American Mineralogist, Volume 90, pages 488–496, 2005

Geochemical applications of the simple salt approximation to the lattice energies of
complex materials
CLAUDE H. YODER* AND NATALIE J. FLORA
Department of Chemistry, Franklin and Marshall College, Lancaster, Pennsylvania 17604, U.S.A.

ABSTRACT
The lattice energies for a variety of compounds that can be classiÞed as double salts are calculated
by summing the lattice energies of the constituent simple salts. A comparison with the lattice energies
obtained from the Born-Haber or other thermodynamic cycles shows that the simple salt approximation
reproduces these values generally to within 1.2%, even for compounds that have considerable covalent
character. Application of this method to the calculation of the lattice energies of silicates, using the sum
of the lattice energies of the constituent oxides are, on average, within 0.2% of the value calculated
from the experimental enthalpies of formation. The implications of the simple salt approximation for
the thermodynamics of geochemically important processes are discussed.

INTRODUCTION
The lattice energies of complex salts such as double salts
or salts containing complex ions are essential to the estimation
of relative stabilities and properties such as solubilities. These
energies, obtainable for simple salts through the Born equation
using the Madelung constant or more approximately through
the Kapustinskii equation, are not easily available by classical
closed methods because of the complexity of the crystal lattices.
Approximate methods using energy minimization techniques or
extensions of the Kapustinskii equation are also available. For
example, we have shown that the lattice energies of the apatite
series of compounds [M5(PO4)3X, where M is a divalent metal
cation and X is hydroxide or halide] obtained with the GlasserJenkins approximation are generally within 4% of the experimental (Born-Haber cycle) values (Yoder et al. 2003).
In our attempts to Þnd simple ways to approximate the lattice energies of these complex systems, we have found that the
interactions in a generalized double salt MXnM'Qm, are not too
dissimilar to the weighted average interactions in the hypothetical constituent simple salts MXn and M'Qm. For example, the
simple salt constituents of ßuoroapatite, Ca5(PO4)3F, are CaF2
and Ca3(PO4)2, and the salts contribute 1/2 CaF2 + 3/2 Ca3(PO4)2
to the stoichiometry of the compound. Our assumption, then,
for ßuoroapatite is that the interactions in one mole can be approximated as one-half of the interactions in calcium ßuoride
plus three-halves of the interactions in calcium phosphate. It is
therefore a simple matter to estimate the lattice energy of ßuoroapatite by looking up the lattice energies of the simple salts.
We have found that this simple assumption allows for excellent
estimation of the lattice energies of many diverse complex salts.
Though many of the salts are comprised of more than two simple
salts, we have chosen to use the term “double salt” because the
term “complex” implies covalent interactions, as in “complex
ions.” Although silicates are less obviously regarded as “double”
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salts, they can be thought of (and for analytical purposes have
long been thus regarded) as “double” salts of the constituent
oxides. For example, microcline, KAlSi3O8, can be thought of
as a double salt of K2O, Al2O3, and SiO2 in the ratio 0.5 K2O +
0.5 Al2O3 + 3 SiO2.

RESULTS
It is important to realize that the lattice energy of many complex salts can be deÞned in a variety of ways. For example, the
lattice energy of chloroapatite, Ca5(PO4)3Cl, can be deÞned as:
(1)
the energy necessary to create the gaseous Ca2+, PO3–
4 ,
and Cl– ions
–
Ca5(PO4)3Cl (s) → 5 Ca2+ (g) + 3 PO3–
4 (g) + Cl (g)

(2)
the energy necessary to create the gaseous Ca2+, P5+,
O , and Cl– ions
2–

Ca5(PO4)3Cl (s) → 5 Ca2+ (g) + 3 P5+ (g) + 12 O2– (g) + Cl– (g).
The Þrst of these is probably more appropriate because of
the well-known existence of the phosphate ion and its structural
integrity in the lattice of apatites. The lattice energy calculated
from the enthalpy of formation of apatite using these deÞnitions
is, of course, vastly different. For the Þrst deÞnition, a value of
16 848 kJ/mol was obtained, whereas for the second deÞnition
the lattice energy is almost 80 000 kJ/mol. Both of these values
were calculated from the thermodynamic Born-Haber cycle,
shown below for the calculation of the lattice energy using the
structural entity PO3–
4 .
Thermodynamic Born Haber cycle for Ca5(PO4)3Cl:
5 Ca(s) + 3 P(s) + 6 O2(g) + 1/2 Cl2(g) → Ca5(PO4)3Cl(s)ΔH0f[Ca5(PO4)3Cl,s]
5 Ca(s) → 5 Ca2+(g) + 10 e–
5ΔHf0(Ca2+,g)
3 P(s) + 6 O2(g) + 9 e– → 3 PO3–
(g)
3ΔHf0(PO3–
4
4 ,g)
1
/2 Cl2(g) + e– → Cl–(g)
ΔHf0(Cl–,g)
2+
Cl– (g) + 3 PO3–
–ΔHlattice
4 (g) + 5 Ca (g) → Ca5(PO4)3Cl(s)

