for the ionic radius of sodium than when
the Goldschmidt’s value is adopted.

Magnesium, strontium and barium give a linear
correlation when Fajans’ values are adopted for e,
and Pauling’s values for r,, and in this case.

a=0.175 and 5=0.88 for MO.N;0; (5-3)

Goldschmidt’s values for e, and r, are not so
salisfying in this case.

(6) Phosphates,—The linearity does not suffi-
ciently stand when the values of Fajans are
adopted for @, and those of Pauling for r,. The
results are also mot so satisfying when Goldsch-
midt’s data are utilised. It may be due to the
assumption that e_ is set as (r_)* and this value
is not close to the fact,

(7 Sulphates.—Sulphates of monovalent metals
give very satisfying results. Especially four com-
pounds of sodium, potassium, rubidium and ce-
sium show a completely linear correlation when
Goldschmidt’s values are adopted for «, and r,.
Cesium salt deviates from the linear correlation
glightly when Pauling’s value is adopted for the
ionic radius. When the polarizability of S+ is
set as (r_)%, following values are obtained for
M,0.80,,

a=0.250, [:r... (Pauling) (-1
b=0.480, Le,(Fajans) J'
a=0.25?, [‘P.‘,{iﬂld's-) :] (7-2)
b=0+495, | e, (Fajans) |

a=0. 263, [ r: (GC‘!dE\)J (7-3)
b=0.666, | e, (Golds)]"

The bivalent metal compounds show satisfying
regularity when Goldschmidt’s values are adopted
for @, and r,, and

a=0.36, b=0.62 for MO.S0,.

The results are not satisfying when the values
of @, andr, given by Fajans and by Pauling
are adopted.
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Summary

(1) An expression for the melting points of
the inorganic compounds of type MXO, has
been obtained as, ’

7@, —a_C=a—b-{r_[r.],

and the values of @ and & have been given,
where 7' is the melting point in absolute
temperature, &, and r, are the polarizability
and the ionic radius of the cation M*, res-
pectively, and «@_, r_ are the polarizability
and the ionic radius of the jon X" ™D+ re-
spectively.

(2) Considering the results of the practical
calculation, the values given by Goldschmidt
are to be adopted for the formula as the polar-
izabilities and ionic radii, and those given by
Fajans and by Pauling are less satisfying in
some cases. It is probably due to the fact that
the Goldschmidt’s values correspond to the
ions in the solid and those of Fajans and of
Pauling to the free ions.

(8) This formula will be useful for the ex-
amination of the known values of the melting
points and for the estimation of the unknown
data.

(4) Tt is very important that ‘melting point’
is presented as a function of the variables
characteristic for atoms, such as ionic radius
and polarizability of atoms.
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