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Structural aspects of oxide and oxysalt minerals
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Introduction

The structures and chemistry of the oxide and oxysalt minerals are impressive in both
their complexity and diversity, and it can be reasonably asserted that our understanding
of these aspects lags far behind our experimental capabilities for their characterization.
Nevertheless, there are some empirical rules that (sometimes weakly) govern the consti-
tution of these minerals, rules that date back to early work on the modern electronic
theory of valence (Lewis, 1923) and the structure of crystals. The most rigorous rule is
that of electroneutrality: the sum of the formal charges of all the ions in a crystal is zero.
Other rules grew out of observations on a few mineral and inorganic structures, and
various ideas emerged during the 1920s: that atoms have a specific size, tables of atomic
and ionic radii, the idea of coordination number, considering structures as polymerizations
of coordination polyhedra. These ideas were refined by Pauling (1929, 1960) who
synthesized them into his well-known rules for the behaviour of ‘complex ionic crystals.’
Some aspects of these ideas have been extensively developed up to the present time.
There are now available tables of accurate empirical ‘ionic’ radii (Shannon, 1976) whereby
mean interatomic distances for specific coordinations can be predicted typically to
within ~0.01 A. Individual bond lengths can be predicted via various developments of
Pauling’s second rule (e.g., Baur, 1970, 1971), and the relative strengths of bonds can be
calculated (Brown & Shannon, 1973) given the observed bond lengths in a structure.
Thus we can currently predict various geometrical aspects of a crystal structure quite
accurately, provided that we know the connectivity (often called the topology) of the
chemical bonds. This particular statement brings into focus our principal area of ignorance
concerning crystals, particularly the ~2000 oxide and oxysalt minerals: we still have very
little understanding of the bond topology of crystals, as distinct from their geometrical
features which we can usually predict with reasonable accuracy.

Crystal structures as graphs

Crystal structures are usually represented in the following ways:
(1) unit cell and symmetry information, plus a table of atom coordinates;
(2) a structure drawing that is usually based on assumptions as to which atoms are
bonded together.
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Fig. 1. A hypothetical molecule consisting of four atoms (®) joined by chemical bonds (—); as drawn, this is
a labelled graph (left). An algebraic representation of this graph is the adjacency matrix (right).

The numerical information contained in (1) can be used for various structure-property
calculations, provided that we have sufficient computing power and appropriate potentials
or wave functions; the problem is that this representation offers little intuitive feel for the
factors controlling structural stability. The graphical representation of (2) can be used to
make qualitative arguments (e.g. & la Pauling’s rules), but we do not have a quantitative
expression of the important features of a structure. Graph theory offers a potential solution
to some of these problems.

A graphical representation of a simple structure is shown in Fig. 1. The black circles
represent four atoms and the lines represent chemical bonds between these atoms. This
representation, a set of points joined by lines, is the visual representation of a graph.
Formally, we may define a graph as a non-empty set of elements, V(G), called vertices,
and a non-empty set of unordered pairs of these vertices, E(G), called edges. If we let
the vertices of the graph represent atoms (as in Fig. 1) or groups of atoms, and the edges
of the graph represent chemical bonds (or linkages between groups of atoms), then our
graph may represent a molecule. We can introduce an algebraic representation of this
graph in the form of a matrix (Fig. 1). Each column and row of the matrix is associated
with a specific (labelled) vertex, and the corresponding matrix entries denote whether or
not two vertices are adjacent, i.e. joined by an edge. If the edges of the graph are weighted
in some form such that the matrix elements denote this weighting, then this matrix is
called the adjacency matrix. The adjacency matrix is thus a digital representation of the
graph, which is in turn an analogue representation of the structure. The adjacency matrix
does not preserve the geometrical features of the structure; information such as bond
angles is lost. However, it does preserve information concerning the topological features
of the bond network, with the possibility of carrying additional information concerning
the strengths (or orders) of the chemical bonds.

The argument developed above has introduced a way of quantifying the topological
aspects of the bond network of a group of atoms. It remains to determine the significance
of this information. To do this, we now examine some of the connections that have
recently developed between contemporary theories of chemical bonding and topological
(or graphical) aspects of structure. I shall only sketch the outlines of the arguments,
except where they serve to emphasize the equivalence or similarity between energetics
of bonding and topological aspects of structure. Excellent reviews are given by Burdett
(1980), Albright et al. (1985) and Hoffmann (1988).
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Topological aspects of molecular-orbital theory

Molecules

A simple approach to the electronic structure and properties of molecules is to consider
a molecule as the sum of the electronic properties of its constituent atoms, as modified
by the interaction between these atoms. The most straightforward way of doing this is to
construct the molecular-orbital wave-function from a Linear Combination of Atomic
Orbitals, the LCAO method of the chemist and the tight-binding method of the physicist.
These wave-functions are eigenstates of some (unspecified) effective one-electron
Hamiltonian, HY, that we may write as

HYy = Ey ¢))

where E is the energy (eigenvalue) associated with y, and the LCAO molecular-orbital
wave function is written as

Y= Z C,'¢,' 2)

where {¢;} are the valence orbitals of the atoms of the molecule, and ¢ is the contribu-
tion of a particular atomic orbital to a particular molecular orbital.

The total electron-energy of the state described by this wave function may be
written as

E_J.\II*H'”‘WT <ylHT 1y >

= = 3)
I Y *ydT <yly >
in which the integration is over all space. Substitution of (2) into (3) gives
LEceb, <HTH>
E=—1 @)

?%Cici <¢;19; >

This equation may be simplified by the following substitutions and approxima-

tions:

(a) <¢|lp/> is the overlap integral between atomic orbitals on different atoms; we
will denote this as S, and note that it is always < 1; when i =, <dilgj>= 1 for a
normalized (atomic) basis-set of orbitals;

(b) we write <¢,~IH"”I¢>=H,~,-; this is the Coulomb integral, and represents the
energy of an electron in orbital ¢;; it can be approximated by the orbital ionization
potential;

(c) we write <¢,~IH"”1¢,~> = Hy, it represents the interaction between orbitals ¢; and
¢;, and is the resonance integral; it can be approximated by the Wolfsberg-
Helmholz relationship H;; = KS;(H; + H;)/2 (Gibbs et al., 1972).

The molecular-orbital energies may be obtained from equation (4) via the

variational theorem, minimizing the energy with respect to the coefficients ¢;. The most
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Fig. 2. The cyclobutadiene molecule (left); to the right are the four roots of equation (6), the electron energy
levels expressed in the usual form (centre) and in a density-of-states form (right).

familiar form is the following secular determinant equation, the eigenvalues (roots) of
which give the molecular-orbital energy-levels:

H;;— S;E1 =0 ().

The Hiickel approximation (Trinajstic, 1983) most directly shows the topological
content of this approach. In the Hiickel approximation, all H; values for the pr orbitals
are set equal to «, all H; are set equal to B3, and all S; (i # j) are set equal to zero. As an
example, consider cyclobutadiene (Fig. 2). Writing out the secular determinant equation
in full, we get

a-E P p
B o-E B 0 o ©.
0 B o-E B
B 0 B o-E

The matrix entries in equation (6) may be compared with the cyclobutadiene
structure of Fig. 2. The diagonal terms (ot — E) can be thought of as the ‘self-interaction’
terms; in the absence of any off-diagonal B terms, there are no chemical bonds formed,
and the roots of the equation are the energies of the electrons in the atomic orbitals
themselves. When chemical bonding occurs, these energies are modified by the off-
diagonal B terms. Thus when two atoms are bonded together (i.e., atoms 1 and 2 in
Fig. 1), there is a non-zero value at this particular (1,2) entry in the secular determinant;
when two atoms are not bonded together (i.e. atoms 1 and 3 in Fig. 2), then the
corresponding determinant entry {1,3} is zero. Referring to Fig. I, we see that this
description is very similar to the adjacency matrix of the corresponding graph. If we use
the normalized form of Hiickel theory, in which B is taken as the energy unit, and o is
taken as the zero-energy reference point (Trinajstic, 1983), then the determinant of
equation (6) becomes identical to the corresponding adjacency matrix. The eigenvectors
of the adjacency matrix are identical to the Hiickel molecular-orbitals. Hence ir is the
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topological (graphical) characteristics of a 1 2 1 2
molecule, rather than any geometrical details,
that determine the form of the Hiickel
molecular-orbitals. For cyclobutadiene, the 3 5 a
orbital energies found from the secular deter- G c G

minant (i.e., the four roots of equation 6) are
E=0+2B, o (x2) and o.—2f. These are IF
shown in Fig. 2, both in a conventional energy -
representation, and as a density-of-states L L
diagram.

Molecular building blocks 3 3

We often resolve complicated systems into
simple (usually additive or weakly interact- AND
ing) components that are easier to handle.
Molecular and crystal structures are no
exception; we recognize structural building- l
blocks, and build hierarchies of structures
using these ‘molecular bricks’. Let us
consider this from a graph theoretic point of EG) & E(G)
view.
A graph G'is a subgraph of a graph G if Fig. 3. The relationship between a graph G and
the vertex- and edge-sets V(G’) and E(G') are 3 subgraph G’ expressed in terms of the relevant
subsets of the vertex- and edge-sets V(G) and  vertex- and cdge-sets.
E(G); this is illustrated in Fig. 3. We may
express any graph as the sum of a set of subgraphs. The eigenvalues of each subgraph G’
are a subset of the eigenvalues of the main graph G, and the eigenvalues of the main
graph are the sum of the eigenvalues of all the subgraphs. In the last section, we saw that
the eigenvalues of an adjacency matrix are identical to the Hiickel molecular-orbitals.
Now let us consider the construction of large molecules from smaller building-blocks.
This provides us with a convenient visual way of analyzing the connectivity of our
molecule, and of relating molecules together. But this is not all. The fact that the
eigenvalues of the graphs of our building blocks are contained in the eigenvalues of the
graph of the complete molecule indicates that we may consider our building blocks as
orbital or energetic building-blocks. Thus there is an energetic basis for the use of
fundamental building blocks (FBBs) in the representation and hierarchical analysis of
complex structures.

Crystals

We can conceive of constructing a crystal from constituent molecular building-blocks, in
this way considering the crystal as a giant molecule. However, it is not clear what influence
translational periodicity will have on the energetics of this conceptual building process.
To try to clarify this problem, we will now examine the energetic differences between a
molecule and a crystal.
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—— Let us imagine being able to solve
% equation (6) for a giant molecule. The
results are sketched diagrammatically in

—_— Fig. 4. Solution of the secular determinant

£ = E will give a very large number of molecu-
== lar-orbital energies, and obviously their
== conventional representation solely as a
I function of energy is not very useful; such

‘ results are better expressed as a density-

P(E) of-states diagram (Fig. 4), in which the

electron occupation of a specific energy-

Fig. 4. The electron energy levels for a giant molecule  interval (band) is expressed as a function
expressed in the usual way (left) and as a density of  of orbital energy.
states (right). What effect does translational sym-
metry have on this conceptual process?
Obviously we cannot deal with a crystal using the same sort of calculation, as there are
approximately Avogadro’s number of atoms in a (macroscopic) crystal, far beyond any
foreseeable computational capability. Instead, we must make use of the translational
symmetry to reduce the problem to a manageable size. We do this by using Bloch
orbitals (Ziman, 1965), in which the orbital content of the unit cell is constrained to the
periodicity of the crystal. The secular determinant is solved at a representative set of points
within the Brillouin zone (the special-points method), giving a (hopefully) representative
sampling of the orbital energy-levels that may be smoothed to give the usual density-of-
states representation. The total orbital-energy can then be calculated by integrating the
electronic energy density-of-states up to the Fermi level.

The differences between a molecule and a crystal may thus be summarized as
follows: in a molecule, there is a discrete set of orbital energy-levels; in a crystal, these
levels broaden into bands whose occupancies as a function of energy is represented by
the corresponding electronic energy density-of-states.

The method of moments

The usual method for deriving the electronic energy density-of-states has little intuitive
connection to what we usually think of as the essential features of a crystal structure, the
relative positions of the atoms and the disposition of the chemical bonds. In this regard,
Burdett ef al. (1984) have come up with a very important method of deriving the
electronic energy density-of-states using the method of moments. I will give only a brief
outline of the method; interested readers should consult the original paper for mathematical
details, and are also referred to Burdett (1986, 1987) for further applications in solid-
state chemistry.

To solve the secular determinant (equation 7), we diagonalize the Hamiltonian
matrix. The trace of this matrix may be expressed as follows:

Tr(H") = Y H.H, . .H, (.

t gken
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A topological (graphical) interpretation of Hij
one term in this sum is shown in Fig. 5. Each Hj
term is the interaction integral between orbitals i
and j, and hence is equal to B (if the atoms are
bonded) or zero (if the atoms are not bonded, or
if i = j when .= 0). Thus a single term {H; Hj ...
Hy,} in equation 8 is non-zero only if all H;; terms
are non-zero. As the last H; term is the interaction
between the n" orbital and the first orbital, the
{H; Hy ... H,;} term represents a closed path of Hkl
length 1 in the graph of the orbitals (molecule).

In Fig. 5, the term {H; H; Hyy H;) represents the  Fig. 5. Topological interpretation of a
clockwise path of length 4 around the cyclo- Single term in the sum of cquation 6; for

. ) each orbital i, the non-zero terms are a
butadiene pr orbitals. Thus the complete sum of  eyies of circuits of length n with orbital i
Equation 7 represents all circuits of length #  as the origin; the term shown here has n = 4
through the graph of the (orbital structure of) the  (for cyclobutadienc).
molecule.

The trace of the Hiickel matrix remains invariant under diagonalization, and thus

Tr(H") =Tr(E") =y, (8).

-
om0

Hj; H;,

K

where E is the diagonal matrix of eigenvalues (energy levels) and p, is the n' moment of
E, formally denoted by

H, =2 E )

The collection of moments {y,} may be inverted (see Burdett et al., 1984 for
mathematical details) to give the density-of-states. As we can evaluate Tr(H") directly
from the topology of the orbital interactions (bond topology), we thus derive the elec-
tronic energy density-of-states directly from the bond topology. Of course, we have
already shown that this is the case by demonstrating the equivalence of the secular
determinant and the adjacency matrix of the molecule. However, the method of moments
generalizes quite readily to infinite systems (i.e. crystals).

For an infinite system, we can define the n™ moment of E as

u, = E"p(E)dE (10)

where p(E) is the density of states. In principle, the moments may be evaluated as
before, and inverted to give the electronic energy density-of-states. Thus we see, in
principle, the topological content of the electronic energy density-of-states in an infinite
system, which in turn emphasizes the energetic content of a topological (graphical)
representation of periodic structure. However, we can go further than this. Burdett (1986)
has shown that the energy difference between two structures can be expressed in terms
of the first few disparate moments of their respective electronic energy density-of-states.
Thus when comparing two structures, the important energetic terms are the most local
topological differences berween the structures. Putting this in structural terms, the
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important energetic terms involve differences in coordination number (including ligand
type) and differences in local polyhedral linkage. Furthermore, in structures with bonds
of different strengths, each edge of each path (walk) that contributes to each moment
will be weighted according to the value of the strength (resonance integral) of the bond
defining that edge. Thus strongly bonded paths through the structure will contribute
more to the moments of the electronic energy density-of-states than weakly bonded
paths. The most important energetic features of a structure are thus not only the local
connectivity, but the local connectivity of the strongly bonded coordination polyhedra in
the structure. This provides energetic justification for a hypothesis that will be intro-
duced later on, that structures may be ordered according to the polymerization of the
more strongly bonded coordination polyhedra (Hawthorne, 1983a).

Topological aspects of crystal chemistry

We are all familiar with the rules that govern (sometimes weakly) the stability and
structure of inorganic crystals. The most rigorous rule is that of electroneutrality: the
sum of the formal charges of all the ions in a crystal is zero. Although we tend to take
this rule for granted, it is an extremely powerful constraint on possible chemical varia-
tions in crystals. Other rules grew out of observations on a few mineral and inorganic
structures. Barlow (as described by Bragg, 1955, p. 270-271) predicted the structure of
NaCl on the basis of sphere-packing arguments long before the discovery of X-ray
diffraction. Bragg’s (1913) solution of the structure of halite vindicated Barlow’s argu-
ments, and the idea of structures as close packings of spheres became useful in the solu-
tion of crystal structures. Bragg also introduced the idea that atoms have a certain size,
introduced the idea of coordination number, and considered silicate minerals as
polymerizations of coordination polyhedra. These ideas were refined by Pauling (1929,
1960), who systematized them into his well-known rules for the behaviour of ‘complex
ionic crystals’:

(1) a coordination polyhedron of anions is formed about each cation, the cation-
anion distance being determined by the radius sum, and the ligancy
(coordination number) of the cation being determined by the radius ratio.

(2) the strength of a bond from a cation to an anion is equal to the cation charge
divided by the cation coordination number; in a stable (ionic) structure, the
formal valence of each anion is approximately equal to the sum of the incident
bond-strengths.

(3) the presence of shared faces and edges between coordination polyhedra
decreases the stability of a structure; this effect is large for cations of large
valence and small ligancy.

(4) in a crystal containing different cations, those with large valence and small co-
ordination-number tend not to share polyhedral elements with each other.

These rules put some less rigorous constraints on the behaviour of structures, con-
straints that are traditionally associated with the ionic model of the chemical bond; they
allow us to make the following type of statements about the structure and chemistry of
inorganic crystals:

.
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(a) the formula is electrically neutral;

(b) we may make (weak) predictions of likely coordination numbers from the radius-
ratio rules;

(c) we can make fairly good (<0.02 A) predictions of mean bond-lengths by
summing ionic radii.

There is an enormous amount of structural and chemical data available, and yet our
predictive capabilities concerning this information is limited in the extreme. The following
questions are pertinent in this regard:

(a) within the constraint of electroneutrality, why do some stoichiometries occur

whereas others do not?

(b) given a specific stoichiometry, what is its bond connectivity (bond topology)?

(c) given a specific stoichiometry and bond connectivity, what controls the site

occupancies?

These are some of the questions that need answering if we are going to understand
and be able to predict the stability of inorganic atomic arrangements in general, and
minerals in particular.

Pauling’s rules

How do Pauling’s rules relate to the topology of the bond connectivity in crystals? This

is considered for each rule in turn, below:

Rule (1): The mean interatomic-distance in a coordination polyhedron can be determined
by the sum of the radii of the constituent ions. This point has been extensively
developed up to the present (Shannon, 1976; Baur, 1987; O’Keeffe & Brese,
1991), together with consideration of additional factors that also affect mean
bond-lengths in crystals (Shannon, 1975; Baur, 1981). The first rule also states
that the coordination number is determined by the radius ratio. This works
reasonably well for small high-valence cations, but does not work well for
large low-valence cations. For example, inspection of Shannon’s (1976) table
of ionic radii shows Na radii listed for coordination numbers from [4] to [12]
with oxygen ligands, whereas a radius-ratio criterion would indicate that any
cation can have (at most) only two coordination numbers for a specific anion. It
is important to note that the coordination number of an atom is one of the
lowest moments of the electronic energy density-of-states.

Rule (2): This is also known as the electrostatic-valence rule. It has been further ex-
tended by Baur (1970, 1971), who developed a scheme for predicting individ-
ual bond-lengths in crystals, given the bond connectivity, and by Brown &
Shannon (1973), who quantitatively related the length of a bond to its strength
(bond valence). The latter scheme has proved a powerful a posteriori method
of examining crystal structures for crystal-chemical purposes. This rule relates
strongly to the local connectivity of strong bonds in a structure, and again
involves significant low-order moments of the electronic energy density-of-states.

Rules (3) and (4): Both of these rules again relate to the local connectivity in a structure,
and strongly affect the important low-order moments, both by different short
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paths resulting from different local bond-topologies, and from differences in
anion coordination numbers.
These arguments show that Pauling’s rules can all be intuitively related to bond
topology and its effect on the low-order moments of the electronic energy density-of-
states.

Ionicity and covalency

Pauling (1929) presented his rules as ad hoc generalizations, rationalized by qualitative
arguments based on an electrostatic mode! of the chemical bond. This led to an association
of these rules with the ionic model, and there has been considerable criticism of the
second rule as an ‘unrealistic’ model for bonding in most solids. Nevertheless, these
rules have been too useful to discard, and in various modifications, continue to be used
to the present day. Clearly, their proof is in their applicability to real structures rather
than in the details of somewhat vague ionic arguments (Burdett & McLarnan, 1984).

In the last 20 years, there has been significant progress in rationalizing and predict-
ing geometrical aspects of structures from a molecular-orbital viewpoint (Burdett, 1980;
Gibbs, 1982; Tossell & Gibbs, 1977). In particular, it has been shown that many of the
geometrical predictions of Pauling’s rules can also be rationalized by molecular-orbital
calculations on small structural fragments. Burdett & McLarnan (1984) show how the
same predictions from Pauling’s rules can be rationalized in terms of band-structure
calculations, again focusing on the covalent interactions, but doing so for an infinite
structure. It is interesting to note how these two approaches parallel the arguments given
previously concerning the relationship between bond topology and energetics:

(1) the energy of a molecular fragment is a function of its topological characteristics

via the form of the secular determinant;

(2) the electronic energy density-of-states of a continuous structure can be
expressed in terms of the sum of the moments of the energy density-of-states,
which is related to the topological properties of its bond network.

The thread that links these ideas together is the topology of the bond network via
its effect on the energy of the system. This also parallels our earlier conclusion that all of
Pauling’s rules relate to the topological characteristics of the bond network of a crystal.

Let us consider two (dimorphic) structures of the same stoichiometry but different
atomic arrangement. As the chemical formulae of the two structures are the same, the
atomic components of the energy of each structure must be the same, and the difference
in energy between the two structures must relate completely to the difference in bond
connectivity. This ‘general principles’ argument emphasizes the importance of bond
topology in structural stability, and finds more specific expression in the method of
moments developed by Burdett et al. (1984). Thus we come to the general conclusion
that arguments of ionicity and/or covalency in structure are secondary to the overriding
influence of bond topology on the stability and energetics of structure.

Bond-valence theory

In the early 1970s, several workers (Donnay & Allmann, 1970; Baur, 1971; Brown &
Shannon, 1973; Ferguson, 1974; Pyatenko, 1973) developed extensions of Pauling’s
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second rule, and the term ‘bond-valence’ evolved as a measure of the strength of a
chemical bond. Based on this approach, Brown (1981, 1992) and O’ Keeffe (1989, 1990)
have developed a simple yet coherent picture of chemical bonding in inorganic structures.
Although empirical bond-valence curves are now widely used (Brown & Altermatt, 1985),
the general ideas of bond-valence theory have not yet seen the use that they deserve. I
shall briefly review these ideas as they can be developed further to deal in a very simple
way with many aspects of complex inorganic structures that cannot be approached by
other methods.

Bond-valence relationships
According to Pauling’s second rule (Pauling, 1960), bond-strength, p, is defined as
p = cation valence/cation coordination number = Z/cn (11).

Summing the bond-strengths around the anions, the second rule states that the sum
should be approximately equal to the magnitude of the anion valence:

> P =|Z (12).

anion

Correlations between deviations from Pauling’s second rule and bond-length varia-
tions in crystals have been parameterized for specific cation-anion bonds. For such
schemes, I use the term bond valence, in contrast to the Pauling scheme for which I use
the term bond strength; this is merely a convenient nomenclature without any other
significance.

Bond valence, s, may be expressed as a function of bond length, R, in the following
way:

S=S(J|R/R(‘|—N0rs=lR/RII—" (13)

where s,, R,, N, R; and n are constants characteristic of cation-anion pairs, and were
derived by fitting such equations to a large number of well-refined crystal structures
under the constraint that the valence-sum rule work as closely as possible (Brown &
Shannon, 1973). In equation 13, R, is nominally a refined parameter, but is obviously
equal to the grand mean bond-length for the particular bond-pair and cation coordination-
number under consideration; s, is equal to the Pauling bond-strength. Thus (R/R,) = 1,
and s, is actually a scaling factor that ensures that the sum of the bond valences around
an atom is approximately equal to the magnitude of its valence.

We may consider covalence in the following way. Suppose that there is a delocalization
of charge into the bonds, together with a reduction in the charge on each atom. For an
A-B bond, let the residual charges change by Z,p, and Zgpg, respectively. The (Pauling)
bond-strength [ = scaling constant s, in eqn 14] is given by Zypa/cn, where cn is the
coordination number of atom A. Inserting these values into equation 14 and summing
over the bonds around B gives

S =, s |RIR[ = p,lz,| (14).
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If ps = pg, these terms cancel and the bond-valence equation works, provided the relative
delocalization of charge from each formally ionized atom is not radically different. Thus
the bond-valence equation can apply from ‘very ionic’ to ‘very covalent’ situations.

Bond-valence theory as a molecular-orbital model

Pauling (1929) couched his original arguments in the vocabulary of an ionic-bonding
model, and there has been constderable criticism of his second rule and its more recent
extensions, based on its perception as a description of ionic bonding. In this regard,
Bragg (1930) produced an interesting argument to justify Pauling’s second rule. He
considered the (nearest-neighbour) forces that bond atoms together into coordination
polyhedra, conceptually modelling the interactions by “lines of force”. He noted that
atoms that are closer together will have more lines of force between them, atoms that are
further apart will have less lines of force, and that next-nearest-neighbours can interact
only through their nearest-neighbours. The ‘charge’ of the bond strength was associated
with the bond between two atoms, and the amount of charge was inversely related to the
bond length. This sounds much more like a molecular-orbital description of bonding
than an ionic description, allowing for the unconventional vocabulary used in the
argument.

Brown & Shannon (1973) emphasized the difference between bond-valence theory
and the ionic model. In bond-valence theory, the structure consists of a series of atomic
cores held together by valence electrons that are associated with the chemical bonds
between atoms; they also explicitly state that the valence electrons may be associated
with chemical bonds in a symmetric (covalent) or asymmetric (ionic) manner. However,
a priori knowledge of the electron distribution is not necessary, as it is quantitatively
derived from the application of the bond-valence curves to the observed structure. Indeed,
Burdett & Hawthorne (1993) show how the bond-valence bond-length relation may be
derived algebraically from a molecular-orbital description of a solid in which there is a
significant energy-gap between the interacting orbitals on adjacent atoms. Thus we may
consider bond-valence theory as a very simple form of molecular-orbital theory,
parameterized via interatomic distance rather than electronegativity or lonization
potential, and (arbitrarily) scaled via the valence-sum rule.

Network solids

Let us define a crystal, liquid or molecule as a network of atoms connected by chemical
bonds. For the materials in which we are interested, any path through this network con-
tains alternating cations and anions, and the total network is subject to the law of
electroneutrality: the total valence of the cations is equal to the total valence of the
anions. A bond valence can be assigned to each bond such that the valence-sum rule is
obeyed: the sum of the bond valences at each atom is equal to the magnitude of the
atomic valence. If the interatomic distances are known, then the bond valences can be
calculated from the curves of Brown (1981); if the interatomic distances are not known,
then the bond valences can be approximated by Pauling bond-strengths.

e

e
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Characteristic bond-valences

Although the ideas discussed above are important, they are a posteriori analysis: the
structure must be known in detail before we can apply these ideas. This is obviously not
satisfactory. We need an a priori approach to structure stability if we are to develop any
predictive capability. In this regard, Brown (1981) introduced a very important idea. If
we examine the bond valences around a specific cation in a wide range of crystal struc-
tures, we find that the values lie within ~20% of the mean value; this mean value is thus
characteristic of that particular cation. If the cation only occurs in one type of coordina-
tion, then the mean bond-valence for that cation will be equal to the Pauling bond-
strength; thus P (phosphorus) always occurs in tetrahedral coordination to oxygen, and
will hence have a mean bond-valence of 5/4 = 1.25 vu. If the cation has more than one
coordination number, then the mean bond-valence will be equal to the weighted mean of
the bond valences in all the observed structures. Thus Fe®* occurs in various coordinations
from [4] to [8]; the tendency is for [4]- and [5]-coordinations to be more common than
[7]- and [8]-coordinations, and hence the mean bond-valence is 0.40 vu.

The mean bond-valence correlates with formal charge and cation size, and hence it
should vary systematically through the periodic table; this is in fact the case. Table 1 shows
these values, smoothed across the periods and down the groups of the periodic table.

Lewis acid and base strengths

The concept of bond valence can be generalized in the following way. The mean bond-
valence of a cation correlates strongly with its electronegativity (Fig. 6). Electronegativity
is a measure of the electrophilic strength (electron-accepting capacity) of the cation, and
the correlation with the characteristic bond-valence (Fig. 6) indicates that the latter is a
measure of the Lewis acid strength of the cation (see also O’Keeffe & Brese, 1991).
Thus we have the following definition (Brown, 1981);

The Lewis acid strength of a cation may be defined as the characteristic bond-
valence = atomic (formal)valence/mean-coordination-number:

Table 1. Lewis acid strengths (vu) for cations

Li  0.22 Sc 050 Cu®* 045
Be 0.50 Ti*  0.50 Zn 036
B 0.88 Ti*  0.75 Ga  0.50
C 1.30 v¥* 050 Ge 075
N 1.75 v* 120 As 1.02
Na 0.16 crt o 0.50 Se 1.30
Mg  0.36 i 1.50 Rb  0.10
Al 0.63 Mn®* 0.36 Sr 0.24
Si 095 Mn* 0.50 Sn 0.66
P 1.30 Mn* 0.67 Sb 0.86
S 1.65 Fe?  0.36 Te 1.06
Ccl 2.00 Fe**  0.50 Cs  0.08
K 0.13 Co®™ 0.40 Ba 0.0

Ca 027 NiZ*  0.50 Pb>*  0.20
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Fig. 6. Lewis acid strength (mean bond-valence for a specific cation) as a function of cation electroncgativity
(from Brown, 1981); circles are main-group elements in their highest oxidation state, crosses (x, +) are the
same elements in lower oxidation states.

The Lewis base strength of an anion can be defined in exactly the same way, as the
characteristic valence of the bonds formed by the anion. However, bond-valence
variations around anions are much greater than those around cations. For example, the
valences of the bonds to O® vary between nearly zero and 2.0 vu; thus in
Na[AI(SO4):(H,0)6] (H,0)s (Cromer et al., 1967), Na is in [12]-coordination, and the
oxygen to which it is bonded receives 0.08 vu from the Na~O bond; conversely in CrO;
(Stephens & Cruickshank, 1970), one oxygen is bonded only to Cr* and receives 2.00
vu from the Cr—O bond. With this kind of variation, it is not particularly useful to define
a Lewis base strength for a simple anion such as o~.

The situation is entirely different for complex
oxyanions. Consider the (SON* oxyanion shown in
Fig.7. Each oxygen receives 1.5 wvu from the
central S® cation, and hence each oxygen of the
group needs an additional 0.5 vu to be supplied by
additional cations. If the oxygen coordination num-
ber is [n], then the average valence of the bonds to
0 (exclusive of the S-O bond) is 0.5/(n — 1) vu;
thus if n=2, 3, 4 or 5, then the mean bond-
valences to the oxygen are 0.50, 0.25, 0.17 or 0.11
vu, respectively. As all of the oxygen atoms in the
(SON* oxyanion have the same environment, then
the average bond-valence received by the oxyanion

Fig. 7. Bond-valence structure of the

(S04)* oxyanion, with the individual
bond-valences shown in vu.
® = sulphur, O = oxygen.

is the same as the average bond-valence received
by the individual oxygen atoms. In this way, we can
define the Lewis basicity of an oxyanion. Note that

e —
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for the (SO4)2' oxyanion discussed Table 2. Lewis basicities (vu) for selected oxyanions
above, the possible average bond-

possIb & . (BO3)*~ 033 (COy* 025
valences are quite tightly constrained Sio)* 033 (NOo>  0.12
(0.50-0.11 vu), and we can e.as.ily (AIO)> 042 (VO 025
calculate a useful Lewis basicity. (PO 025 (SO9*  0.17
Table 2 lists Lewis basicities for some (As05)* 0.25 (Crog* 0.17

common inorganic oxyanions.

The valence-matching principle

The definitions of Lewis acid and base strengths lead to a specific criterion for chemical
bonding, the valence-matching principle:

The most stable structures will form when the Lewis acid-strength of the cation
closely matches the Lewis base-strength of the anion.

This is the chemical analogue of the handshaking principle in combinatorial
mathematics, and the ‘kissing’ principle in social relationships. As a chemical bond
contains two constituents, then the properties of the constituents must match for a stable
configuration to form.

Simple applications of the valence-matching principle

Thenardite, Na,SO, (Hawthorne & Ferguson, 1975a), illustrates both the utility of defin-
ing a Lewis base strength for an oxyanion, and the working of the valence-matching
principle (Fig. 7). As outlined above, the bond-valences to O*" vary between 0.17 and
1.50 vu. Assuming a mean oxygen coordination number of [4], the Lewis basicity of the
(SO,)*" oxyanion is 0.17 vu, which matches up very well with the Lewis acidity of 0.16
vu for Na given in Table 1. Thus the Na-(SO,) bond accords with the valence-matching
principle, and thenardite is a stable mineral.

Consider the formula NaySiO,. The Lewis basicity of the (SioN* oxyanion is 0.33
vu (Table 2); the Lewis acidity of Na is 0.17 vu. These values do not match up, and thus
a stable bond cannot form; consequently Na,SiO, is not a very stable material and is not
found as a mineral.

Consider the formula Ca,SiO,. The Lewis basicity of (Si04)4’ is 0.33 vu and the
Lewis acidity of Ca is 0.29 vu; these values match up reasonably well, and Ca,SiO, is
stable as the mineral larnite.

Consider the formula CaSO,. The relevant Lewis basicity and acidity are 0.17 and
0.29 vu, respectively; according to the valence-matching principle, we do not expect a
stable structure to form. However, the mineral anhydrite is stable, the cation and anion
coordination numbers both reducing to allow the structure to satisty the valence-sum
rule (Hawthorne & Ferguson, 1975b). However, anhydrite hydrates readily in the pres-
ence of water to produce gypsum, CaSO,(H,O),; this instability is suggested by the
violation of the valence-matching principle.

These simple examples illustrate the power of the valence-matching principle as a
simple way in which we can consider the possibility of cation-anion interactions of
interest. It is important to recognize that this is a priori analysis, rather than the a
posteriori analysis of Pauling’s second rule and its various modifications.
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A hierarchical approach to structure

Bragg (1930) classified the silicate minerals according to the way in which the (SiQ,)
tetrahedra polymerize, and this scheme was generalized to polymerized tetrahedral
structures by Zoltai (1960) and Liebau (1985). Further developments along similar lines
were the classifications of the aluminium hexafluoride minerals (Pabst, 1950; Hawthorne,
1984a) and the borate minerals (Christ, 1960; Christ & Clark, 1977; Burns et al., 1995;
Hawthorne et al., 1996). Such an approach to hierarchical organization is of little use in
such chemical groups as the phosphates or the sulphates, in which the principal oxyanion
does not self-polymerize. Moore (1984) developed a classification of phosphate minerals,
based on the polymerization of divalent and trivalent metal octahedra. However, all
these hierarchical schemes focus on specific chemical classes of compounds, and are not
easily adapted to other classes.

This general problem may be considered within the framework of bond-valence
theory. First let us consider the cations in a structure. The cation bond-valence require-
ments are satisfied by the formation of anion coordination polyhedra around them. Thus
we can think of a structure as an array of complex anions that polymerize in order to
satisfy their (simple) anion bond-valence requirements according to the valence-sum
rule. Let the bond-valences in an array of coordination polyhedra be represented by

si (i=1,n) where s, > si*!.

A general hypothesis

Hawthorne (1983a) has proposed the following hypothesis:

Structures may be hierarchically ordered according to the polymerization of

coordination polyhedra with higher bond-valences.

There are two important points to be made with regard to this idea:

(1) we define the structural elements by bond valences rather than by chemistry;
consequently, there is no division of structures into different chemical groups
except as occurs naturally via the different ‘strengths’ of the chemical bonds.

(2) Earlier, we argued that the topology of the bond network is a major feature
controlling the-energy of a structure. The polymerization of the principal
coordination polyhedra is merely another way of expressing the topology of the
bond network. Thus at the intuitive level, we can recognize an energetic basis
for the hierarchical organization of structures according to the details of their
polyhedral polymerization.

Dimensional polymerization

Families of complex structures are often based on different arrangements of a findamental
building block (FBB), a tightly-bonded unit within the structure that can be envisaged as
the inorganic analogue of a molecule in an organic structure. The FBB is usually a
homo- or heteropolyhedral cluster of coordination polyhedra with the strongest bond-
valence linkages in the structure. The FBB is repeated, usually polymerized, to form the
structural unit, a complex anionic polyhedral array whose charge is balanced by the
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Fig. 8. The structural unit and the interstitial species in térnebohmite.

presence of large low-valence interstitial cations (usually alkalis or alkaline earths).
These definitions are illustrated for the mineral tGrnebohmite in Fig. 8. The following
nomenclature is used here: M 2 [5]-coordinated, T= [3]- or [4]-coordinated, ¢ = un-
specified anion.

The various structural units can be arranged according to the mode of polymer-
ization:

(a) unconnected polyhedra

(b) finite clusters

(c) infinite chains

(d) infinite sheets

(e) infinite frameworks

As discussed later, hydrogen-containing groups (e.g. (OH)", (H,0)" often exert a
major control on the dimensional character of the structural unit (Hawthorne, 1992).
Most work has focused on structures with triangles, tetrahedra and octahedra as principal
coordination components of the structural unit (Hawthorne, 1979, 1984a, 1985a, 1986,
1990; Eby & Hawthorne, 1993; Moore, 1970a,b, 1973, 1974, 1975a, 1982, 1984; Lima-
de-Faria, 1983; Lima-de-Faria & Figueiredo, 1976), although there has been some
notable work (Moore, 1981) on structures with important higher coordination numbers.
The following outline cannot, of course, be comprehensive, but it is hopefully represen-
tative of the diversity shown by these types of structures. I shall focus on the structures
of minerals for several reasons. First, much work of this type has involved mineral
structures. Second, this restriction provides a reasonable sampling of inorganic oxysalt
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structures, from simple close-packed oxides to very complicated quasi-zeolitic hydroxy-
hydrated oxysalts. There are certain regularities that become apparent when structures
are examined in this fashion. I shall draw attention to these without necessarily providing
an explanation; indeed, many of these features are, as yet, unexplained, but they all
indicate Nature’s economy of effort when it comes to structural design in minerals.

Unconnected-polyhedra structures

In minerals of this class, low-coordination oxyanions [e.g., (SON%, (POY*, (COy™,
(NO;)", (TeO,)*] and intermediate-coordination complex cations [e.g., {Mg(H,0);),
{AI(H,0)sF}] are linked together by large low-valence interstitial cations and by hydrogen
bonding. Tetrahedral cations are coordinated by oxygens, and octahedral cations are
coordinated predominantly by (H,0) groups; the exceptions to the latter are khademite
and the minerals of the fleischerite group (Appendix, Table I), in which the octahedral
groups are (Al(H,O)sF) and (Ge(OH);), respectively. It is notable that khademite is the
only M(T¢4)9, structure (in this class) with a trivalent octahedral cation; all other
compounds have divalent octahedral cations. Similarly, the fleischerite-group minerals
are the only M(T¢,),0, minerals (in this class) with tetravalent octahedral cations; all
other minerals of this stoichiometry have trivalent octahedral cations.

Some rules governing the compositions of these isolated polyhedra structures
become apparent from an inspection of Table I (Appendix). The Lewis basicity of the
(T94) group must be low (i.e., <0.20 vu), otherwise the valence-matching principle
forces it to bond to a strong Lewis acid and form a polymerized structural unit. Thus
these compounds are dominantly sulphates (or other hexavalent 70, salts). When a
pentavalent T cation (such as P or As) occurs, it does so as an acid (PO;OH) group; it is
notable that such acid pentavalent-cation groups have a Lewis basicity of 0.18 vu (very
similar to the value of 0.17 vu for the hexavalent (TO,) groups, and significantly different
from the Lewis basicity of 0.25 vu for the (PO,) group). The only exception is struvite
which has a (PO,) group (Appendix, Table I). However, struvite has (NH,)" as the
interstitial complex-cation species, and (NH,)* has a Lewis acidity of 0.25 vu (Table 1);
thus solely because of the nature of the interstitial cation in struvite, this mineral can
have an isolated (PO,) group. Hence bond-valence considerations seem to account quite
nicely for the compositional characteristics of these isolated-polyhedra structures.

Finite-cluster structures

Selected compounds of this class are given in Appendix, Table II, and the different types
of clusters found in these minerals are illustrated in Fig. 9.

In jurbanite (Sabelli, 1985a), the cluster consists of an octahedral edge-sharing
dimer of the form [Al,(OH),(H,O)] and an isolated (SO,) tetrahedron (Fig. 9a). These
two fragments are bound together by hydrogen bonding from the octahedral dimer
(donor) to the tetrahedron (acceptor), and hence jurbanite is actually transitional
between the unconnected-polyhedra structures and the finite-cluster structures.

In the M(T94)¢, minerals, the structures of the members of the rozenite group are
based on the [My(T¢4)2¢s] cluster (Fig. 9b), linked solely by hydrogen bonding between

.
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Fig. 9. Finite polyhedral clusters in [M(T94)da] and [M(Ts)2 §al structures: (a) the [Ma(Tda)2di0] cluster in
jurbanite; (b) the [M2(T¢4)204] cluster in the rozenite group minerals; (c) the {M2(T¢4)2¢7] cluster in morinite;
(d) the cis [M(T1)204] cluster in romerite; (c) the trans {M(T4)204] cluster in anapaite, blédite, leonite and
schertelite; (f) the [M3(Td4)a(4] cluster in metavoltine.

adjacent clusters. The morinite structure (Hawthorne, 1979) is based on the [Mo(Td,),07]
cluster (Fig. 9c), linked by interstitial cations as well as inter-unit hydrogen bonds.
Hawthorne (1983a) derived all possible finite clusters of the form [Ma(T¢4).0,] with no
linkage between tetrahedra and with only corner-sharing between tetrahedra and octa-
hedra. Based on the conjecture that the more stable clusters are those in which the
maximum number of anions have their bond-valences most nearly satisfied, four clusters
were predicted to be the most stable; two of these are the clusters of Figs. 9b,c.

There is far more structural variety in the M(T¢,),$, minerals (Appendix, Table II).
Anapaite, blodite, leonite and schertelite are based on the simple trans [M(T¢4)204]
cluster of Fig. 9e, linked by a variety of interstitial cations and hydrogen-bond arrange-
ments (Hawthorne, 1985c). Romerite (Fanfani et al., 1970a) is also based on an
[M(Td4)204] cluster, but in the cis rather than in the trans arrangement (Fig. 9d). Meta-
voltine (Giacovazzo et al., 1976b) is built from a complex but elegant [M3(Td4)st4]
cluster (Fig. 9f) that is also found in a series of synthetic compounds investigated by
Scordari (1980, 1981b). Again it is notable that the M(79,),9, minerals in this class are
characterized by interstitial cations, whereas the bulk of the M(T¢,)¢, minerals are not,
as was the case for the unconnected-polyhedra structures.
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Fig. 10. Selected finite cluster structures of [M(Td4)pn] and [M(Tds)20] stoichiometry: (a) rozenite; (b)
morinite; (c) bladite; (d),(e) leonite; (f) schertelite; (g) anapaite.

The energetic considerations discussed previously suggest that the stability of these
finite-cluster structures will be dominated by the topological aspects of their connectiv-
ity. Nevertheless, it is apparent from the structures of Table II (Appendix) that this is not
the only significant aspect of their stability. Fig. 10 shows the structures of most of the
minerals of Table II. It is very striking that these clusters pack in essentially the same
fashion, irrespective of their nature, and irrespective of their interstitial species.
Although a more detailed examination of this point is desirable, its very observation
indicates that not only does Nature choose a very small number of fundamental building
blocks, but She also is very economical in Her ways of linking them together.

Infinite-chain structures

There are large number of possible [M(T¢s),9,] chains that can be constructed from
fundamental building blocks involving one or two octahedra and one, two or four tetra-
hedra. Only a few of these possible chains have actually been found in inorganic oxysalt
structures, and a cross-section of these is shown in Fig. 11; selected structures based on
these chains are listed in Table III (Appendix). E
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Fig. 11. Infinite chains in [M(T¢s)pa) and [M(T¢s)20] structures: (a) the [M(T¢a)ds] chain in the
chalcanthite-group minerals, liroconite and brassite; (b) the [M(Ts)s] chain in butlerite, parabutlerite, the
childrenite group and uklonskovite; (c) the [M(Tds)p3] chain in fibroferrite; (d) the [M(T4)9) chain in
chlorotionite; (e) the [M(Td4)¢2] chain in the linarite-group minerals; (f) the [M2(T%4)40s] chain in amarantite
and hohmannite; (g) the [M(T¢s)292] chain in the krohnkite, talmessite and fairfieldite groups; (h) the
[M(T¢4)29] chain in tancoite, sideronatrite, the jahnsite and segelerite groups, guildite and yftisite; (i) the
[M(T¢4)2¢] chain in the brackebuschite, fornacite and vauquelinite groups; (j) the [M(T¢s)20] chain in
ransomite and krausite; (k) the [M2(T¢4)4¢s] chain in botryogen.

The chains of Fig. 11 may be divided into two types: common [(a), (b), (c), (g), (h),
1] and rare [(d), (e), (f), (j), (k)]. Structures based on these chains are listed in Table III.
Minerals based on common chains are much more abundant than minerals based on rare
chains, and also tend to show many more isostructural species than minerals based on
rare chains.

Let us consider first the common chains of stoichiometry [M(T%,)d,] (Figs. 11a—c).
The first chain (Fig. 11a) has no linkage between octahedra, the second chain (Fig. 11b)
has corner linkage between octahedra, and the third chain (Fig. 11c) has edge linkage
between octahedra. These are the more important of the chains in this group, and it is
notable that
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(a) they all have a fairly simple connectivity;

(b) there is just one particular chain for each type of connectivity between octa-
hedra; thus in the first chain, there is no direct linkage between octahedra; in
the second chain, there is corner-sharing between octahedra; in the third chain,
there is edge-sharing between octahedra.

Graph-theoretic arguments show that there are 200-300 distinct chains based on
repeat units of [M(Tdy)d,] and [My(T¢y)a02,]. Very few of these are found in structures,
and by far the most common chains are the three simplest chains in which the octahedra
share none, one and two anions, respectively.

(c)
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Fig. 12. Selected infinite sheets in [M(7T0s)dq] stuctures: (a) the [M(7T¢4)d3] sheet 1n newberyite; (b) the
[M2(Ths)20s] sheet in minyulite; (c) the [M(Ts)¢2] sheet in the laueite-group minerals; (d) the [M(T¢a4)d2)
sheet in pseudolaueite; (e) the [M(T04)02] sheet in stewartite; (f) the [M(7d4)d2] sheet in metavauxite; (g) the
[Ma(Tt4)207] sheet in whitmoreite; (h) the {M(7'0s)¢] sheet in tsumcorite and bermanite.
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Let us consider next the common chains of stoichiometry [M(7¢,).¢,] (Figs. 11g—
i). Again, these chains have no linkage, corner linkage and edge linkage, respectively,
between adjacent octahedra, and are the three simplest possible chains of [M(T¢4)20,]
stoichiometry. The parallel behaviour of the [M(Td)d,] and [M(T4)2,] chain structures is
striking, to say the least. The more complex chains of Figs. 11d—f are found in a smaller
number of (far less common) minerals. In addition, it seems that the more complex
structural units tend to occur in the ferric-iron sulphates.

Infinite-sheet structures

Minerals of this class are given in Table IV (Appendix). As the degree of polymerization
of the structural unit increases, the number of possible bond-connectivities becomes
enormous. However, Nature still seems to favour only a fairly small number of them;
these are illustrated in Figs. 12 and 13.

The sheet structures of the M(7¢,)¢, minerals show considerable variety in terms
of the type of linkage between the FBBs. Notable in the less-connected structural units is
that of minyulite (Fig. 12b), which is built by condensation (via corner linkage between
octahedra and tetrahedra) of [M,(Td,)>0] clusters (Kampf, 1977) that are the structural unit
in morinite (Fig. 9¢c). The structures of the laueite, stewartite, pseudolaueite, strunzite
and metavauxite groups (Figs. 12c—f) are based on sheets formed from condensation of
the vertex-sharing octahedral-tetrahedral chains of the sort shown in Fig. 11b. The
tetrahedra cross-link the chains into sheets, and there is much possible variation in this type
of linkage; for more details on this isomerism, see Moore (1975a). The five structural
groups of these minerals are based on the four sheets of Figs. 12c—f. These sheets are
linked through insular divalent-metal octahedra, either by direct corner-linkage to
phosphate tetrahedra plus hydrogen bonding, or by hydrogen bonding alone. There is
great potential for stereoisomerism in the ligand arrangement of these linking octahedra,
but only the trans corner-linkages occur in these groups. In the whitmoreite sheet
(Moore et al., 1974) (Fig. 12g), we can see both the [M,(7¢,),07] cluster of the morinite
structure and the [M5(T¢,),05] cluster of the rozenite-group structures (Figs. 9c¢,b).
Similarly, in the [M(T$4)$] sheet of the bermanite (Kampf & Moore, 1976) and tsumcorite
(Tillmanns & Gebert, 1973) structures (Fig. 12h), we can see the [M(T4)¢,] chain that
is the structural unit in the minerals of the linarite group (Fig. 11e).

The sheet units found in the M(T9,),¢, and M, (T93),9, minerals are shown in
Fig. 13. Again we see this structural building process, whereby structural units of more
primitive connectivities act as fundamental building blocks for the more condensed
structural units of corresponding composition. Thus the [M(T¢4).¢2] sheet in rhombo-
clase (Mereiter, 1974) (Fig. 13a) is constructed from the cis [M(T¢,),04] cluster that is
the structural unit of rémerite (Fig. 9d). Similarly, the [M(T¢,).0:] sheet of olmsteadite
(Moore et al., 1976) (Fig. 13b) is based on the trans [M(T¢,).04] cluster (Fig. 9¢) found
in anapaite, bldite, leonite and schertelite (Figs. 10c—g). Note that the rhomboclase and
olmsteadite sheets are actually geometrical isomers (Hawthorne, 1983a). Analogous
relationships are obvious for the [M(T¢4),] merwinite-type sheet and the [M(Ta0;)d,]
bafertisite-type sheet (Figs 13c,d). Both are based on the [M(7¢,),¢,] krohnkite chain of
Fig. 11g, but in each sheet, the chains are cross-linked in a different fashion. In the
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Fig. 13. Selected infinite sheets in [M(7T¢:)2¢q] and [Mx(T¢3)ydn] structures: (a) the [M(Tds)292] sheet in
rhomboclase; (b) the [M(Td4)292] sheet in olmsteadite; (c) the [M(T¢4)2] sheet in the merwinite-group
minerals and yavapaiite; (d) the [M(T27)¢2] sheet in bafertisite; (e) the [M(T3);] sheet in the eitelite-group
minerals; (f) the [M(T3)d2] sheet in tunisite; (g) the [M2(T¢3)ds) sheet in rodalquilarite; (h) the [M(T20s)2]
sheet in denningite.

merwinite sheet (Moore & Araki, 1972), tetrahedra from one chain share corners with
octahedra of adjacent chains, and neighbouring tetrahedra point in opposite directions
relative to the plane of the sheet. In the bafertisite sheet (Ya-hsien er al., 1963), the
[M(T$4)202] chains link by sharing corners between tetrahedra. Thus both sheets are ‘built’
from the same more primitive structural unit, and these two sheets are in fact graphical
isomers (Hawthorne, 1983a).

Framework structures

Selected minerals of this class are listed in Table V (Appendix). Unfortunately, the
topological aspects of the framework structures cannot be easily summarized in a
concise graphical fashion, partly because of their large number, and partly because of the
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complexity that results from polymerization in all three spatial dimensions. Conse-
quently, we will consider just a few examples that show particularly clearly the different
types of linkages that can occur.

The structure of bonattite (Zahrobsky & Baur, 1968) is shown in Fig. 14a. Now
bonattite is quite hydrated (Appendix, Table V), and comparison with the minerals of
Table IV (Appendix) suggests that it should be a sheet structure (cf. newberyite,
Table IV). Prominent in the structure are the [M(7¢4)04] chains (Fig. 11a) that also occur
as fragments of the newberyite sheet (Fig. 12a). In bonattite, adjacent chains are skew
and link to form a framework; in newberyite (Sutor, 1967), the chains are parallel, and
with the same number of inter-chain linkages, they link to form sheets rather than a
framework. Thus bonattite and newberyite are graphical isomers, and provide a good
illustration of how different modes of linking the same fundamental building block can
lead to structures of very different connectivities and properties.

The structure of titanite is shown in Fig. 14b; this basic arrangement is found in a
considerable number of minerals (Appendix, Table V) of widely differing chemistry
(Hawthorne et al., 1987). The [M(T¢4)¢] framework can be constructed from [M(Td,)d)
vertex-sharing chains of the sort found in butlerite (Fanfani er al., 1971), parabutlerite
(Borene, 1970), the childrenite group (Giuseppetti & Tadini, 1984) and uklonskovite
(Sabelli, 1985b) (Fig. 11b; Appendix, Table IHI). The chains pack in a C-centered array
and cross-link by sharing corners between octahedra and tetrahedra of adjacent chains. It
is notable that this chain is also a fundamental building block of the sheets (Figs. 12¢c—f)
in the laueite, stewartite, pseudolaueite, strunzite and metavauxite groups (Table IV).

The structure of descloizite (Hawthorne & Faggiani, 1979) is shown in Fig. 14c;
again this is a popular structural arrangement (Appendix, Table V). Prominent features
of the tetrahedral-octahedral framework are the edge-sharing chains of octahedra
flanked by staggered tetrahedra that link along the chain. This [M(T4,)¢] chain is found
in the structures of the linarite-group minerals (Fig. 11e), and is also a fundamental
building block for the [M(T¢,4)d] sheet (Fig. 12h) that is the structural unit in tsumcorite
and bermanite (Appendix, Table IV).

fe— b —>i

Fig. 14. Selected framework structures in [M(T¢s)da] and [M(T¢s)29,) minerals: (a) the [M(T4)ds] frame-
work structure of bonattite; (b) the [M(T4)$] framework structure of titanite; (c) the [M(T¢4)0] framework
structure of descloizite.
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These three examples show the type of structural variability we find in the frame-
wark structures, and also the small number of polyhedral linkage patterns (fundamental
building blocks) that occur and seem common to a wide range of structural types. This
suggests that these patterns of bond connectivity are very stable, and hence tend to persist
from one structure-type to another. In addition, the incorporation of relatively primitive
fragments into more highly-condensed structural units tends to support the conceptual
approach of considering a large structure both topologically and energetically as an
assemblage of smaller structural fragments.

(OH) and (H,0) in oxysalt structures

Hydrogen has unusual stereochemical propensities and as a result, it has a unique role in
controlling or moderating many aspects of structure and properties in inorganic crystals.
The hydrogen cation H" commonly has a coordination number of [2] in inorganic struc-
tures; higher coordination numbers are not rare, but for simplicity we will consider the
former, as the arguments presented here can easily be generalized to higher coordination
numbers. There is usually a spontaneous distortion, with the hydrogen ion moving oft-
centre towards one of the two coordinating anions. The geometry of this arrangement
has been well-characterized by neutron diffraction (Ferraris & Franchini-Angela, 1972);
the typical arrangement is shown in Fig. 15. Brown (1976) has shown that the most
common bond-valence distribution is about 0.80 vu to the closer oxygen, and approxi-
mately 0.20 vu to the further oxygen. This generally leads to the stronger bond being
included in (H,0)" or (OH) groups that now become complex anions; the longer
(weaker) bond is referred to as a hydrogen bond. The oxygen closer to the hydrogen is
called the (hydrogen-bond) donor, and the oxygen further from the hydrogen is called
the (hydrogen-bond) acceptor (Fig. 15).
The (OH)™ and (H,0)" groups play a
O acceptor  very important role in oxysalt structures,

anion particularly with regard to the topological

P properties of their bond networks. The

donor ™~ op o762 for this stems from the extremel
anion O._. reason for this stems from the extremely

polar nature of these two groups. On the
Fig. 15. Typical geometry of hydrogen coordina- ~ ©OXYgen side of each group, they functx.on
tion: the hydrogen is [2]-coordinated, and spontane-  as an anion, whereas on the hydrogen side
ously moves off-centre to form two bonds of the  of each group, they function as a cation
approximate valence shown, and a bent O-H-O (Fig. 16); it is because of this unusual
angle; the anion closer to the hydrogen is called the .

‘donor’ anion, and the anion further from the  Property that they play such aumque.role
hydrogen is called the ‘acceptor’ anion. in controlling the structure and chemistry

of oxysalts.

(OH) and (H,0O) as components of the structural unit

Both of these groups have strong polar character (Fig. 16), and this allows them to
control the character of the structural unit. On the Lewis-base side of each group, the
bond valence is relatively strong, approximately 1.2 vu for (OH) and 0.4 vu for (H,0);
the remainder of the bond-valence requirements of the central oxygen is satisfied by the

e e e
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Fig. 16. Typical bond-valence distributions for the hydrogen-bearing groups found in minerals: (a) (OH);
(b) (H20)"% (c) (H30)"; (d) (Hs02)"; (e) (NHa)".

hydrogen atom(s). On the Lewis-acid side of the group, the bond-valence is relatively
weak, about 0.2 vu for each group (Fig. 16). Thus on the Lewis-base (or anionic) side of
the group, the strong bond constitutes part of the bonding network of the structural unit;
conversely, on the Lewis-acid (or cationic) side of the group, the hydrogen bond is too
weak to form part of the bonding network of the structural unit. Hence the role of both
(OH) and (H,0) is to prevent the polymerization of the structural unit in specific
directions. Consequently, these groups play a crucial role in controlling the class of
polymerization of the structural unit (Hawthorne, 1992).

The role of H as a control on structural polymerization is illustrated very well in
the structure of newberyite [Mg(PO;OH)(H,0),], (Sutor, 1967). The structural unit is a
sheet of corner-sharing (MgQg) octahedra and (PO,) tetrahedra, with the polyhedra
arranged at the vertices of a 6 net (Fig. 12a); the bond-valence structure is shown in
Table 3. In the (PO,) tetrahedra, three of the ligands link to (MgQOg) octahedra within the
sheet. The other ligand is ‘tied off” orthogonal to the sheet by the fact that the oxygen is
strongly bonded to a hydrogen atom (i.e., it is a hydroxyl group). The long P-O bond of
1.59 A contributes a bond-valence of 1.10 vu to the oxygen, and the remaining 0.90 vu
is contributed by the hydrogen atom which then weakly hydrogen-bonds (bond valence
of about 0.10 vu) to the neighbouring sheet in the Y-direction. In the (MgOg) octahedra,
three of the ligands link to (PO,) tetrahedra within the sheets. The other ligands are ‘tied
off” by the fact that they are (H,O) groups; the Mg-O bonds of 2.11, 2.12 and 2.13 A
contribute a bond-valence of approximately 0.32 vu to each oxygen, and the remaining
1.68 vu is contributed by the two hydrogen atoms which then weakly hydrogen-bond
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Table 3. Bond-valence table (vu) for newberyite*

Mg P H(6) H(71) H(72) H(81) H(82) H(91) H(92) Sum
O3) 0.389 1.399 1.788
0O(4) 0349 1.242  0.20 0.20 1.891
O(5) 0364  1.232 0.20 0.20 1.996
0O(6) 1.095  0.80 0.20 2.095
o7 0326 0.80 0.80 0.20 2.126
o) 0316 0.80 0.80 0.20 2.116
0@ 0313 0.80 0.80 1.913
Sum  2.057  4.968 1.0 1.0 1.0 1.0 1.0 1.0 1.0

* calculated from the parameters of Brown & Altermatt (1985)

Table 4. Bond-valence table (vu) for artinite

Mg c H(1) H(2) H(3) H(4) Sum
=*O(1)  0.391 0.08 0.80%,  2.071
*#+0(1)°  0.391 1.678 0.08 2.149

o) 1.264*2 0.30 0.30 1.864

OH 0.372% 0.92 2.014
0.350

ow 0.283212 0.70 0.70 1.966
2.051 4.206 1.00 1.00 1.00 1.00

** O(1) and O(1)” are disordered, and are both half-occupied

(~0.16 vu for each bond) to the neighbouring sheets in the Y-direction. The chemical
formula of the structural unit is also the chemical formula of the mineral, and the sheet-
like nature of the structural unit is controlled by the number and distribution of hydrogen
atoms in the structure.

All intra-unit linkage stops at the (OH) and (H;0) groups in newberyite. This is not
necessarily the case in all structures; both (OH) and (H,O) can allow intra-unit linkage
in some directions and prevent it in others. A good example of this is artinite,
[Mgy(CO3)(OH)»(H,0)s1, (Akao & Iwai, 1977), (Fig. 17 and Table 4). The structural
unit is a ribbon (chain) of edge-sharing (MgOg) octahedra, flanked by (COs) triangles
linked to alternate outer octahedral vertices of the ribbon in a staggered arrangement on
either side of the ribbon. The anions down the centre of the ribbon are bonded to three
Mg cations; they receive about 0.36 x 3 = 1.08 vu from the Mg cations, and thus receive
0.92 vu from their associated hydrogen atoms which then weakly hydrogen-bond (bond-
valence approximately 0.08 vir) to an adjacent ribbon. The (OH) group thus allows
linkage in the X- and Y-directions, but prevents linkage in the Z-direction. The anions
bonded to Mg along the edge of the ribbon are bonded to either one Mg, two Mg, or one
Mg and one C, with incident bond-valence contributions of about 0.3, 0.6, and 1.7 vu,
respectively. The former two ligands must be (H,O) groups which hydrogen-bond fairly
strongly to anions in the same structural unit and in adjacent structural units. Thus the
(H,0) group bonded to one Mg prevents further unit polymerization in all three directions,
whereas the (H,O) group bonded to two Mg atoms allows polymerization in the Y-
direction but prevents polymerization in the other two directions. The bond-valence

e ———— e s e, e
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Fig. 17. The structural unit in artinite, a ribbon of (Mg¢s) octahedra and (COs) triangles; all simple anions
not bonded to carbon are either (OH) or (H,0).

requirements of the two anions bonded only to C are satisfied by hydrogen bonding
involving donor atoms both in the same structural unit and in different structural units.
Thus in artinite, all linkage between structural units is through hydrogen bonding via
(OH) and (H,0) groups of the structural units. In addition, the (OH) groups allow
polymerization in two directions within the structural unit, whereas the two types of
(H,0) groups allow polymerization in one and no directions, respectively, within the
structural unit.

Thus H, in the form of (OH) and (H,0O) groups, plays an important role in controlling
the polymerization of the structural unit in oxysalt structures. Because of its very
asymmetric distribution of bond-valences, the hydrogen atom can link to any strongly
bonded unit, essentially preventing any further polymerization in that direction. Thus the
dimensionality of the structural unit is controlled primarily by the amount and role of
hydrogen in the structure.

(H,0) groups bonded to interstitial cations

Tinterstitial cations are usually large and of low charge (Lima-de-Faria et al., 1990); they
are usuaily alkali or alkaline-earth cations with Lewis acidities significantly less than the
cations belonging to the structural unit. Consequently, (H,O) can function as a ligand for
these cations whereas (OH) usually cannot, as the cation to which it must bond cannot
contribute enough bond-valence (i.e. about 1.0 vu) for its bond-valence requirements to
be satisfied. There are (at least) three possible reasons for (H,0) groups to act as ligands
for interstitial cations:
(a) to satisfy the bond-valence requirements around the interstitial cation in cases
where there are insufficient anions available from adjacent structural units;
(b) to carry the bond-valence from the interstitial cation to a distant unsatisfied
anion of an adjacent structural unit;
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(c) to act as a bond-valence transformer between the interstitial cation and the
anions of the structural unit; this is a mechanism of particular importance, and
will be discussed later.

An example of (H,O) of this type occurs in stringhamite (Hawthorne, 1985b)
[CaCu(Si04)](H20) (Fig. 18). The structural unit is a sheet of corner-sharing (SiOy)
tetrahedra and square-planar (CuQ,) polyhedra, arranged parallel to (010). These sheets
are linked together by interstitial Ca atoms; each Ca links to four anions from one sheet
and one anion from the adjacent sheet. Presumably the Ca coordination number of [5], a
value that is rare for Ca, is not adequate with regard to the satisfaction of local bond-
valence requirements, and two (H,0) groups complete the Ca coordination polyhedron.
Each (H,O) group bonds to two Ca atoms (Fig. 18), and also hydrogen bonds to anions
in adjacent sheets, carrying the Ca bond-valence to anions which otherwise it could not
reach. Thus the (H,O) groups of this type (i.e. bonded only to interstitial cations) play a
very different role from those (H,O) groups that form part of the structural unit.

Hydrogen-bonded interstitial (H,0) groups

There are many structures in which interstitial (H,O) groups are not bonded to any inter-
stitial cations and yet occupy well-defined positions within a structure and participate in
a hydrogen-bonding network. The (H,0) groups of this sort act as both hydrogen-bond
donors and hydrogen-bond acceptors. Any hydrogen-containing group (both (OH) and
(H,0) of the structural unit, interstitial (H,O) bonded to interstitial cations, and inter-

fe— © —>f

Fig. 18. The crystal structure of stringhamite projected on to (001); interstitial species are omitted on the left
of the figure to emphasize the sheet-like nature of the structural unit.
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Fig. 19. The crystal structure of mandarinoite projected on to (001); note the two different types of (H.0)

groups, onc bonded to cations of the structural unit, and the other held in the structure by hydrogen-bonding
only.

stitial (H,O) groups not bonded to the structural unit or interstitial cations) can act as a
hydrogen-bond donor to (H,O) groups of this sort, and any anion or (H,Q) group can act
as hydrogen-bond acceptor for such (H,0) groups. Crystals with such hydrogen-bonding
networks can be thought of as intermediate between anhydrous structures and clathrate
structures. The clathrate-like fragments that constitute these hydrogen-bonded networks
have been designated as large examples of H-O groups (Emsley et al., 1981). However,
for the reasons cited above, I consider them not as single groups but as part of the inter-
stitial structure.

The structure of mandarinoite, [Fe3* (Se03);(H,0);](H,0);, shows such interstitial
(H,0) groups (Hawthorne, 1984b). The structural unit is a heteropolyhedral framework
of corner-linked (SeOs) triangular pyramids and (FeOg) octahedra, with large cavities
that are occupied by hydrogen-bonded (H,0) groups in well-defined positions (Fig. 19).
Thus of the six (H,0) groups in the formula unit, three are bonded to Fe** and are part
of the structural unit; the three remaining (H,O) groups are interstitial and not bonded to
any cation at all, but are held in place solely by a network of hydrogen bonds.
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Occluded (H,0) groups

Occluded (H,O) groups are not bonded to any cation and are not associated with any
hydrogen-bonding scheme; normally such (H,O) groups are located in holes within or
between structural units. Such groups can occupy well-defined crystallographic positions,
but their linkage with the rest of the structure is solely through Van der Waals interaction.

Alkali-free beryl can have non-bonded (H,O) groups occurring in the channels of
the framework structure (Gibbs et al.,, 1968). Most beryl contains alkali cations partly
occupying sites within the channels, and these cations are bonded to channel (H,0)
groups. However, Hawthorne & Cerny (1977) have shown that most beryl contains
(H»O) groups in excess of that required to coordinate the channel cations, and hence
some of the (H,O) groups must be occluded rather than occurring as bonded components
of the structure. Although such (H,O) does not play a significant structural role, it can
have important effects on such physical properties as specific gravity, refractive indices
(Cerny & Hawthorne, 1976) and dielectric behaviour (Shannon er al., 1992).

Structural and chemical predictions

The arguments we have developed thus far have been dealing with a posteriori analysis:
bond-valence theory as a MO theory, development of a hierarchical ordering of oxysalt
structures, analysis of the various roles of hydrogen in oxysalt crystals. However, what
we really need to do is to develop some kind of predictive capability for aspects of
structure and chemistry that have so far resisted our efforts. Bond-valence theory has a
major role to play in this regard, as it has predictive capability; we can use the Lewis
acid and base values, together with the valence-matching principle, to examine possible
chemical interactions without requiring detailed structural information. By using this
approach, we can begin to examine several aspects of structure and chemistry that have
hitherto resisted our efforts.

Binary structural representation

One of the problems in dealing with inorganic structures is the complexity of the atom
interactions; there are a large number of them, and their spatial characteristics are
important. However, the same situation applies to an atom: there is a nucleus and
numerous electrons, all interacting in a very complex manner; nevertheless, we can still
usefully consider an atom as a single unit with simple properties such as size, charge and
electronegativity. Why not take the same approach to the structural unit — consider it as a
very complex oxyanion with intrinsic characteristic properties? When this is done (e.g.,
Hawthorne, 1985a, 1986, 1990), we can define a Lewis basicity for the structural unit in
exactly the same way that we do for a more conventional oxyanion.

The interstitial components may be cations (e.g., alkalis or alkaline earths) and
(H,0O) groups. As discussed above, (H,O) groups may bond to interstitial cations; we
may consider these as complex cations (e.g. [Ca(H,0);]* groups) which then have
properties (e.g. Lewis acidities) very different from their constituent simple cations. The
interstitial components of a structure can usually be considered in a simple additive
fashion to produce an aggregate set of properties (e.g., charge, Lewis acidity).

e —— -
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Fig. 20. The bond network in the structural unit of goedkenite.

We have essentially factored the structure into
two components, and this enables us to use the
valence-matching principle to examine the interaction
of the structural unit with the interstitial species. It is
worth emphasizing here that we have developed a
binary representation that gives us a simple quantita-
tive model of even the most complicated structure,
and allows us quantitative insight into the weak
bonding between interstitial species and the structural
unit.

This procedure may be illustrated using the structure of goedkenite (Moore ef al.,
1975), Sry[Al(PO,4),(OH)], the bond network of which is shown in Fig. 20. There are 9
oxygens in this fragment (as indicated by the general [M(T¢,),¢] form of the structural
unit), and the residual anionic charge is 4°. In order to calculate the basicity of this
structural unit, we must assign simple anion coordination numbers to the unit. Obvious-
ly, there must be an objective process for doing this, as the calculation of structural-unit
basicity hinges on this assignment. Fortunately, this assignment is fairly well-constrained
by the general observation that most oxysalts of interest have oxygen in [3]- or [4]-
coordination; of course, it is easy to think of exceptions, quartz (Si0,) for example, but
the fact that these exceptions are few ‘proves the rule’. Normally, it is adequate to use
the coordination number [4]; however, there are the following exceptions: (i) com-
pounds with M = 3" and T = 6", for which the coordination number [3] is more appro-
priate; (ii) a coordination number of [3] (including H atoms) is more appropriate for
(H,0), and is also used for (OH) when it is bonded to M cations. To attain an oxygen
coordination number of [4], the cluster shown in Fig. 20 needs an additional number of
bonds from the interstitial cations. From the connectivity of the structural unit, the
cluster of Fig. 20 needs an additional 20 bonds; however, it will receive one (hydrogen)
bond from an adjacent chain, which leaves 19 bonds to be received from the interstitial
cations. These 19 bonds must come from 4* charges, and thus the average bond-valence
required by the cluster is 4/19 = 0.22 vu; this is the basicity of the structural unit in
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Fig. 21. The transformer effect of (H20) groups: (a) a cation, M, bonds to an oxygen X with bond valence v;
(b) a cation, M, bonds to an oxygen X of an (H,0) group, and the strong bond is split into two weaker bonds
(hydrogen bonds) via the bond-valence requirements of the constituent H* and O ions; ® = hydrogen atom.

goedkenite. Examination of the table of Lewis acid strengths (Table 1) shows that the
cations of appropriate Lewis acidity are Pb(0.20 vu), St(0.24 vu) and Ba(0.20 vu); in
agreement with this, Sr is the interstitial cation in goedkenite.

(H,0) as a bond-valence transformer

Let a cation, M, bond to an anion X (Fig. 21a); the anion X receives a bond-valence of v
valence units from the cation M. Consider a cation, M, that bonds to an (H,0) group
which in turn bonds to an anion X (Fig. 21b). In the second case, the oxygen receives a
bond-valence of v valence units from the cation M, and its bond-valence requirements
are satisfied by two short O-H bonds of valence (1-v/2) valence units. To satisfy the
bond-valence requirements around each hydrogen atom, each hydrogen forms at least
one hydrogen-bond with its neighbouring anions. In Fig. 21b, one of these hydrogen
bonds is to the X anion which thus receives a bond-valence of one half what it received
when it was bonded directly to the M cation. Thus the (H,O) group acts as a bond-
valence transformer, causing one bond (bond valence = v vu) to be split into two weaker
bonds (bond valence = v/2 vu). It is this transformer effect that is the key to
understanding the role of interstitial (H,0) in crystals.

Interstitial (H,0)

Interstitial (H,O) may coordinate interstitial cations or it may occur solely as a compo-
nent of a hydrogen-bonded network. Whichever is the case, the (H,O) occupies fixed
atomic positions and must play a role in the stability of the structure. The key to under-
standing this role is found in two distinct ideas of bond-valence theory:

(a) (H,0) as a bond-valence transformer

(b) application of the valence-matching principle to the interaction between the

structural unit and the interstitial cations.

Ideally, the valence of the bonds from the interstitial cations to the structural unit
must match the Lewis basicity of that structural unit; if they do not match, then there
cannot be a stable interaction and that particular structural arrangement will not occur.
However, if the Lewis acidity of the interstitial cation is too large, the cation may bond

——— -
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Table 5. Details of H,0 ‘of hydration’ in botryogen

Botryogen: Mg,[Fe3* (S0,),(OH),(H,0),1(H,0),,

Bonded atoms  Number of anions Ideal coordination Bonds needed for

number ideal coordination
S 10 3 2x 10
S + Fe¥* 6 3 1x6
2Fe* + H 2 3 0
Fe** + 2H 2 3 0

Bonds needed to structural unit=2x 10 + | x6 =26
No. of H bonds to structural unit=2x2+2x1=6
No. of additional bonds needed =26 — 6 =20
Charge on structural unit = 4~

Lewis basicity of structural unit = 4/20 = 0.20 vu

Interstitial cation(s) is Mg

Mg coordination = {5H,0 + O}

Bonds from Mg to structural unit=5x2+1=11

Effective Lewis acidity of Mg=2/{5x2 +1} =019 vu

The interstitial (H20) has moderated the Lewis acidity of the interstitial
cation such that the valence-matching principle is satisfied.

to an interstitial (H,O) group which acts as a bond-valence transformer, taking the strong
bond and transforming it into two weaker bonds (Fig. 21). In this way, incorporation of
interstitial (H,0) into the structure can moderate the Lewis acidity of the interstitial
cations such that the valence-matching principle is satisfied.

Let us consider the hydroxy-hydrated ferric-iron sulphate mineral botryogen
(Siisse, 1968b), Mg,[Fe3*(SO,),(OH),(H,0),1(H,0),,; why does this mineral have 10
interstitial (H,O) groups per structural formula? The coordinations of the various anions
in the structural unit are shown in Table 5. Using the ideal coordination numbers
discussed earlier (= [3] for all the simple anions in botryogen), the structural unit needs
an additional 26 bonds to achieve ideal coordination of all its simple anions. Six of these
bonds will be hydrogen bonds from (OH) and (H,O) groups within the structural unit or
in adjacent structural units, leaving 20 bonds needed from interstitial cations. Thus the
Lewis basicity of the structural unit in botryogen is the charge divided by the number of
required bonds: 4/20 = 0.20 vu. he interstitial cations in botryogen are Mg, with a Lewis
acidity of 0.36 vu. The valence-matching principle is violated, and a stable structure
should not form. However, the interstitial Mg atoms are coordinated by {5(H,0)+0},
and this will moderate the effective Lewis acidity of the cation via the transformer effect
of (H;O). The effective Lewis acidity of the ‘complex cation’ {Mg(H,0)s0} is the
charge divided by the number of bonds: 2 /(5 x 2 + 1) = 0.19 vu. The moderated Lewis
acidity of the complex interstitial cation matches the Lewis basicity of the structural unit,
and a stable structure is formed.

Bond-valence controls on interstitial cations

Apart from the requirement of electroneutrality, the factors that govern the identity of
the interstitial cations are obscure. In synthetic crystals, this point is less obvious than in
minerals. When synthesizing crystals, we select the chemical systems used, thereby
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Table 6. Minerals with chain units of stoichiometry [M**(T°*04)2(H;0)2] and [M**(T5+%*04),(H,0,0H)]

[M*(T°*04)x(H20)2] [M*(T**04)2(H,0,0H)]
Brandtite Caz[Mn(As04)2(H20),] Arsenbrackebuschite  Pby[Fe?*(AsO4)2(H20)]
*Krohnkite  Nay[Cu(S04)2(H20):] Arsentsumebite Pba[Cu(SO4)(AsO4)(OH)]
Roselite Cas[Co(AsO4)2(H20),) Brackebuschite Pb2[Mn(VO4)2(H20)]
Gamagarite Bay[(Fe**, Mn)(VO4)2(OH,H20)]
Cassidyite  Caa[Ni(PO4)2(H20)] Goedkenite Sra{AI(PO4)2(OH)}]
Collinsite ~ Caz[Mg(PO4)2(H,0),] Tsumebite Pb;[Cu(PO4)(SO4)(OH)]
Gaitite Cas[Zn(AsO4)2(H20)2]
Roselite-beta Caa[Co(As04)2(H20);] Fornacite Pba[Cu(AsO4)(Cr04)(OH))
Talmessite  Cay[Mg(AsO4)2(H,0),] Molybdofornacite Pb,[Cu(AsOs)}(Mo04)(OH)]
*Tomebohmite (RE)2[Al(8i04)2(0H)]

Fairfieldite ~ Caa[Mn(PO4)2(H20)3]
Messelite Cay[FeX*(PO4)2(H;0),] Vauquelinite Pb[Cu(PO4}(CrO4)(OH)]

* The different-valence cations in the structural units of krohnkite and tornebohmite force different-valence
interstitial cations for these two minerals.

excluding other components from the crystal. This is not the case for minerals. Here, the
chemical system is often extremely large, and the crystallizing structure has access to a
large variety of possible constituents. However, inspection of mineral compositions from
a wide variety of chemical environments and geographical locations shows that a
specific structure-type can have extreme selectivity in the incorporation of interstitial
cations. Table 6 shows minerals of general stoichiometries [M'*(T5+O4)2(H20)2] and
[M*(T**0,),(H,0)]. Both contain interstitial divalent (M*) cations, and yet the inter-
stitial cations seem mutually exclusive between the two groups (it should be emphasized
that this is not a geochemical feature; both sets of cations were often available for
incorporation into these structures). The analogous situation in synthetic materials is the
non-isostructural nature of analogous isochemical Ca—~(Sr,Ba,Pb**) compounds.

What makes the nature of the interstitial species so sensitive to the character of the
structural unit? We find the answer to this problem in the application of the valence-
matching principle to our binary representation of structure. The Lewis acidity of the
interstitial cation must match with the basicity of the structural unit. It is not enough that
the interstitial cation have the correct valence, it must also have the correct Lewis
acidity. Let us examine the example outlined in the previous paragraph, that is the
identity of the interstitial cations in the [M**(T>*0,),(H,0),] and [M*(T°*0,)(H,0)]
structures, using brandtite and brackebuschite as examples.

For brandtite (Hawthorne & Ferguson, 1977, Caz[Mn2+(AsO4)2(HZO)2]), the situa-
tion is shown in Table 7; counting the bonds within the structural unit indicates that an
additional 20 bonds to the structural unit are needed to attain the requisite simple-anion
coordination numbers. Four of these bonds are hydrogen bonds from other structural
units, leaving 16 bonds to be contributed by the interstitial cations. The residual charge
on the structural unit is 4~ (per [Mn2+(AsO4)2(H20)2] unit), and hence the basicity of the
structural unit is 4/16 = 0.25 vu. Inspection of the Lewis acidity table (Table 1) shows
that Ca has a Lewis acidity of 0.27 vu, matching up with the Lewis basicity of the
structural unit. Hence the valence-matching principle is satisfied, and brandtite,
Cay[Mn**(AsO,),(H,0),] is a stable structure.

—
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Table 7. Calculation of structural-unit basicity for brandtite and brackebuschite

Brandtite = Ca,[Mn” (As0,),(H,0),] Structural unit = [Mn'"(As*'0,),(H'Y' 0),]

Number of bonds in structural unit=1x [6] + 2x [4] +2x [2] =18

Number of bonds needed for [4]-coordination of all simple anions (except (H20) for which [3]-coordination
is assigned) =8 x [4] + 2 x [3] =38

Number of additional bonds to structural unit to achieve this coordination = 20

Number of hydrogen bonds to structural unit=2x2=4

Therefore the number of bonds required from interstitial cations =20 4= 16

Charge on the structural unit [Mn?*(AsO4)2(H20)3] in brandtite = 4~

Lewis basicity of structural unit = charge/bonds = 4/16 = 0.25 vu

This basicity matches most closely with the Lewis acidity of Ca at 0.27 vt

Thus the formula of brandtite is Ca;[Mn(AsQ4)2(H20)3]

Brackebuschite = Pby{Mn?*(VOs)2(H,0)]  Structural unit = [MnfS/(V¥*I0,),(H"?,0)]

Number of bonds in structural unit=1x [6] +2x [4]+2x [1]=16

Number of bonds needed for [4]-coordination of all simple anions (including (H.0) which is [4]-coordinated
in this structural unit) = 9 x [4] = 36

Number of additional bonds to structural unit to achieve this coordination = 20

Number of hydrogen bonds to structural unit = 2

Number of bonds required from interstitial cations = 18

Charge on the structural unit [Mn?*(VO4)2(H20)] in brackebuschite = 4

Lewis basicity of structural unit = charge/bonds = 4/18 = 0.22 vu

This basicity matches most closely with the Lewis acidity of Pb at 0.20 vie

Thus the formula of brackebuschite is Pba{Mn(VQO4)2(H20))

For brackebuschite (Donaldson & Barnes, 1955; sz[Mn2+(VO4)2(H20)]), the
situation is also shown in Table 7; an additional 20 bonds are needed to satisfy the
requisite simple-anion coordination requirements. Two of these bonds are hydrogen
bonds from adjacent structural units, leaving 18 bonds to be satisfied by interstitial
cations. The residual charge on the structural unit is 47, and hence the basicity of the
structural unit is 4/18 =0.22 vu. This value matches up quite well with the Lewis
basicity of Pb** (0.20 vu, see Table 1), the valence-matching principle is satisfied, and
P [Mn**(V>*0,)»(H,0)] is a stable structure.

Some very interesting questions now become apparent concerning the nature of
crystallization:

(1) Does the form of the structural unit dictate the identity of the interstitial cations,

" or does the availability of a particular interstitial cation dictate the form of the

structural unit?

(2) Does the pH of the environment affect the form of the structural unit or the

amount of interstitial (H,O) incorporated into the structure?

(3) Are there synergetic interactions between these factors?

Using bond-valence theory in conjunction with the topological characteristics of
the structural unit, we can begin to investigate some of these questions.

Summary

Bond topology has a major effect on the energetics of a structure, suggesting that major
trends in structure stability, properties and behaviour should be systematically related to
the coordination geometry and polyhedral linkage of a structure. Combination of these
ideas with bond-valence theory (a very simple form of molecular-orbital theory) allows
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simple binary representation of even the most complex structure: a (usually anionic)
structural unit that interacts with (usually cationic or neutral) interstitial species to form
the complete structure. This interaction can be quantitatively examined in terms of the
Lewis basicities and acidities of the binary components; such features as interstitial-
cation chemistry and ‘water’ of hydration can be explained and quantitative predictions
can be made.

The principal idea here is to develop an approach that is reasonably transparent to
chemical and physical intuition, and that can be applied to large numbers of very
complex structures. There is need for a simple approach that addresses the more global
aspects of complex oxysalt structures. These ideas tend to be intuitive and semi-
quantitative, but are capable of organizing a large amount of information into a coherent
framework, and also provide a basis for thinking about many questions that were
intractable to previous approaches.
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