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Abstract

Madelung energies and site potentials are used to show that ordered forms of columbite
and wodginite are much more stable than the disordered forms, but that a mixture of the
component oxides has an intermediate electrostatic energy. An ordering scheme for wodginite
in which metal sites X, and X' are disordered is marginally unfavorable. Madelung energy
of fergusonites is not sensitive to the niobium coordination. Site potentials in M-NbrOu show
that edge-shared octahedra at the corners of ReO" blocks are not ideal sites for Nb5* and
Ta5', so that in many structures the corners are joined by tetrahedra.

Introduction
Certain problems noted in Part I prompted the

calculation of Madelung energies for several of ,the
phases described there. The main problems are:
1. the ubiquitous occurrence of disordered phases,
even in situations where radioactivity could not
reasonably be invoked; 2. the non-centrosymmetric
ordering scheme in wodginite and the resolution of
the two "disordered sites" indicated by X-ray anal-
ysis; 3. the existence of the three fergusonite struc-
tures at room temperature, and especially the tetra-
hedral coordination of tantalum and niobium in two
of them.

The ionic model has been successfully applied in
solid state chemistry, despite the fact that in almost
all compounds a degree of covalency is present
(Sanderson, 1967; Levin, Syrkin, Dyatkina, 1969).
The calculation of cohesion energies using the purely
ionic model gives reliable results even for com-
pounds that are no,t purely ionic, for reasons dis-
cussed by Nieuwpoort and Blasse (1968). Two
studies of particular interest to the mineralogist are
the prediction, later verified (Fleet, 1971; Tokonami,
Nishiguchi, and Morimoto, 1972), of the cation
vacancy ordering arrangement in pyrrhotite (Bertau,t,
1953), and the calculation of structural parameters
for the C-type sesquioxide, YsOg (Gashurov and
Sovers, 1970). The familiar rules of Pauling ( 1960),
which are still widely used by mineralogists and
crystallographers, are approximations to the Made-
lung energy approach. Limitations of the concept

of "lattice energy" in relation to geochemical sys-
tenrs have been reviewed (Urusov, 1965).

Most previous studies of lattice energies report
only the Madelung constants; however, the stability
of ions in individual sites must also be considered
(Van Gool and Piken, 1.969). In a point-charge
crystal, the electrostatic potential at a charged point
is defined as the potential for that site af'ter the
corresponding charge has been removed. The site
potential must have the correct sign relative to a
particular ion, and its absolute value is also im-
por,tant. For an oxygen ion, for example, the anion
must "see" a minimum stabilizing potential of about
9eV/mole (Adler, 1970) in order to stay in the
site. In terms of the units given in Table 1, this
corresponds to an absolute value of at least 0.7. In
practice, each ion seems to have a preferred range
of site potentials.

When comparing the relative stabili,ty of struc-
tures, it must be remembered that the Madelung
energies are usually aproximately 90 percent of the
total energy. The next largest term is the repulsion
energy term. For the oxides discussed in these papers
the differences between the repulsion forces will be
negligible when the cation coordination numbers are
the same in both arrangements, but the difference
may become significant when structures containing
cations with different coordination numbers are com-
pared and contrasted. It should be rernembered that
a higher value of lattice energy corresponds to a
more stable structure; the lattice energy of the dis-
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Tnsr-E 1. Lattice Energies and Site Potentials
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ordered form of a structure may gain an entropy
contribution of the order of 100 kcal/mole.

Energy Calculations

Electrostatic energies and site potentials were
calculated using a modified Ewald method (Slater

and Decicco, 1963; Ewald, 1921) assuming a fully
ionic structure.

I. Disordered Phases

The frequent occurrence of disordered or partly
disordered columbites and ixiolites poses a problem
in view of the abundant evidence of the last few
decades that in oxides the ordered state is inherently
the most stable (Wadsley, 1955). These minerals
have normally had every advantage in their approach
to 'their present state; having crystallized as large
single crystals in a pegmatite, they have often cooled
without interruption to ambient temperatures.

A calculation of the electrostatic energy of the

ordered and disordered forms confirms that the

former is far more stable from this point of view
(Table 1, a).

We have also calculated Madelung energies for

Nb2Ob and for MnO (see section 4, below, and

Table 1, e), and it is evident (Table 1, a) that the

compound MnNbOo is not much more stable than

a physical mixture of the oxides. In addition, the

disordered form is far less stable than a mixture of

the component oxides, even allowing a reasonable

entropy contribution. This strongly supports our idea

that the disorder is introduced through attempted

disproportionation of the ordered phase. However,

all the site potentials for'the ordered and disordered

forms are reasonable and ypical for ions of the

various types.



2. Ordering of Wodginite
Although X-ray structure determination has

shown (Part II) that the non-centrosymmetric space
group Cc is preferred for the wodginite structures,
it has not indicated the reason for this preference,
nor has it fully resolved the ordering scheme.

The electrostatic energy calculation (Table 1, b
and c), even assuming sites X1 and X2 to be com-
pletely disordered, clearly shows he superiority of
the non-centrosymmetric structure over any of the
centrosymmetric schemes proposed (Part II). The
improved lattice energy, however, has been attained
at the expense of a rather unfavorable anion site
potential for oxygen 03, which is listed first in Table
1, c. The mean value of the remaining seven anion
site potentials is also given.

We ,cannot be dogmatic about the ordering on
cation sites X1 and X2 because of the small differ-
ences involved. The greatest electrostatic lattice
energy is attained if Xz is filled with Nbu* and Tau*,
and all the vacancies are present on site X1, giving
it a net charge of 4*. This assignment is consistent
with the site potentials, but does not seern to accord
with the size difference between Xy and, X2. It is
perhaps worth noticing that in the structure with the
highest lattice energy, most of the anion site po-
tentials are closely similar.

The prerequisites for the formation of the wod-
ginite structure are still not very clear, but in view
of im lattice stability (greater ,than columbite) it is
not surprising that wodginite is more widespread in
nature than has been supposed.

The energy calculations on the two structures
proposed by Grice (1,972) and by Grice and Fergu-
son (1974) are of very great interest, since the
partly disordered model was derived from a con-
sideration of Pauling's electrostatic valency rule
(Pauling, 1960) and yet gave an inferior electro-
static lattice energy. A glance at the site potentials
(Table 1, b) shows that the electrostatic balancing
procedure has given a much more even distribution,
but this is not favored by the overall energy. The
individual coordination polyhedron is evidently too
small a unit on which to base electrostatic valency
considerations, especially where highly charged ions
are involved. Wadsley (L967) has already taken
issue with Pauling's third rule (face- and edge+har-
ing of polyhedra), and has proposed that in lattice
compounds such as those described in these papers,
the group should replace the single polyhedron as
the basic unit of structure. With this idea we agree.
Wadsley supposed that the stability of the group
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was an indication of a strong covalent bonding sys-
tem extending from each metal atom well beyond
the immediate ligands to include othelmembers of
the group. Our results indicate that the formation
of a strong covalent bonding network is not a nec-
essary condition for the stabilization of structural
units larger than the coordination polyhedron. We
also believe-and the following results on fergu-
sonite are further evidence of this-that unusual or
distorted coordination does not necessarily imply
covalent bonding as opposed to ionic bonding, since
the electrostatic energy alone is of sufficient magni-
tude to stabilize structures in which they occur. This
has been discussed recently by Baur (1970).

The electrostatic valency rule has also been shown
not to hold for water molecules in crystalline hy-
drates (Ferraris and Franchini-Angela, 7972).

Again the electrostatic energy associated with the
component oxides is greater than that of the dis-
ordered structure. It is of the same magnitude as the
energy calculated for the centrosymmetric structure,
but the non-centrosymmetric structure has a con-
siderable advantage.

3. The Fergusonite Structures

Structures have been determined for three forms
of fergusonite as discussed in sections 4a and 4b
of Part I. In view of the uncertainty as to the oxygen
parameter of the tetragonal form, the coordination
of the (Ta,Nb) atoms, and which structure is stable
at room temperature, we have calculated lattice
energies and site potentials for each structure (Table
1 ,  d ) .

The lattice energies for the tetrahedral and octa-
hedral phases are quite similar, and the cation and
anion site potentials are remarkably consistent for all
structures. Evidently there is no fundamental change
in bonding between the structures, and the four
second-nearest anions to (Ta,Nb) must be con-
sidered part of the coordination polyhedron. It ap-
pears from the lattice energies that Komkov's
(1959) oxygen parameters for the tetragonal struc-
ture are more likely to be correct than those of
Wyckoff (1965). Only second-nearest bonds are
affected. In Komkov's structure, the niobium is more
closely 8-coordinated and the yttrium has a some-
what better average Y-O distance of 1.10A as com-
pared to 0.93 A in the Wyckoff structure. There is
no clear-cut indication whether M or M'is the ther-
modynamically stable phase at room temperature,
although the figures favor the M form. The overall
lattice energy for the fergusonites is somewhat less
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than that of the columbites and wodginites because
of the larger size of the A cation, which increases
the average inter-atomic distances. It is of the same
magnitude as the sum of the component oxides,

which is consistent with the metamict nature of many
fergusonites.

4. The Pure Oxides

In order to compare the lattice energies of the
compounds with those of the component oxides, it
was necessary to obtain figures for the latter.

SnOz has been tabulated by W. Van Gool and
A. G.  Picken (1969).

MnO is easily calculated from the results for
NaCl.

YzOa can be derived from the Madelung constant
determined by Mertens and Zemann (1966).

Nb2Ob had to be calculated ab initio. Of the two
complete structures available, by far the easiest to
calculate was the tetragonal structure of M-NbzOs
(Mertin, Andersson, and Gruehn, l97O). This is
not the most stable form, and its electrostatic energy
might be expected to be somewhat lower than that
of the room-temperature form. The site potentials
calculated for 'this structure are very informative
(see Table 1, e). Of the cation sites, the very high
potential of -4.13 is found for the octahedra in the
center of the ReO3-type block. This is a site nor-
mally occupied by a 6-valent ion. These are under-
standably linked along c by oxygens with low site
potentials. The low cation potential of -2.65 occurs
in octahedra sharing edges at the corners of the
ReO3-type blocks, and the high oxygen-site poten-
tials link these octahedra along c. The other anoma-
lously low oxygen-site potential links pairs of edge-
sharing octahedra in the edges of the ReO3 blocks.

Our calculations thus show up the "weakness" in
the structure and indicate why the corners of ReO3
blocks in the niobate block structures are more often
linked by means of a tetrahedral niobium atom than
by edge-shared octahedra.

References

Aorrn, D. (1970) Electronic configuration of the O'- ion.
l. Chem. Phys. 52, 49084909.

Blun, W. H. ( 1970) Bond length variations and distorted
coordination polyhedra in inorganic crystals. T"rons. Am.
Crystallogr. Assoc. 6, 129-155.

Btnreur, E. F. (1953) Contribution to the study of vacancy
structures: pyrrhotite. Acta Crystallogr. 6, 557-561.

Ewero, P. P. (1921) The calculation of optical and electro-
static lattice potentials. Ann. Phys. 64, 253-2E7.

W. W. BARKER. AND ], GRAHAM

Fsnnenrs, G., .lxo M. FuNcnrNI-ANcsre, (1972) Survey
of the geometry and environment of water molecules in
crystalline hydrates studied by neutron diftraction. Acta
C ry s t allo gr. D.zE, 3 57 2-3 5 83.

Fuer, M. E. (1971) Tte crystal structure of a pyrrhotite

1fe'S'). Acta Crystallo'gr. B.27, 1864-1867.
Glsnunov, G., eNp O. J. Sovnts (1970) Theoretical calcu-

lation of structural parameters of C-type sesquioxides.
Acta Cry stallogr. 826, 938-945.

Gnrcr, J. D. (1972) Crystal Structures of the Tantalum
Oxide Minerals Tantalite and lVodginite, and of MiI-
lerite, NiS. Ph.D. Thesis, University of Manitoba.

lNo R. B. FrncusoN (1974) The crystal structures
of manganotantalite, pseudo'ixiolite and wodginite from
the Tanco pegmatite, Bernic Lake, Manitoba. Progr-
Abstr. Geol. Assoc. Can./Mineral. Assoc. Can. Meet.,
St. Johns's, Newfoundland, p. 40.

Horrr, R. (1956) Madelung Constants. Angew. Chem. Int.
Ed.  5 ,95-106.

Kourov, A. I. (1959) Structure of native fergusonite and
of its polymorphic modification. Kristollografiyo, 4, 836-
8 4 1 .

LevrN, A. A.. Ye. K. SvmIN, eNn M. E. Dv.c'rKINe (1969)

The problem of monatomic multicharged ions and the
nature of the chemical bond in inorganic crystals. Uspekhi
Kh imi i ,3E,  95-110.

MenrrNs, H. E. V., .rNp J. Zr,r"reNN (1966) Elektrostatische
Gitterenegien fiir den Bixbyit-Typ. Actc Crystallogr. 2l'

467 -474.
MnnrrN, W., S. ANoEnssoN, AND R. GnurnN (1970) Uber

die Kristallstruktur von M-Nb,O'. l. Solid State Chem' l,

419-424.
NrEUwpooRT, W. C., lNo G. Bresss (1968) Calculation of

cohesion energies using the ionic model. I. Inorg. Nucl.

Chem.3n, 1635-1637.
PAULTNc, L. (1960) The Nature of the Chemical Bond.

Cornell University Press, New York.
S,c.NnensoN, R. T. (1967) The nature of "ionic" solids. ./.

Chem. Educ. M,516-523.
Srerr,n, J. C., lxo P. DBclcco (1963) Massa,chusetts In-

stitute ol Technology, Q. Pro'g. Rep. No. 50.
ToroNluI, M., K. NrsnrcucHl, AND N. Monrvoro (1972)

Crystal structure of a monoclinic pyrrhotite (Fe"S*). lm.

Mineral. 57. 1066-1080.
URUSov, V. S. (1965) On the use of the concept of lattice

energy. Geokhimiya, 5' 551-555.
Vex Goor, W., lNo A. G. PxrN (1969) Lattice self'

potentials and Madelung constants for some compounds'
l. Mater. Sci. 4, Part 7, 95-104; Part 2, 105-111.

W,tosrev, A. D. (1955) The crystal chemistry of non-

stoichiometric compounds. Reo. Pure Appl. Chem. 5,

I  65-1  93 .
(1967) Composition, coordination, and valency in

lattice compounds. flelu. Chim. Acta, Werner Centenary

VoL. 207-222.
Wvcronr, R. W. G. (1965) Crystal Structures. Second

Edition, Wylie, New York.

Manuscript receioed, Nouember 7, 1973; accepted

for publication, MaY 16, 1974.




