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ABSTRACT

The crystal structure of a mineral may be divided into two parts: (1) the structural unit, an array of high-bond-valence
polyhedrathat isusually anionicin character, and (2) theinterstitial complex, an array of largelow-valence cations, smple anions
and (H,0O) groupsthat isusually cationic in character. Interstitial complexeslink the structural units with weak cation—anion and
hydrogen bonds into a continuous structure, and the breakdown of a structure is usually controlled by the strengths of the weak
bondsthat link the structural unitstogether. Theinterstitial complex is (usually) acomplex cation, and can be characterized by its
Lewis acidity, a measure of the electrophilic character of the complex. The structural unit is (usually) a complex oxyanion, and
can be characterized by its Lewisbasicity. Theinteraction between the structural unit and theinterstitial complex can be examined
using the valence-matching principle from bond-valence theory. If one examines a series of structures with the same structural
unit, it is evident that the average coordination of the O atoms of the structural unit varies slightly from one structure to another,
producing arange of Lewisbasicity for this specific structural unit. Inthisway, aspecific structural unit can be stable over arange
of Lewis basicity (i.e., over a specific pH range). The formula of an interstitial complex may be written in the following way:
{IMIM *, T 25 TIM 3% (H20) g (H20)e (OH); (H20) g} @20+ 3¢0*  where [n], [m] and [I] are coordination numbers, a, b and c are
the numbers of monovalent, divalent and trivalent cations, d isthe number of transformer (H,O) groups, eisthe number of (H,0)
groups bonded to two interstitia cations or one interstitial cation and one hydrogen bond, f is the number of interstitial (OH)
groups, and g isthe number of (H,O) groups not bonded to any cation. The number of transformer (H,O) groups strongly affects
the Lewis acidity of the interstitial complex, and the variation in Lewis acidity of a generalized interstitial complex can be
graphically represented as a function of the number of transformer (H,O) groups. Where the Lewis acidity of a generalized
interstitial complex overlaps the range of Lewis basicity of a specific structural unit, the valence-matching principle is satisfied
and a stable structural arrangement is possible. A range of borate minerals is examined from this perspective. These ideas show
that there are considerable restrictions on the details of theinterstitial complexesin even the most complicated of the borates. The
impetus at present is to understand what controls the composition of complex oxysalt minerals, and the present approach takes
some steps toward this goal .

Keywords: bond-valencetheory, structural unit, interstitial complex, valence-matching principle, borate mineras, acidity, basicity.
SOMMAIRE

On peut diviser lastructure cristallined’ un minéral en deux parties: (1) I’ unité structurale, un agencement de polyedres ayant
une valence de liaisons élevée, et généralement a caractére anionique, et (2) le complexe interstitiel, un agencement de cations a
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gros rayon et faible valence, d’anions simples, et de groupes (H,0), généralement a caractére cationique. Les complexes
interstitiel s rattachent les unités complexes au moyen de liaisons cation—anion et de liai sons hydrogene rel ativement faibles pour
former une structure continue. La décomposition d’ une structure est généralement régie par laforce desliaisons les plus faibles
qui lient les unités structurales les unes aux autres. Le complexe interstitiel est généralement un cation complexe, et on peut le
caractériser selon son acidité de Lewis, mesure de son affinité pour les électrons. L’ unité structural e est généralement un oxyanion
complexe, et on peut le caractériser selon sa basicité de Lewis. L’interaction entre I unité structurale et le complexe interstitiel
peut se quantifier selon le principe delacorrespondance des valences de liai sons. Dans une série de structures ayant lamémeunité
structurale, il est évident que la coordinence moyenne des atomes d’ oxygene dans |’ unité structurale varie légerement d’une
structure a I autre, menant a un intervalle de basicité de Lewis pour cette unité structurale particuliére. Ainsi, une telle unité
structurale peut étre stable sur un intervalle de basicité de Lewis, ¢’ est-a-dire, de pH. On peut écrire laformule d’un complexe
interstitiel delafagon stivante: {IMM *, MM 2+, 1M 3+ (H,0)q (H20)e (OH)t (H20) g} &+ 2043+, expression danslaquelle[n], [m]
et [I] expriment lacoordinence, a, b et ¢ représentent le nombre de cations monovalents, bivalents et trivalents, d est le nombre de
groupes de (H20) qui sont transformateurs, e est le nombre de groupes de (H,O) liés a deux cations intergtitiels ou un cation
interstitiel et participant a une liaison hydrogene, f est le nombre de groupes (OH) interstitiels, et g représente le nombre de
groupes (H20) non liés a un cation. Le nombre de groupes (H,O) agissant comme transformateurs influence fortement I’ acidité
de Lewis d’'un complexe interstitiel, et la variation en acidité de Lewis d' un complexe interstitiel généralisé peut se représenter
graphiquement en fonction du nombre de groupes de (H,O) transformateurs. Ou I’ acidité de Lewis d’ une complexe interstitiel
généralisé correspond al’intervalle en basicité de Lewis d’ une unité structurale particuliére, le principe de correspondance des
valences de liaison est satisfait, et un agencement stable est donc possible. Nous examinons une collection de minéraux boratés
de ce point de vue. Il y a des restrictions importantes concernant les détails de complexes interstitiels, méme dans le cas des
borates les plus complexes. Nous essayons de comprendre ce qui contrdle la composition des minéraux du groupe des oxysels

complexes, et nous croyons que notre démarche contribue a atteindre cet objectif.

(Traduit par la Rédaction)

Mots-clés: théorie des valences de liaisons, unité structurale, complexe interstitiel, principe de la correspondance des valences,

minéraux boratés, acidité, basicité.

INTRODUCTION

Hydroxy-hydrated oxysalts constitute the bulk of the
mineral kingdom and are by far the most important
phases from an environmental perspective. However,
we know far less about the factors that control their
atomic arrangement, chemical composition and stabil-
ity than for the (usually) more simple rock-forming
minerals. Thissituation results primarily from the struc-
tural complexity of the hydroxy-hydrated oxysalts.
Simple oxides (e.g., spinel, Mg Al, Og4) and oxysats
(e.g., forsterite, Mg, Si O,4) are susceptible to standard
theoretical approaches of chemistry and physics: mo-
lecular mechanics, molecular-orbital theory, molecular
dynamics. When dealing with hydroxy-hydrated oxysalt
minerals [e.g., athupite, Al Th [(UO,) {(UO5)3 (POy)>
(OH) O} ;] (OH)3 (H20)1s], structural complexity and
the difficulty in dealing with (OH) and (H>O) groups
preclude many of these standard approaches. Moreover,
numerous additional issues arise when considering com-
plex minerals:

(1) What controlsthe details of their chemical com-
position? For example, in inderborite, Ca Mg (H20)4
[B3 O3 (OH)s]2 (H20)2, why are the interstitial cations
Caand Mg instead of Ca, or Mg,? Why are there four
(H20) groups bonded to interstitial cations and two in-
terstitial (H,O) groups not bonded tointerstitial cations?
Why arethere two interstitial (H,O) groups not bonded
to intertitial cations rather than one or three (or any
other number of) (H,O) groups?

(2) Such hydroxy-hydrated oxysalt minerals are
normally stable over a small range of external condi-
tions (e.g., Eh, pH, T, P) and are commonly associated
with many (e.g., > 20) other complex minerals of simi-
lar composition in some parageneses. What factors con-
trol their relative stability?

We currently have no way to even approach these
questions from a structural perspective.

Detailed paragenetic studies (e.g., Bandy 1938,
Fisher 1958) have shown that there are well-defined
relations between chemical compositions of hydroxy-
hydrated minerals and their position in paragenetic
sequences. Moore (1965, 1973) showed that this cor-
relation extended to structural arrangements in miner-
als, leading to the development of structural hierarchies
inminerals (Moore 1975, 1982, 1984, Hawthorne 1979,
1985, 1986, 1990, Burns 1999, Hawthorne et al. 1996,
2000, Hawthorne & Huminicki 2001), with the even-
tual intention of relating structural changeto paragenetic
sequence. Hawthorne (1985) introduced the idea of bi-
nary structural representation wherein even the most
complex crystal structure is considered as a strongly
bonded (usually anionic) structural unit and weakly
bonded (usually cationic or neutral) interstitial species,
and examined the interaction of these two components
with the valence-matching principle (Brown 1981,
Hawthorne 1994, 1997). Here, we devel op this approach
further, particularly in regard to relations among bond
topology, bond valence and chemical composition, and
show how the valence-matching principle controls many
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aspects of the chemical composition of these minerals.
Specifically, we consider the hydroxy-hydrated borate
minerals; these are light-atom structures, and their
atomic arrangements, including details of their hydro-
gen bonding, are accurately known.

BonD-VALENCE THEORY

As some of this material may not be generally fa-
miliar to many readers, we give a preliminary discus-
sion of some of the important ideas before further
developing the theory. More extensive treatments have
been given by Brown (1981) and Hawthorne (1992,
1994, 1997).

Bond valence and the valence-sum rule

Pauling (1929) defined the strength of an ‘e ectro-
static bond in anionic crystal’ as the formal valence of
the cation divided by its coordination number. Pauling’s
second rule states that the sum of the bond strengths
incident at an anion is approximately equal to the for-
mal valence of that anion. Correlations between devia-
tions from Pauling’s second rule and bond-length
variations in crystals have been parameterized for spe-
cific cation—anion bonds, in particular by Brown &
Shannon (1973), Brown & Altermatt (1985) and Brese
& O'Keeffe (1991):

s=5[R/Ry]™,
s=[R/R]"ors=exp[(R-Ry) / B] @

where s is the bond-valence in vu (valence units), Ris
the observed bond-length, and Ry, N, R;, n and B are
constants characteristic of cation—anion pairs; valuesfor
these constants were derived by fitting the equations to
a large number of well-refined crystal structures such
that the sum of the incident bond-valences at any atom
be asclose aspossibleto theformal valence of that atom.

Let us define a crystal, liquid or molecule as a net-
work of atoms connected by chemical bonds. For the
materials in which we are interested, any path through
thisnetwork contains aternating cations and anions, and
the total network is subject to the law of electroneu-
trality: the total valence of the cations is equa to the
total valence of the anions. A bond valence can be as-
signed to each bond such that the valence-sum rule is
obeyed: the sum of the bond valences at each atomis
equal to the magnitude of the atomic valence. If thein-
teratomic distances are known, then the bond valences
can be calculated; if the interatomic distances are not
known, then the bond valences can be approximated by
Pauling bond-strengths.

Characteristic bond-valence

Brown (1981) introduced a very important idea. He
noted that the bond valences around a specific cation in
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awiderangeof crystal structuresliewithin ~20% of the
mean value; this mean value is thus characteristic of
that particular cation. If the cation only occurs in one
type of coordination, then the mean bond-valence for
that cation will be equal to the Pauling bond-strength;
thus P (phosphorus) aways occurs in tetrahedral coor-
dination 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 valencesin
all the observed structures. Thus Fe?* occursin various
coordinations from [4] to [8]; the tendency is for [4]-
and [5]-coordinations to be more common than [7]- and
[8]-coordinations, and the mean bond-valence is 0.40
vu. The mean bond-valence correlates with formal
chargeand cation size, and varies systematically through
the periodic table.

Lewis-acid and Lewis-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. Electro-
negativity is a measure of the electrophilic strength
(electron-accepting capacity) of the cation; the correla-
tion with characteristic bond-valence indicates that the
latter is ameasure of the Lewis-acid strength of the cat-
ion (see also Brese & O'Keeffe 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).

The Lewis-base strength of an anion can be defined
in exactly the sameway, asthe characteristic valence of
the bonds formed by the anion. However, bond-valence
variations around anions are much greater than those
around cations; in minerals, the valence of bondsto 0%~
can vary between nearly zero and 2.0 vu. For example,
in sodium alum, Na[Al (SOg)5] (H20)12, the bond va-
lence to the O atoms of sulfate groups varies between
1.50 vu from the [4]-coordinated S atom and 0.08 vu
from the [12]-coordinated Na atom. With this range of
values, it is obviously not useful to designate a Lewis
basicity for oxygen: the range of valuesis too great for
a single predicted value to be useful. However, if we
examine the (SO,4)? group as an oxyanion, each oxy-
gen atom receives 1.50 vu from the central S°* cation
and needs an additional 0.50 vu from other cations. In
sodium alum, the oxygen atoms of the sulfate group are
[4]-coordinated, and hence need an additional three
bonds when we consider the sulfate group as an
oxyanion; this gives a value for the additional bond-
strength needed of 0.17 vu for each of the oxygen atoms
of the (SO4)% group. If this process is repeated for all
(SO4)? groupsin minerals, we get amean value of the
characteristic bond-strength (and bond valence) required
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of 0.17 vu with a spread of ~+0.10 wvu; thisis a useful
value for the (SO4)% group. In this way, we can define
the Lewis basicity of an oxyanion. Tables 1 and 2 list
Lewisaciditiesand Lewisbasicitiesfor some geochemi-
cally common inorganic cations and oxyanions, respec-
tively.

The valence-matching principle

The definitions of Lewis-acid and Lewis-base
strengths lead to a specific criterion for chemical bond-
ing, the valence-matching principle (Brown 1981):

Sable 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. As a chemical
bond contains two constituents, then the properties of
the constituents must match for a stable configuration
to form.

BINARY STRUCTURAL REPRESENTATION

One of the problems in dealing with mineral struc-
tures is the complexity of the atom interactions; there
are many of them, and their topological and geometri-
cal characteristics are important. However, the same
situation applies to an atom: there is a nucleus and nu-
merous electrons, al interacting in avery complex man-
ner; nevertheless, we can still usefully consider an atom
as a single unit with simple properties such as size,
charge and electronegativity. Hawthorne (1985) took
this approach with the structural unit and considered it
as avery complex oxyanion with intrinsic characteris-
tic properties. If this is done (e.g., Hawthorne 1985,
1986, 1990), we can define a Lewis basicity for the

TABLE 1. LEWIS ACID STRENGTHS (vu) FOR CATIONS

Li 0.22 Sc 0.50 cu® 0.45
Be 0.50 T 0.50 Zn 0.36
B 0.88 Ti* 0.75 Ga 0.50
3 1.30 v 0.50 Ge 0.75
N 1.75 Ve 1.20 As 1.02
Na 0.16 cr* 0.50 Se 1.30
Mg 0.36 cré 1.50 Rb 0.10
Al 0.63 Mn®  0.36 Sr 0.24
Si 0.95 Mn®  0.50 Sn 0.66
P 1.30 Mn*  0.67 Sb 0.86
S 1.65 Fe* 0.36 Te 1.06
Cl 2.00 Fe* 0.50 Cs 0.08
K 0.13 Co* 0.40 Ba 0.20
Ca 0.29 Ni* 0.50 Pb* 0.20

Values taken from Brown (1981), except Pb** which was
estimated from several oxysalt mineral structures.
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structural unit in exactly the same way as we do for a
more conventional oxyanion.

Theinterstitial components may be cations (e.g., a-
kalisor akaline earths), anions (e.g., OH, Cl), and (H,0)
groups. The interstitial components of a structure can
usualy be considered in a ssimple additive fashion to
produce an aggregate set of properties (e.g., charge,
Lewis acidity). Thus we have essentially factored the
structure into two components, and this approach en-
ables usto use the valence-matching principle to exam-
ine the interaction of the structural unit with the
interstitial species. It isworth emphasizing here that we
have developed a binary representation that gives a
simple quantitative model of even the most complicated
structure, and allows us quantitative insight into the
weak bonding between interstitial speciesand the struc-
tural unit.

INTERSTITIAL COMPLEXES IN MINERALS

As discussed above, the binary representation of a
structure divides it into two parts, (1) a structural unit,
and (2) the interstitial species. The structural unit is an
(internally) strongly bonded part of the structurethat we
treat as a single entity. Until now, the interstitial com-
ponent has been considered as a collection of species
[alkali and akaline-earth cations, (OH) and (H,0)
groups and other anions, e.g., Cl]. However, to apply
the idea of binary representation completely, we need
to consider the interstitial species as a single compo-
nent and characterize its properties in the same way as
has been done for the structural unit in previous studies
(e.g., Hawthorne 1985, 1986, 1990, 1992, 1994, 1997).
Thus we denote the collection of interstitial species as
the interstitial complex. Having specifically identified
the interstitial complex in this way, we can now con-
sider its properties from a much more general perspec-
tive than has been done in the past.

Determination of coordination number
of interstitial cations

The determination of cation coordination-numbers
has been discussed by many authors. There are differ-
ent strategies to determine a coordination number: one
can define the minimum strength of a bond via bond-
valence calculation, or one can determine afirst coordi-

TABLE 2. LEWIS BASICITIES (vu) FOR SOME MINERALOGICALLY

IMPORTANT OXYANIONS
(BO,)* 0.33 (COY- 025
(Si0)* 0.33 (NOY* 0.12
(A0 0.42 (VO™ 0.25
(PO 025 (80> 0.17
(ASO )™ 0.25 (Crog*- 0.17
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nation sphere on the basis of any gap that occursin the
distribution of interatomic distances around a cation.
Here, we do not want to follow a strict strategy for the
determination of a cation coordination-number. We
partly apply bond-valence calculations (i.e., omitting
interactions with bond valences smaller than 0.05 vu),
geometrical considerations (i.e., another cation is closer
to the interdtitial cation than the corresponding anions),
and coordination gaps.

(H20) As AN INTERSTITIAL SPECIES

Hawthorne (1992) described the different possible
roles of (H,O) groupsin crystal structures, and drew a
strong distinction between (H,0) as part of the struc-
tural unit and (H,O) as an interstitial species. In par-
ticular, Hawthorne (1992) described the role of (H,0)
as a bond-valence transformer in minerals, and showed
that the amount of interstitial (H,O) can, in some cases,
be quantitatively predicted on this basis. However, he
did not consider all possible stereochemistries involv-
ing (H>0), and we need to reconsider this issue. Thus
here we begin further development of the previousideas
of Hawthorne (1992).

Interstitial (H,O) not bonded to interstitial cations

Where (H,0) is not bonded to an intergtitial cation,
itisusualy involved in a hydrogen-bond network [this
is not dways the case; (H,0) also may be occluded in
the structure, but this situation is fairly rare]. Where
involved in ahydrogen-bond network, the O atom of an
(H20) group is usualy [4]-coordinated, with two O—H
(donor-hydrogen) bonds and two H...O (hydrogen-ac-
ceptor = hydrogen) bonds. In this case (Fig. 1a), two
hydrogen bonds of strength v vu are incident at the O
atom of the (H,O) group. The bond-valence require-
ments of the central O atom are satisfied by two O—H
bonds of strength (1—v) vu. In order to satisfy the bond-
valence reguirements about the H atoms, each H forms
ahydrogen bond of strength v vu to another (H-O) group
or to an anion of the structural unit. Hence (H,O) groups
not bonded to any interstitial cations normally do not
change the strengths of the chemical bonds; they merely
propagate them through space. Hence we designate this
type of (H,O) group as non-transformer (H,0) and de-
note it by the subscript g, (H20)q.

Interstitial H,O bonded to one interstitial cation

Let a cation, M, bond to an anion S (Fig. 1b); the
anion Sreceives a bond-valence of v vu from the cation
M. Consider acation, M, that bonds to an (H,O) group,
which, inturn, bondsto an anion S(Fig. 1c). In the sec-
ond case, the oxygen atom of the (H,O) group receives
abond valence of v vu from the cation M, and its bond-
valence requirements are satisfied by two short O—H
bonds of valence (1 — v/2) vu. To satisfy the bond-va
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lence requirements around each H atom, each H forms
at least one hydrogen bond with its neighboring anions.
In Figure 1c, one of these hydrogen bonds involves the
Sanion, which thus receives a bond valence of one half
what it received where it was bonded directly to the M
cation (Fig. 1b). Thus the (H,0) group acts as a bond-

N v
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" ®
v
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v/2
1v/2 gum-=" '@
(€) ME——I——
TRANSFORMER 1v/2 @ e
v v/2 @
M 8K v
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M 3v/2
A V7S
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[3]—COORDINATED[HZO]GROUPS/// 1-3v/2 _?)_V_/%_ @
M &~

Fic. 1. (a) An (H20) group held in a structure solely by H-
bonds; the O atom, X, isan acceptor anion for two H-bonds
of valence v vu, and adonor anion for two H atoms; (b) the
interstitial cation M bonds to a ligand S with the bond
valence v; (c) the anion, M, bonds to an (H,O) group,
which, in turn, bonds to two anions S and thus, one bond
(bond valence = v vu) is split into two weaker bonds (bond
valence = v/2 vu); (d) two cations, M, bond to an (H,0)
group, which, in turn, bonds to two anions S, which thus
receive the same bond-valence as when each was bonded
directly to one M cation; (€) three cations, M, bond to an
(H20) group, which, in turn, bonds to two anions S, which
thus receive more bond-valence per bond than if bonded
directly to the M cations. Cation—oxygen bonds are shown
by broken lines, H bonds are shown as dotted lines, bond
valences arein vu.
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valence transformer, causing one bond (bond valence =
Vv V) to be split into two weaker bonds (bond valence =
v/2 vu); we designate this type of (H,0) as transformer
(H20), and denote it by the subscript d, (H20)g.

Interstitial H,O bonded to two interstitial cations

Consider next the situation where two cations, M,
bond to an (H»O) group, which, in turn, bonds to an
anion S (Fig. 1d). In this case, the O atom receives a
bond valence of 2v vu from the two cations, and its
bond-valence requirements are satisfied by two short O—
H bonds, each of valence (1-V) vu. To satisfy the bond-
valence requirements of each H atom, each H forms at
least one hydrogen bond with its neighboring anions. In
Figure 1d, one of these hydrogen bonds involves the S
anion, which thus receives the same bond-valence (v vu)
aswhereit isbonded directly to one M cation (Fig. 1b).
Thus, in this case, the (H,O) group does not act as a
bond-valence transformer; we designate thisal so asnon-
transformer (H,O) and denote it by the subscript e,
(H20)e.

Interstitial H,O bonded to three interstitial cations

Consider next the situation where three cations, M,
bond to an (H»O) group, which, in turn, bonds to an
anion S (Fig. 1e). In this case, the O atom receives a
bond valence of 3v vu from the three cations, and its
bond-valence requirements are satisfied by two short O—
H bonds, each of valence (1 — 3v/2) vu. To satisfy the
bond-valence requirements of each H atom, each H
forms (at least) one hydrogen bond with its neighboring
anions. In Figure 1e, one of these hydrogen bonds in-
volvesthe Sanion, which thus receives 3v/2 vu as com-
pared with v vu where it is bonded directly to one M
cation (Fig. 1b). Thus, in this case, the (H,O) group acts
as a reverse bond-valence transformer, increasing the
strength of the bonds between the cations and the struc-
tural unit. This type of (H,O) is very unusual, and has
not (yet) been found in borate minerals.

MONOVALENT INTERSTITIAL ANIONS

In most minerals, the structural unit bears anegative
charge and the interstitial components have a net posi-
tive charge asrequired by the electroneutrality principle
(afew minerals have the reverse situation, but may be
dealt with using the same reasoning). In the majority of
minerals, the interstitial components consist of simple
cations and neutral (H,O) groups. However, some min-
erals contain interstitial anionic species, where the net
charge of the interstitial speciesis positive. Of particu-
lar importancein this regard are the monovalent anions
(OH) and Cl. The role of these two anions is similar:
they receive bond valence from surrounding interstitial
cations and hydrogen atoms [both interstitial and be-
longing to (OH) groups of the structural unit], essen-
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tially acting as bond-valence absorbers. Their presence
decreases the net charge of the interstitial components
by 1~ per anion and usually strongly affects the number
of chemical bonds from the interstitial components to
the structural unit; thus they can affect the Lewis acid-
ity of the interstitial components.

Therole of (OH) as an interstitial species

The (OH) group isavery polar anion and can act as
abond-valencetransformer. However, itsrole asabond-
vaencetransformer isvery different from that of (H,0).
Where it is an interstitial species, the O anion of the
(OH) group receives<1.0 vu (usually ~0.8 vu) from its
companion H atom, and hence requires =1.0 vu from
the interstitial cationsto which it is bonded. By defini-
tion, bonds involving interstitial cations are weak, and
this feature puts considerable constraints on the occur-
rence of (OH) as an interstitial species. The average
bond-valencesfor octahedrally coordinated monovalent,
divalent and trivalent cationsare 0.17, 0.33 and 0.50 vu,
respectively. For monovalent interstitial cations, this
means that interstitial (OH) must bond to (at least) six
cations. This arrangement is very crowded, and occurs
in halite-type structures; in the open arrangements typi-
cal of interstitial environments, (OH) cannot occur with
[6]- or higher-coordination monovalent cations.

For divalent interstitial cations, (OH) must bond to
(at least) three cations to satisfy its bond-valence re-
quirements. For (OH) to bond to three octahedrally co-
ordinated cations, there must be a cluster of three
edge-sharing octahedra. It isvery unusua to find such a
close-packed arrangement as an interstitial species, pre-
sumably because of the space requirements of incorpo-
rating the (H,O) groups required to complete the
coordination(s) of the interstitial cations, together with
the resulting network of hydrogen bonding. Higher co-
ordinations merely exacerbate this problem. Thus (OH)
groupsare unlikely to occur asinterstitial specieswhere
accompanied by divalent cations.

For trivalent interstitial cations, (OH) must bond to
two octahedrally coordinated cations. Thus two (Aldg)
octahedra linking through a vertex, edge or face can
share one, two or three (OH) groups, respectively. Al-
though the face-sharing arrangement may be unlikely,
the other two arrangements are compact and may be
compatible with the occurrence of an embedding net-
work of hydrogen bonds. Thus we come to the conclu-
sion that (OH) is unlikely to occur as an interstitial
species except with trivalent interstitial cations.

Let us consider two (Aldg) octahedralinked through
a shared edge (Fig. 2a). Both anions involved in the
shared edge are (OH), and their bonding is shown more
explicitly in Figure 2b. Two [FIA| atoms each bond to
the O atom with bond valence of v vu. To satisfy the
bond-valence requirements of the O atom, the H must
link to the O with a bond valence of 2 —2v vu. In turn,
to satisfy its own bond-valence requirements, the H
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atom formsahydrogen bond of 1 - (2—2v) =2v—-1vwu
to a neighboring anion, S For a trivalent cation, v is
approximately equal to 0.5 vu. Hence the OH anion
takes two very strong bonds (=0.5 vu) and transforms
them into one weak bond (~0.2 vu). Also, it “absorbs”
two strong bonds, radically changing the overall Lewis
acidity of the interstitial complex. In calculating the
aggregate Lewis acidity of interstitial species that in-
clude (OH), one can subtract the charge of the (OH)
group(s) from a charge of the cations to get the net
charge of the interstitial species, and alow for the re-
duction in the number of bonds to the structural unit
caused by the presence of (OH).

A GENERALIZED INTERSTITIAL COMPLEX
A general interstitial complex can be written as

{IMM *, [ 25 TV 3% (H,0)g (H20)e
[Q](OH)f Ulel (HZO)g} (a+2b+3cf-1)+

where M isany type of interstitial mono-, di- and triva-
lent cation, [m], [n], [I] and [g] denote coordination
numbers, d denotes the number of transformer (H,0)
groups, e denotes the number of non-transformer (H,O)
groups bonded to two interstitial cations or bonded to
one interstitial cation and receiving one hydrogen bond
from another interstitial (H,O) group, and g denotesthe
number of (H,O) groups not bonded to any interstitial
cation; note that the different types of non-transformer
(H20) groups all affect calculation of the Lewis acidity
of the interstitial complex in the same way. Interstitial
(OH) groups are bonded to more than one interstitial
cation. The O atoms of the structural unit that are di-
rectly bonded to interstitial cations are not shown inthe
genera formula

We may write the overall composition of a mineral
in the general form

M (H20)g+e (OH) [structural unit] (H20)g,

where the (H20) and (OH) groups before the structural
unit bond to an interstitial cation, and the (H,O) group
after the structural unit does not bond to an interstitial
cation. For example, tunellite has the composition Sr
(H20)3 [Bs Og (OH),], and al (H,0) groups bond to
interstitial Sr. The Sr atom is coordinated by four inter-
stitial (H,O) groups and six O atoms of the structural
unit. One of thethree interstitial (H»O) groups bonds to
two Sr cations and another bondsto one Srand alsoisa
hydrogen-bond acceptor; one (H,0) group bondsto one
Sr cation only. Thus there is one transformer (H,0)
group and two non-transformer (H,O) groups in
tunellite, and theinterstitial complex iswritten as{[19Sr
(HgO)l (HZO)Z (OH)0}2+, i.,e,d=1and e =2 Here,
there is no information about the number of ligandsin
the structural unit that bond to the interstitial cation(s).
Their number can only be derived if the type and coor-
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dination of the non-transformer (H,O) groups are
known.

Bonds from the interstitial complex
to the structural unit

The number of bonds from an intertitial {{™M *,
[n]M 2+b [I]M 3+C (Hzo)d (Hzo)e [q](OH)f (Hzo)g} (at+2b+3cH)+
complex to the structural unit can be written asfollows:
Sbonds=(axX m+bXxXn+cXIl)+d—(q-1) X f.The
interstitial (OH) groups must bond to at least two triva-
lent cations (or three divalent cations) in order to satisfy
their own bond-val ence requirements. Furthermore, de-
pending on how many cations, g, coordinate each (OH)
group, the number of bonds from the complex to the
structural unit is reduced for every additional (OH)

group.

HyYDROGEN BONDS EMANATING
FROM THE STRUCTURAL UNIT

Consider an interstitial complex with the chemical
formulaM ¥* (H,0), in which both (H,0) groups bond
to the M cation. This situation is shown in Figure 3a,
where it can be seen that there are four bonds from the
interstitial complex to the structural unit; there are two
transformer (H,0) groups, and the interstitial complex
is written as {{AM ¥ (H,0), (H,0)o}¥*. The general

-

[6]A| ®,¢/

Fic.2. (a) Twointerstitial (Aldbg) octahedra sharing an edge:
{Al3 (H20)g (H20)0 (OH)2} #*; H atoms are shown as small
black circles. (b) The arrangement of bond valences around
an (OH) groupin (a); thelarge unshaded circleisan O atom
of an (OH) group, and the broken linesindicates a H-bond.
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expression for the interstitial complex is {{MM *,
nipm 2+, [IM 3+, (H,0)gq (H20)e [9(OH); IMCl
(H20)g} @*20+3c1+ ‘and the number of bonds from the
interstitial complex to the structural unitis(a X m+b
Xn+cXxX1)+d-(g-1) X f (see above). For the
interstitial complex in Figure 3a, thisreducesto 2 X 1
(bonds involving the M cation) + 2 (d = 2) = 4 bonds
from the interstitial complex to the structural unit.
Consider next the situation where there is a hydro-
gen bond from the structural unit to an interstitial (H,O)
group (Fig. 3b). As one of the interstitial (H>O) groups
is a hydrogen-bond acceptor as well as bonding to the
M cation, it is no longer a transformer (H,O) group,

and the corresponding interstitial complex is written as
{lAM ** (H,0); (H20)1}**. According to the formula
given above, the number of bonds from the interstitial
complex to the structural unitis2 X 1+1(d=1)=3.
Inspection of Figure 3b shows that there are four bonds
from the interstitial complex to the structural unit, and
hence the formula given above needs to be modified to
include the effect of hydrogen bonds from the structural
unit to the interstitial complex. Each hydrogen bond to
theinterstitial complex will change atransformer (H,O)
group to anon-transformer (H»O) group, and hence will
decrease the value of d in the above formula by one.
Thus the expression for the number of bonds from the

(a) (b)
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Fic. 3. Different possible configurations for hydrogen bonds emanating from the structural unit: (8) there are no such hydrogen
bonds present; (b) there is one hydrogen bond from the structural unit to a non-transformer (H,O) group of the interstitial
complex; (c) thereisone hydrogen bond from one structural unit to another; (d) thereis one hydrogen bond from the structural
unit to an interstitial (H,O) group otherwise not bonded to anything; (€) there is one hydrogen bond from the structural unit
to a non-transformer interstitial (H,0) group not bonded to an interstitial cation; (f) there are two hydrogen bonds from the
structural unit to an interstitial (H,O) group not bonded to an interstitial cation.
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structural unit to the interstitial complex must be modi-
fied by adding an additional term, s, the number of hy-
drogen bonds from the structural unit to the interstitial
complex, to compensate for the corresponding reduc-
tion in the number of transformer (H,O) groups: (& X m
+bXn+cXIl)+d-—(gq—1) X f+ s. Onemight ask
why we need to make this modification, asif weignored
the effect of the hydrogen bonds from the structural unit
to the interstitial complex, the arithmetic of calculating
the number of hydrogen bonds from the structural unit
to the interstitial complex would still give the correct
answer. This view obviates our main intention here,
whichisnot primarily to predict aspects of mineral com-
position, but to understand the stereochemical details of
these complex structures. Moreover, there are other con-
figurationsfor such hydrogen bondsfor which the arith-
metic of bond counting needs to be complete.

Consider the situation where there is a hydrogen
bond from the structural unit to an adjacent structural
unit (Fig. 3c). Here, the number of bonds from the in-
terstitial complex to the structural unitisstill four. How-
ever, the number of bonds received by the structural unit
is five, the bonds from the interstitial complex to the
structural unit plus the hydrogen bond from the adja-
cent structural unit. Thus it isimportant (1) to identify
the acceptor anions for the hydrogen atoms of the struc-
tural unit and to count the bonds appropriately, and (2)
to specify whether oneis dealing with (a) the number of
bondsfrom theinterstitial complex to the structural unit,
or (b) the number of bonds received by the structural
unit, as these two values may be different.

Consider next the situation where a hydrogen bond
from the structural unit bonds to an (H,O) group that
otherwise receives bonds only from its constituent H
atoms (Fig. 3d). Without the hydrogen bond, this (H,O)
group is an occluded group and does not bond to any
atom in the structure. When receiving a hydrogen bond,
this (H,0) group is atransformer (H,O) group relative
to the situation in Figure 3c: the hydrogen bond from
one structural unit to another is split into two hydrogen
bonds of half the bond valence. The number of bonds
received by the structural unit in Figure 3d is six.

Consider the situation where a hydrogen bond from
the structural unit bondsto an (H,O) group that already
accepts a hydrogen bond from a transformer (H,0)
group (Fig. 3¢€). Without the hydrogen bond from the
structural unit, this (H,O) group is atransformer (H,0)
group; with the hydrogen bond from the structural unit,
this (H20O) group is anon-transformer (H,O) group, and
hence the number of bonds received by the structural
unit isfive.

Consider last the situation where two hydrogen
bonds from the structural unit bond to an (H,O) group
that is otherwise an occluded (H,0) group (Fig. 3f). The
(H20) group is how [4]-coordinated and is a non-trans-
former (H,O) group. Thus its role is to propagate the
bondsfrom one structural unit to the next without chang-
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ing their number. Hence there are six bondsto the struc-
tural unit in Figure 3e.

AVERAGE BAsicITY OF A STRUCTURAL UNIT

Itisof interest to revisit our earlier discussion of the
calculation of the Lewis-base strength of the (SO4)%
oxyanion in sodium alum, Na [Al (SOy);] (H20)12. In
the (SO,4)% oxyanion, each oxygen anion receives 1.50
vu from the central S** cation, and requires an additional
0.50 vu from other cations in the structure. In sodium
alum, the oxygen atoms are [4]-coordinated, and hence
each requires an additional three bonds of 0.17 vu to
satisfy their individual bond-valence requirements. Thus
the Lewis basicity of the (SO4)% oxyanion in sodium
alum is 0.17 vu. If we repeat this process in all sulfate
structures, we get a mean value for the Lewis basicity
of (SO4)?that we can use without requiring any knowl-
edge of the mean coordination of oxygen in the specific
structure of interest.

In the approach proposed by Hawthorne (1985),
whichwearelargely following here, we define the struc-
tural unit asacomplex oxyanion and calculateitsLewis
basicity. To do this, we need to specify a mean coordi-
nation-number for oxygen. Hawthorne (1985, 1986,
1990) postul ated a coordination number (usually [4]) for
specific (large) groups of structures, recognizing that,
for some structures within these groups, the value cho-
sen was inappropriate. However, if we wishto bein a
position to predict all of the information concerning the
interstitial complex, we obviously cannot use the ob-
served mean coordination of oxygen in the structure of
interest as input to that process; we need to be able to
predict the mean coordination number of oxygen in the
structural unit.

Schindler et al. (2000) introduced the notion of the
average basicity of astructural unit: The average basic-
ity of a structural unit is defined as the average bond-
valence sum per O atom contributed by the interstitial
species and other structural units.

Thisisavery easy quantity to calculate: it isthefor-
mal charge of the structural unit modified by any charge
transferred by the t hydrogen bonds that emanate from
the structural unit, (Z + ht)~, divided by the number of
oxygen atoms in the structural unit. For example, con-
sider the structural unit [B4 Os (OH)4]%~. The modified
chargeis (2 + 0.2 X 4)~ = 2.8, and the number of O
atoms in the structural unit is 9; the resulting average
basicity is2.8/9=0.31vu. Aswewill seenext, thereis
aclose relation between the average basicity of astruc-
tural unit and its average coordination number of
oxygen.

DEeRIVATION OF THE COORDINATION NUMBER
oF OXYGEN FOR STRUCTURAL UNITS

Let us consider what a specific value of average ba-
sicity implies from a structural perspective. The bonds
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of the structural unit contribute most of the bond va-
lence required by the O atoms of the structural unit, and
hence the average basicity is a measure of the bond va-
lencerequired by each O atom of the structural unit from
the interstitial complex. Thus the O atoms in a struc-
tural unit with a low average basicity require only a
small amount of bond valence from theinterstitial com-
plex, whereas the O atoms in a structural unit with a
high average basicity require more bond valence from
the interstitial complex. As the bonds of the structural
unit are strong and the bonds of the interstitial complex
are weak, differences in average basicity will have a
greater effect on the number of interstitial bonds than
on the number of bondswithin the structural unit; hence
there must be a positive correlation between the aver-
age basicity and the mean coordination-number of the
O atoms in the structural unit. Figure 4 shows that this
isindeed the case for borate minerals. The data define a
band rather than asingle line, in accord with the obser-
vation that a specific structural unit usually exhibits a
range of mean coordination-numbersfor the O atoms of
the structural unit (e.g., [B4 Os (OH)4]> and [Bg O
(OH)g]*, Table 3). Note that three data points fall out-
side of the general trend. The pointsfor biringuccite and
nasinite (hollow squares) lie above the trend. Inspec-
tion of the Na—O distances suggests that the coordina-
tion numbers of the interstitial Na cations can be
redefined such that these minerals now accord with the
genera trend (black squares). The point for preobraz-
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henskite falls below the trend of Figure 4. This may be
aresult of thefact that preobrazhenskite containsasym-
metrical hydrogen bond (Burns & Hawthorne 1994),
and our method of calculating the modified charge of
the structural unit is not valid in this case.

THE IMPORTANCE OF A PRIORI PREDICTION
oF AVERAGE CoORDINATION NUMBER
oF OXYGEN ATOMS OF THE STRUCTURAL UNIT

If wewish to have any predictive power, we need to
be able to derive the average coordination-number of
such O atoms a priori, without recourse to a known
structure. The relation between average basicity and
average coordination-number of O-atoms in structural
units shown for borates in Figure 4 alows such predic-
tion, and for thisreason, Figure 4 isakey feature of the
theory developed here.

There is an even more important issue associated
with Figure 4. Aswell as predicting an average coordi-
nation-number for O atoms in a given structural unit,

TABLE 3. DETAILS OF SELECTED STRUCTURAL UNITS

Structure B =0
type Pl = A

Lewis
basicity (vu)

Average

Structural unit AB O-CN

[B,Os (OH),J= 0.31
[Bs O, (OH)J~ 0.25

2002A
3034

3.4-38 0.17-0.22
3.15-3.6 0.16-0.23

Cluster
Chain

45

Average O-coordination number

2.0 T T T T

010 015 020 025 0.30

035 040 045 050 055 060

average basicity [vu]

Fic. 4. Correlation between average basicity of structural units and the average
coordination-numbers of O atomsin the corresponding structural units. The upper and
lower border of thedistribution are used to define the characteristic rangein coordination
numbers of oxygen for a specific structural unit. Minerals deviating from the trend are

shown in unshaded symbols (see text).
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this relation also predicts the range of possible average
coordination-numbers of oxygen in a given structural
unit. Where a specific structural unit (e.g., [B4 Os
(OH)4]%, [Bs O7 (OH)¢]%) occurs in a series of struc-
tures, the O atoms of the structural unit show arange of
mean coordination-numbers (e.g., [3.6]-{3.8], [3.15—
3.35], respectively, for the structural units mentioned
above). Asdiscussed in the following papers (Schindler
& Hawthorne 20014, b), this range of average coordi-
nation-numbers for the O atoms of the structural unit
reflectstherangein pH over which the mineral isstable.
Indeed, it is by varying the coordination numbers of the
O atoms in the structural unit that the structural unit
maintains its stability as the pH of its environment
changes. Moreover, it allows calculation of the range of
possible Lewis-base strength for specific structural
units.

CALCULATION OF LEwIs BAsiciTy
OF STRUCTURAL UNITS

Hawthorne (1985, 1990, 1997) described a method
for calculating the Lewis basicity of astructural unit as
the formal charge of the structural unit divided by the
number of bonds required by the structural unit. This
number of bonds was cal culated by specifying the ideal
coordination-number of an anion and subtracting the
number of bonds within the structural unit. This works
reasonably well, but (1) requires “guessing” the idea
coordination-number, and (2) cannot deal with miner-
als whose structural units have zero charge. Here, we
have overcome the first problem by developing arela-
tion between the average basi city and coordination num-
ber (Fig. 4). Now let us examine the second problem.

Consider kaalinite, Al, Si; Os (OH)4. The structural
unit of kaolinite is the sheet [Al, Si, Os (OH),]°. Sheets
are linked by hydrogen bonds from the (OH) groups of
one sheet to the bridging O atoms of the adjacent sheet.
From a bond-valence perspective, we can regard the
hydrogen bonds as transferring charge from one sheet
to the next, and imparting apolar character to the shest,
which acts as a cation on the hydroxyl side and as an
anion on the aluminosilicate side. There are two types
of transfer of charge: (1) hydrogen bonds link to anions
of the interstitial complex (e.g., Fig. 3b); (2) hydrogen
bonds link to anions within the same structural unit or
to anions in adjacent structural units (e.g., Fig. 3c).
Where hydrogen bonds link to anions of the interstitial
complex, thereisanet transfer of charge from the struc-
tural unit to the interstitial complex. Where hydrogen
bonds link to anions within the same structural unit or
to anions in adjacent structural units, a polar character
is developed but there is no net transfer of charge from
the structural unit.

Let us define the effective charge of the structural
unit as the formal charge of the structural unit as modi-
fied by the hydrogen bonds to the interstitial complex,
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taking the average bond-valence of a hydrogen bond as
hvu. Let there bet hydrogen bonds emanating from the
structural unit, and let s of these hydrogen bonds link to
the interstitial complex. In this case, the charge of s
hydrogen bondsistransferred to the interstitial complex;
the effective charge of theinterstitial complex becomes
(Z + hs)*, and the effective charge of the structural unit
is(Z + hs).

Wenow definethe Lewisbasicity of astructural unit
as its effective charge divided by the number of bonds
required by the structural unit. Above, we show that
each structural unit hasarangein average coordination-
number of oxygen and that we can derive this range
from the average basicity of the structural unit via Fig-
ure4. Thuswe can calculate the corresponding rangein
Lewis basicity for any structural unit.

Example: Consider meyerhofferite, {Ca (H20)o
(H20)1} [[3]B [4]Bz O3 (OH)s] (Burns & Hawthorne
1993). The modified charge of the structural unit is[3
X 3-3X2-5X1-h X 5] =30 (setting h=0.20
vu, the average strength of a hydrogen bond; Brown
1981). The average basicity of the structural unit isthus
3.2/ 8 =0.375 vu. From Figure 4, the corresponding
range in coordination number of O for this structural
unit is3.54.0. Thusthetotal numbers of bondsinvolved
in the structural unit (where part of amineral) are 3.5 X
8 =28 and 4.0 X 8 = 32 bonds. The number of bonds
within the structural unitis3 X 1 (I8IB3) + 4 x 2 (14B5)
+ 1 X 5[(OH)g] = 16 bonds. Therefore, the structural
unit needs between 28 — 16 = 12 and 32— 16 = 16 bonds.
Now we must cal culate the effective charge of the struc-
tural unit (note that this is different from the modified
charge involved in calculating the average basicity of
the structural unit). The effective charge of the struc-
tural unit isitsformal charge as modified by the hydro-
gen bonds to the interstitial complex: (Z + hs)™ vu. So
what is the value of s? Inspection of the structure of
meyerhofferite shows that t = 5 and s = 1. Hence the
effective chargeis 2 + 1 X 0.20 = 2.2". The number of
bonds needed by the structural unit is from 12 to 16;
however, the structural unit receives (t —s) bonds from
hydrogen atoms of the structural unit that do not hydro-
gen-bond to the interstitial complex, and hence the ad-
ditional numbers of bonds needed are 12 — (t —s) = 8
and 16 — (t—s) = 12. Thustherangein Lewisbasicity is
2.2/12to02.2/8: 0.183-0.275 vu.

CALCULATION OF THE LEWIS ACIDITY
oF INTERSTITIAL COMPLEXES

Hawthorne (1997) described a method for calculat-
ing the Lewis acidity of a“complex cation” (= intersti-
tial complex) as the formal charge of the interstitial
cation(s) divided by the number of bonds to the struc-
tural unit. However, this method (1) ignores any hydro-
gen bonds emanating from the structura unit, and (2)
cannot deal with minerals whose interstitial complexes
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have zero charge. Here, we have overcome these prob-
lems by explicitly considering the hydrogen bonds ema-
nating from the structural unit and the chargetransferred
by these hydrogen bonds.

Consider aninterstitial complex containing a M cat-
ions of coordination number [m] and formal charge Z /
a. There are a X m bonds emanating from the intersti-
tial cations and there are d transformer (H,O) groupsin
theinterstitial complex; hencetherearea X m+ dbonds
emanating from the {{MM, (H,0)4} = part of the inter-
stitial complex. The non-transformer (H,O) groups are
[4]-coordinated. They receive two bonds from cations
or act as hydrogen-bond acceptors, and also two hydro-
gen bonds emanate from their constituent H atoms;
hence the role of non-transformer (H,O) groups is to
propagate bonds through space. Counting the bonds
from the interstitial complex to the structural unit, we
have the number of bonds emanating from the {[™M,
(H20)g}* part of the interstitial complex, am + d. The
total number of bonds to the structural unit is the num-
ber of bonds from the interstitial complex augmented
by the hydrogen bonds emanating from the structural
unit that bond to the interstitial complex, am+d + s, as
illustrated in Figure 5.

We now define the Lewis acidity of an interstitial
complex as its effective charge divided by the number
of bonds from the interstitial complex to the structural
unit. Now, we give ageneral expression for the calcula-
tion of Lewis acidity. The Lewis acidity of the intersti-
tial complex {[MM*, M2+ TIMB3* (H,0)4 (H20)e (OH);
(H20)g} @+20+3c0* can be written as

(@a+2b+3c—-f+h X9/
[mMXa+nXb+IXc+d-fX (q-1) +9 (2

where h is the average bond-valence of the hydrogen
bonds emanating from the structural unit.

Example: Consider the interstitial complex {{lCa,
(H20)7 (H,0)3} ** interacting with a structural unit with

Interstitial complex
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three constituent (OH) groups; two of these (OH) groups
hydrogen-bond to theinterstitial complex and one (OH)
group hydrogen-bonds to an adjacent structural unit
(Fig. 6), and hencet = 3and s= 2. Theinterstitial com-
plex has seven transformer (H,O) groups, three non-
transformer (H,O) group bonded to Ca, no (OH) groups,
and no (H,0) groups not bonded to any cation. The ef-
fective charge of the interstitial complex is 4 (the for-
mal charge of the interstitial cations) + 2 X 0.20 (the
charge transferred by the s hydrogen bonds to the inter-
stitial complex) = 4.4*. The number of bonds from the
interstitial complex to the structural unitis7 X 2 (from
Ca) + 7 [from transformer (H»O) groups] + 2 (resulting
from the hydrogen bonds to the interstitial complex) =
25. Thusthe Lewis acidity of the interstitial complex is
4.4/ 23=0.191 vu.

Graphical representation of Lewis acidity
in interstitial complexes

We can represent the variation in Lewis acidity of
an intertitial complex graphically as a function of the
number of transformer (H,O) groups for specific
charges and coordination-numbers of cations (Fig. 7).
Obviously, the Lewis acidity of theinterstitial complex
decreases as the number of transformer (H,O) groups
increases, as the coordination-numbers of cation in-
crease, and asthe cation charge decreases. Figure 7 con-
tains al relevant information concerning variation in
Lewis-acid strength of interstitial complexes. If more
than one cation speciesis present in an interstitial com-
plex, we may use the weighted arithmetic mean of their
salient characteristics (charge and coordination num-
ber). Second, in caseswhereinterstitial (OH) is present,
we can sum the charges of the cation(s) and the inter-
stitial (OH), and treat the complex as if it contained a
catzion of the resulting net charge [i.e., M 3" + (OH)~ =
M .

Structural unit

["IM, (H,0) (H0)]* 2

(B, O, (OH)J@* 02~
(am+d)+s t—s
S
Y
[B, O, (OH)J=* 02~

Fic. 5. Bonding between astructural unit and aninterstitial complex (for details seetext).
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Fic.6. Anexampleof aninterstitial {{)Cap (H,0)7 (H20)3} **
complex. In the structural unit, the central cations are
indicated by large black circles, and the corresponding
anions, by circlesmarked S. In theinterstitial complex, the
interstitial (H2O) groups are shown as large white circles,
the hydrogen atoms are shown as H, the Ca atoms are
shown as line-shaded circles, and hydrogen bonds are
shown as broken lines.

STRUCTURAL UNITS, INTERSTITIAL COMPLEXES
AND THE VALENCE-MATCHING PRINCIPLE

Asnoted previously (Hawthorne 1990, 1994, 1997),
the binary representation approach factors a structure
into a (usualy anionic) structural unit and a (usualy
cationic) interstitial complex. We may use the valence-
matching principle to examine the interaction between
these two components. More specifically, we have
shown how each structural unit has a range of Lewis
basicity (controlled by variations in coordination num-
bers of simple anions), and we have seen how we can
represent the variation in Lewis acidity of an interstitial
complex as a function of the amount of transformer
(H20), the valence of the cation(s) and the coordination
number(s) of the cations. We may now combine these
two representations of basicity and acidity via the va-
lence-matching principle by plotting the range of basic-
ity of aspecific structural unit on agraph that showsthe
variation in Lewis acidity of cation complexes (i.e.,
Fig. 8). Where the properties of the structural unit and
the interstitial complexes intersect, the valence-match-
ing principle is satisfied, and structures of those spe-
cific compositions are stable. Where the properties of
thestructural unit and interstitial complexes do not over-
lap, the valence-matching principleis not satisfied, and
structures of those compositions are not stable.
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Fic. 7. TheLewisacidity of ageneral interstitial complex as
afunction of the number of transformer (H,O) groups per
cation. The lines shown are for interstitial cations with
formal chargesand coordination numbers shown to the left
of the plot.

The effect of hydrogen bonding
on Lewis-basicity — Lewis-acidity relations

A key issue in the calculation of Lewis basicity and
Lewis acidity is the number of hydrogen bonds from
the structural unit to the interstitial complex and the
number of hydrogen bonds between anions of the struc-
tural unit. Asindicated by the formulae given above, t
and s play an important role in calculating the effective
charge and numbers of bonds involving the interstitial
complex and structural units. When considering the in-
teraction of an arbitrary structural unit or interstitial
complex (viz. when considering a hypothetical struc-
ture), we know t (the number of hydrogen atomsin the
structural unit), but we do not know s (the number of
hydrogen bonds from the structural unit to the intersti-
tial complex). So let us examine the effect of different
values of s (for aspecific value of t) on the Lewisbasic-
ity and Lewis acidity.

Consider the structural unit [[B1B; [4IB; Og (OH)4]%.
We need to (1) calculate its average basicity, (2) calcu-
late its range in coordination number of O atomsin the
structural unit, and (3) calculateits corresponding range
in Lewis basicity for different values of s, the number
of hydrogen bonds that link to an interstitial complex.
(2): The modified charge of the structural unit is (2 +
0.2 X 4) = 2.8, and there are 12 O atoms in the struc-
tural unit. Hence the average basicity is2.8/12=0.233
vu. (2): From Figure 4, therangein O coordination num-
ber is 3.0-3.5. (3): From the coordination numbers and
the number of O atoms in the structural unit, we can
calculate the total number of bonds required by the
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structural unit: 3.0 X 12 =36.0 and 3.50 X 12 = 42.0.
The number of (strong) bonds within the structural unit
is3 X 3+4 X 3+1 X 6=25, and hence the number

(a)s=0
EIMZ B3 EIMe
e o L.B. =0.154-0.286 vu
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Fic. 8. TheLewisacidity of ageneral interstitial complex as
afunction of the number of transformer (H,O) groups per
cation and the formal valence and coordination number of
the interstitial cations, with the corresponding range in
Lewisbasicity of thestructural unit [[¥1B3[4B3 Og (OH)4]>
marked by the shaded bands: (a) calculated with s (the
number of hydrogen bondsto the interstitial complex) = 0;
(b) calculated with s= 2; (c) calculated with s= 4.
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of weak bonds required to satisfy the coordination re-
quirements of the O atoms of the structural unitisin the
range 36.0 — 25 to 42.0 — 25 = 11.0 to 17.0. As dis-
cussed above, if there aret hydrogen atomsin the struc-
tural unit and s of them hydrogen-bond to an interstitial
complex, thisleaves (t —s) hydrogen bondsthat bond to
O atoms of the same or an adjacent structural unit. These
(t — ) hydrogen bonds contribute toward the number of
bonds required by the structural unit. Hence for our ex-
ample, t = 4 and the number of bonds required by the
structural unitis11.0—(4—s)to 17.0—-(4—9): (7.0+59)
to (13.0 + 9).

s= 0: Inthis case, none of the hydrogen bonds go to
aninterstitial complex, all of them go to the (or an adja-
cent) interstitial complex. The effective charge of the
structural unit is (2 + 0.2 X 0) = 27, and the range in
bonds needed by the structural unit is 7.0-13.0. Hence
therangein Lewis basicity of the structural unitis2.0/
13.0t0 2.0/ 7.0 = 0.154-0.286 vu.

s= 2: Inthis case, two of the hydrogen bonds go to
an interstitial complex and two of the hydrogen bonds
go to the (or an adjacent) interstitial complex. The ef-
fective charge of the structural unitis (2 + 0.2 X 2) =
2.4~, and the range in bonds needed by the structural
unit is 9.8-15.0. Hence the range in Lewis basicity of
the structural unitis2.4/15.0to0 2.4/9.0 = 0.160-0.267
vu.

s= 4: Inthis case, four of the hydrogen bonds go to
an interstitial complex and none go to the interstitial
complex. The effective charge of the structura unit is
(2+0.2 X 4) = 2.8, and the range in bonds needed by
the structural unit is 11.8-17.0. Hence the range in
Lewisbasicity of the structural unitis2.8/17.0t02.8/
11.0 = 0.165-0.255 vu.

Theserangesaresignificantly different, showing that
the calculated ranges of Lewis basicity of a structural
unit are sensitive to the configuration of the hydrogen
bonds associated with the structural unit. However, the
value of salso affectsthe Lewisacidity of an interstitial
complex [see discussion above, expression (2)], and
hence both Lewis basicity and Lewis acidity are sensi-
tiveto this parameter. We may calculatethe variationin
Lewisacidity asafunction of the number of transformer
(H20) groups and the valence and coordination number
of the interstitial cation(s) (as in Fig. 7) for different
values of s. These graphs are shown in Figure 8 for s=
0, 2 and 4, together with the corresponding ranges in
Lewis basicity (shown in yellow) of the structura unit
[¥1B3 [“IB3 Og (OH)4]% as calculated above. Careful
comparison of Figures 8a, b, and ¢ show that the va
lence-matching principleis satisfied for the same com-
positions of the interstitial complex in al three figures,
notwithstanding the fact that the numerical values of the
Lewisbasicity and Lewisacidity aredifferentin all three
figures. For example, consider [$IM 2*. In Figure 8a, the
curve for [8IM 2 intersects the upper range of the Lewis
basicity, 0.286 wu, at d (the number of transformer (H,0)
groups) = 1; in Figure 8b, the curve for [8IM 2 intersects
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the upper range of the Lewisbasicity, 0.267 vu, atd =1,
in Figure 8c, the curve for [fIM 2* intersects the upper
range of the Lewis basicity, 0.255 wu, at d = 1. Next,
consider [BIM 2*, In Figure 8a, the curve for [8IM 2+ inter-
sects the lower range of the Lewis basicity, 0.154 vu, at
d = 5; in Figure 8b, the curve for [8IM 2* intersects the
lower range of the Lewisbasicity, 0.160 vu, at d = 5; in
Figure 8c, the curvefor 1M 2* intersectsthe lower range
of the Lewis basicity, 0.165 vu, at d = 5. Thisindicates
that the operation of the valence-matching principle is
independent of the configuration of the hydrogen bonds
emanating from O atoms of the structural unit. Thisisa
conclusion of major practical importance, as it allows
us to calculate Lewis basicity and Lewis acidity with-
out knowing of the configuration of the hydrogen bonds
emanating from O atoms of the structural unit. We will
calculate Lewis basicity and Lewis acidity with s =t
(thus the modified and effective charges of the struc-
tural unit are identical).

Prediction of transformer
and non-transformer H,O groups

For a stable mineral to form, the valence-matching
principle requires that the Lewis acidity of the intersti-
tial complex lieswithin the characteristic range of Lewis
basicity for a given structural unit. Thus the range in
Lewis basicity determines the type of interstitial cation
and the number of transformer (H,0) groups. We may
express the Lewis acidity of a general interstitial com-
plex in terms of the numbers of transformer (H,0)q and
non-transformer (H,0), groups, in an attempt to under-
stand the mechanism controlling the function and
amount of these interstitial components.

Let usconsider astructura unit withaformal charge
of 27, four (OH) groups and arangein Lewis basicity of
0.17 t0 0.22 vu (Fig. 9). The Lewis acidities of all pos-
siblestableinterstitial complexes must match thisrange,
and thus we can formul ate the following restrictions for
interstitial complexes with only one type of interstitial
cation from equation (2):

@ {IMM*; (H20)q (H20)e} > 0.17
<2(1+2h)/(2m+d+4)<0.22 (©)]

(b) {I"M 2 (H20)q4 (H20)} 2 0.17
<2(1+2h)/(n+d+4)<0.22 4

(© {UM3* (H,0)g (Hz0)e [¥I(OH)}2* 0.17
<2(1+2h)/(I+d-1X%x2+4)<022 (5)

Thus, for mono-, di- and trivalent cations in differ-
ent coordinations (m, n, 1), we can predict the possible
range in transformer (H,O) groups and the possible
coordination-numbers for the interstitial cations.

Consider interstitial complex (a). For cation coordi-
nation-numbers m > [6], expression (3) does not hold,
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and hence there can be no minerals with interstitial
monovalent cations of coordination number > [6].
Where m = [6], expression (3) holds only for d = 0 and
1, and hence there can be 0-1 transformer (H,O) groups
for two [6]-coordinated monovalent cations. Where m
=[5], expression (3) holdsfor 0 < d < 3, and hencethere
can be 0-3 transformer (H,O) groups for two [5]-coor-
dinated monovalent cations.

Consider interstitial complex (b). For n = [5], ex-
pression (4) holds for 4 < d < 7; as the maximum
possible number of (H,0) groups coordinating a[5]-co-
ordinated cationisfive, thenfor n=[5], interstitial com-
plex (b) can have 4-5 transformer (H,O) groups. For
n = [6], there are 3-6 transformer (H,0) groups, chang-
ing monotonically to zero transformer (H,O) groupsfor
n=[12].

Consider interstitial complex (c). For | =[6], expres-
sion (5) holdsfor 5 < d < 6, the number of possibletrans-
former (H,O) groups is 5 only [athough d = 6 is a
numerically possible solution, one of the ligands to Al
must be (OH), and hence there cannot be six transformer
(H,0) groups bonded to [¥!M 3*]. For | = [8], the number
of possible transformer (H,O) groupsisin the range 3—
6. There will be some stereochemical restrictions on
these numbers, astheligands of [8IM 3* that are not (OH)
or transformer (H,O) groups must be non-transformer
(H,0) groups(i.e., they must link to two [8IM 3* cations).
Hence the details of the (H,O) groups carry implica-
tions as to the polymerization of the coordination poly-
hedra of the interstitial complex.

Non-transformer (H>O) groups

Consider an [N]-coordinated intertitial cation. There
are N vertices that can be occupied by non-transformer
(H20) groups [i.e, those (H,0) groups designated as e

040 1 g poe

0.35 { (IM3*
[5]M2+

0.30 { BIM3*
B2+
0.25 1 g2+

020 { BIM* \1\|\| ‘

61+

1
a5 | i \l
0.10

0.05 4

Range of
Lewis Basicity

LEWIS ACIDITY [vu]

0 1 2 3 1'1 é IS '; é
NO. OF TRANSFORMER (H,0) GROUPS / CATION

Fic. 9. Variation in Lewis acidity of a general interstitial
complex as afunction of the number of transformer (H,0)
groups for mono-, di- and trivalent cationsin [5]-, [6]- and
[8]-coordination, with the range in Lewis basicity 0.17—
0.22 vu.
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in the interstitial complex]. If each (H,O) group is
shared by two cations or linked to one cation and re-
ceives one hydrogen bond, there is a maximum of N
non-transformer (H,O) groups per interstitial cation. If
we now consider d transformer (H,O) groups at verti-
ces of the polyhedron, then the (N — d) remaining verti-
ces of the octahedron could be occupied by a maximum
of (N—d) = e non-transformer (H,0) groups, giving (N
—d) = e non-transformer (H,O) groups per cation. In
this way, the maximum number of non-transformer
(H20) groups per [N]-coordinated cation is (N —d), and
the maximum number of (H,O) groups bonded to one
interstitial cation isgiven by d + (N —d) = N. The mini-
mum number of non-transformer and transformer (H,0)
groups is always zero, because every interstitial [NM
cation can be bonded to N O atoms of the structural unit.

For example, et us consider an interstitial [(IMg cat-
ion coordinated by two transformer (H,O) groups. The
maximum number of non-transformer (H,O) groups per
[eIMg cation is (6 — 2) = 4. This would occur, for ex-
ample, in achain of vertex-sharing { Mg (H20)e} octa-
hedra or an edge-sharing dimer. The minimum number
of non-transformer (H,O) groups is zero, which would
be the case if the [fIMg cation were bonded to four O
atoms of the structural unit. Thus, in this case, the range
of chemical composition of possible interstitial com-
plexesis[Mg (H.0), (H20)04], and the rangein chemi-
cal composition of the corresponding mineral would be
Mg (H20). [structural unit] (H20)q, where g is the
number of interstitial (H,O) groups that do not bond to
Mg atoms. Note that g, the number of (H,O) groupsthat
do not bond to any interstitial cation, can neither be pre-
dicted or calculated at the present time.

THE RoLE oF CL™ AS AN INTERSTITIAL SPECIES

Several borate minerals contain Cl as an interstitial
anion. It is notable that known borate minerals never
contain more than one Cl anion per interstitial cation.
Consider the case for no interstitial Cl (Fig. 5), an
interstitial complex of the form {{MM ™, (H,0)q
(H20)e} @ W* that receives s hydrogen bonds from the
structural unit. The Lewis acidity of this complex is[a
X n+hXg/(aX m+d+s). Now consider incorpo-
ration of Cl into thisinterstitial complex. This may be
donein two ways: (1) M™ + Cl,,— [J +[], i.e, incor-
poration of Cl, together with more interstitial cationsto
maintain electroneutrality, producing the interstitial
complex {IM ™ MM ™, (H20)q (H20)e [1CI5@ < M,
(2 M+ 4+ Cl - M™ + [, i.e., incorporation of Cl
and replacement of an interstitial cation by a higher-
valence interstitial cation, producing the complex {['!M
(M D+ MM ™ (H20)g (H20)e MCI} @ X W+ where[r] is
the coordination number of Cl. Note that the charge of
the interstitial complex is maintained in all cases as (a
X n)*. First, mechanism (1): the number of bonds from
theinterstitial complex to the structural unitisl + am+
d + s—r, and the Lewis acidity of the interstitial com-
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plexis[(@+1) X n—n+h X g /(Il+am+d+s—(n
Xry=[axn+hxg/(l+an+d+s—(n X r),
where the hydrogen bonds emanating from the struc-
tural unit have a bond valence of h = 0.20 vu. Next,
mechanism (2): the number of bonds from the intersti-
tial complex to the structural unitisl + (a—1) X m+d
+s—r, and the Lewis acidity of theinterstitial complex
is[h+)+nX(@a-1)-1+hxg/(I+{a=-1} Xm
+d+s-r)=(@xXn+hxg/(l+{a-1} Xm+d+
s —r). Thus we have three expressions for the Lewis
acidity of these interstitial complexes:

{IMM ™5 (H20)q (H20)e} @ M
Acidity=[aX n+h X gsl/(axXm+d+s) (6
/B

{[m]M n+a+1 (Hzo)d (Hzo)e [r]C|n} (axn)+
Acidity=[aX n+h X g/
(l+am+d+s-nXr) (7)
=A/(B+l-nXr)

{[m]M (n+1)+ [mipg ™1 (H20)q (H20)e [r]C|}(a X n)+
Acidity=(aX n+h X g/
(I+(@-1 Xm+d+s-—r) (8)
=A/(B+l-m-r)

Consider mechanism (1): the Lewis acidity of the
interstitial complex changesfromA/BtoA/(B+I1—n
X r). Thusthe Lewis acidity will changein the follow-
ing manner: (8) if | <(n X r), then the denominator (the
number of bonds from the interstitial complex to the
structural unit) decreases and the Lewis acidity in-
creases, (b) if I = (n X r), then the Lewis acidity does
not change; (c) if | > (n X r), then the Lewis acidity
decreases. Consider mechanism (2): the Lewis acidity
of theinterstitial complex changesfrom A/ Bto A/ (B
+1—{m+r}). Thusthe Lewisacidity will changeinthe
following manner: (a) if | < (m+ r), then the denomina-
tor (the number of bonds from the interstitial complex
to the structural unit) decreases and the Lewis acidity
increases; (b) if | = (m+ r), then the Lewis acidity does
not change; (c) if | > (m + r), then the Lewis acidity
decreases.

Example: In hydrochlorborite, Cay (H20)s [EICI [B4
O4 (OH)7] (Brown & Clark 1978), the Cl anion accepts
seven hydrogen bonds from (OH) groups of the struc-
tural unit and one hydrogen bond from interstitial (H,0)
groups. The Ca atom is [8]-coordinated and bonds to
two transformer (H»O) groups and four non-transformer
(H-0) groups. Theinterstitial complex is{[&Ca, (H,0),
(H20)4 [BICI}3*, and the number of bonds from the in-
tergtitial complex to the structural unit is as follows: 2
X 8+ 2+ 7—8=17 bonds. Thus the Lewis acidity of
the interstitial complex is(3+ 0.2 X 7) /17 = 0.26 vu.

Consider the putative interstitial complex {[¥INa
[BlCa (H,0), (H20)4} 3* for the same structural unit: [Bs
0,4 (OH)7]* (note that the electroneutrality principle is
satisfied). The number of bonds from the interstitial
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complex to the structural unitis8+ 8+ 2+ 7 =25 bonds.
The Lewisacidity of thisinterstitial complex is(3 + 0.2
X 7)1 25 = 0.18 vu, significantly less than that of the
structural unit in hydrochlorborite.

SUMMARY

(1) A mineral structure can be divided into two
parts: a structural unit and an interstitial complex.

(2) Theinterstitial complex isan array of largelow-
valence cations, usually monovalent anions and (H,0)
groups, that is usually cationic in character and is char-
acterized by its Lewis acidity, a measure of its electro-
philic strength. The structural unit is usually an anionic
array of strongly bonded polyhedraand is characterized
by its Lewis basicity.

(3) Interaction between these two unitsis subject to
the valence-matching principle: for astructural arrange-
ment to be stable, the Lewis acidity and basicity of its
consgtituent parts must match.

(4) The Lewis basicity of the structural unit can be
moderated by change in the coordination numbers of its
congtituent simple anions, subject to the valence-sum
rule. Thusaspecific structural unit isstable over arange
of Lewis basicities.

(5) A generd interdtitial complex can be written as
{Imim *, MM 2%, TIM 3% (H20)4 (H20)e [91(OH);
(H20)g} @+ 20+3¢0* 'where [n], [ml, [I] and [q] are coor-
dination numbers, a, b and c are the numbers of monova-
lent, divalent and trivalent cations, d is the number of
transformer (H,O) groups, e is the number of (H,O)
groups bonded to two interstitial cations or one intersti-
tial cation and one hydrogen bond, f is the number of
interstitial (OH) groups, and g is the number of (H,0)
groups not bonded to any cation.

(6) A transformer (H,O) group takes a chemical
bond and splitsit into two weaker bonds, thereby alter-
ing the effective Lewis acidity of the constituent cation.

(7) The number of transformer (H2O) groupsin an
interstitial complex hasastrong effect onitsLewisacid-
ity, and thevariation in Lewis acidity of ageneral inter-
stitial complex can be graphically represented as a
function of the number of transformer (H,O) groupsin
the complex.

(8) The modified charge of a structural unit is de-
fined asthe formal charge of the structural unit as modi-
fied by the hydrogen bonds emanating from it.

(9) The average basicity of a structural unit is de-
fined as the modified charge divided by the number of
O atoms in the structural unit.

(10) The average basicity correlates with the mean
coordination-number of O atoms in the structural unit.
This correlation defines aband that all ows prediction of
therangein average coordination-number of the O atom
(by which the structural unit responds to small changes
in pH while remaining stable).
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(11) The“effective charge” of the structural unit is
the formal charge of the structural unit as modified by
the hydrogen bonds to the interstitial complex. Simi-
larly, the effective charge of the interstitial complex is
the formal charge of the interstitial complex as modi-
fied by the hydrogen bonds to the interstitial complex.
It isimportant to note the difference between the “ modi-
fied charge” (used to cal culate the average basicity) and
the effective charge (used to calculate the Lewis basic-
ity) of a structural unit. The modified charge incorpo-
rates all hydrogen bonds emanating from the structural
unit, whereas the effective charge incorporates only
those hydrogen bonds from the structural unit to thein-
tertitial complex; the effective charge does not include
hydrogen bonds that link directly to adjacent structural
units.

(12) The range in Lewis basicity of the structural
unit may be calculated from the maximum and mini-
mum values of the average coordination-number of the
O atoms of the structural unit. The maximum and mini-
mum coordination-numbers are multiplied by the num-
ber of O atomsin the structural unit to give the minimum
and maximum numbers of bonds required by the O
atoms. The minimum and maximum numbers of bonds
required by the structural unit from the interstitial com-
plex are the minimum and maximum total numbers of
bonds minus the number of bonds within the structural
unit. Therangein Lewisbasicity of the structural unitis
its effective charge divided by the maximum and mini-
mum numbers of bonds required by the structural unit
from the interstitial complex.

(13) Wherethe Lewisacidity of ageneralizedinter-
stitial complex overlapstherange of Lewisbasicity of a
specific structural unit, the valence-matching principle
is satisfied and a stable structural arrangement is pos-
sible.

(14) Application of thisapproach to the borate min-
erals shows that there are significant restrictions on the
chemical and structural details of the interstitial com-
plexes.

(15) The Lewis basicities of some structural units
do not alow certain types of cationsto occur asintersti-
tial components.

(16) The overlap of Lewis basicity and acidity re-
quired for structural stahility by the valence-matching
principle leads to an explanation and prediction of the
number of transformer (H,O) groups in the interstitial
complexes of these minerals. These predictions can be
precise or imprecise, but in all cases, they are accurate.
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