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A simple valence or haplotype crystal is defined as a valence crystal of binary composition A 8,, with
one coordination number, CN(A), for all cations and one, CN(B), for all anions. Valence crystals have
electroncutral formulas with respect to formal atomic valences (V,, V) and each cation is surrounded
enlirely by anions and vice versa. Known haplotype structures include a majority of textbook examples
of binary inorganic structures. Two simple rules apply to haplotypes: x + V, = y - V5 and
x + CN(A) = y - CN(B). These two rules strongly limit the number of possible combinations of atomic
valence, composition, and coordination. A clear connection is shown to exist in known haplotypes
between the coordination number of the majority atom and the dimensionality of strong bonding,
which in turn has a great influence on crystal properties. In haplotypes with three-dimensional bonding,
an observed relationship between composition and interatomic distances is shown to be a consequence

of the rather regular coordination figures present in this group of sfructures.

Introduction

Textbooks in general and inorganic chem-
istry, solid state physics, materials science,
and mineralogy invariably feature a section
on the crystal structure of binary inorganic
compounds, A B,, which includes structure
types such as NaCl, CsCl, ZnS (spharlerite
and wurtzite), CaF,, TiO, (rutile), Cdl,, and
Si0, (cristobalite and tridymite). Problems
involving the calculation of interatomic dis-
tances in these structure types, using the
Pythagorean theorem, are usually found
among the excercises accompanying this
section in the texts.

In this context it is natural to make two
observations. First, a relationship exists be-
tween coordination numbers of atoms and
coefficients in the formula, For each of the
two kinds of atom, the product of coordina-
tion number and coefficient is the same;
e.g., for rutile, “'Ti"0,, the products are 6 x
1 = 3 » 2 (superscripts in formulae denote
coordination numbers). Second, in the AR
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compounds listed above, the anion-anion
and cation—cation distances are equal, while
in the AB, compounds the anion-anion dis-
tances are shorter than the cation—cation
distances. The first of these observations
was made long ago by V. M. Goldschmidt,
see review in Ref. (/}, but this relationship
between coordination number and composi-
tion is only rarely discussed in textbooks.
For an exception see Ref. (2), pp. 264-265.
The second observation concerning in-
teratomic distances and composition is not
made in textbooks, as far as I have seen.

On the other hand, it is always mentioned
that compounds have stoichiometries which
are related to the formal atomic valences by
the requirement of clectroneutrality; e.g.,
for TiO, with Ti(4+) and O(2—) the num-
bers of positive and negative charges are the
same since 1 X 4 = 2 x 2.

The materials mentioned above belong to
what is sometimes loosely referred to as
lonic compounds and they are also valence
crystals according to the definition of El-
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lison and Navrotsky (3), which states that
“Vualence crystals have bulk stoichiometries
that are electroneutral with respect to for-
mal atomic valence, and structures in which
cation sites are formed entirely by anions
and vice versa,” The authors then go on to
study the restrictions this definition puts on
the possible combinations of stoichiometry,
coordination number, and atomic valences
inrather general cases, and they also include
bond strengths in their treatment.

In this paper 1 examine the simplest va-
lence crystals and their properties from a
purely geometrical point of view, without
making assumptions concerning bond
strengths, ionic radii, atomic contacts, etc.

Simple Valence Crystals

Consider a binary valence crystal A B,,
in which the cation valences vV, = 1,2, . .,
6 and anion valences Vg = 1, 2, 3 are al-
lowed. The law of electroneutrality can be
formulated as

x-Vy=y-¥y (1)

and with valences as defined above a total
of 13 stoichiometries can be generated,
which are listed in the left column of Ta-
ble 1. Please note that the definition of
valences given above automatically ex-
cludes all mixed-valence compounds.

From the fact that cations are surrounded
by anions and vice versa a stoichiometry-
coordination rule has been derived by
O’Keeffe and Hyde (4, 5), which states that
in the binary case

x - (CN(A)) = y - (CN(B)}, 2

where (CN(A)) is the average coordination
number of the cations and {CN(B)) that of
the anions. As an illustration take the PbCl,
structure, which can be described as
xph¥CI¥Cl, i.e., the average coordination
number of Cl is 4.5 and Eq. (2) thus gives
1 X9 =2x4.,5.

1 now define a simple valence crystal as
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a valence crystal with a structure obeying
Eq. (2) in the stricter form

x-CN(A) =y - CN(B), (3

where CN(A) and CN(B) are the coordina-
tion numbers (the number of nearest neigh-
bors) of A and B. This means that the cations
all have one specific ¢coordination number
and so do the anions. A selection of well-
known structure types that obey Eqs (1)
and (3) is presented in Table I.

In order to keep the presentation as brief
as possible, the atomic valences V, = 7, 8
and V; = 4 were not included among those
allowed, because they generate many stoi-
chiometries without known examples. Only
a few simple valence structures, e.g., 0sQ,,
are excluded from Table I by this procedure.

A majority of the structure types found
in textbooks, even some advanced ones, are
represented in Table I; i.e., they are simple
valence structures. It is also worth noting
that several of the AB, and A,B structures
in Table I represent examples of the same
geometric arrangement of peints in space;
i.e., they exhibit a structure and antistruc-
ture relationship.

1 have been able to find examples of sim-
ple valence structures illustrating the possi-
bie stoichiometries in 11 of the 13 cases, the
exceptions being the compositions 4,8 and
A,Bs. The formula ¥A,"B; fits an oxide of a
pentavalent metal, but no such simple struc-
ture is known to me. On the contrary, it
is well known that A, compounds have
complicated structures with oxygen atoms
(and sometimes A atoms as well) exhibiting
more than one coordination numberin a spe-
cific structure; cf. the many forms of Nb,O;.

Stoichiometry and Coordination

Equation (3) is now used to investigate
the possible compositions of simple valence
crystals with a specific cation or anion coor-
dination number, when coordination num-
bers less than or equal to 9 are taken into
consideration; see Tables II and III for re-
sults. By inspection, it can be concluded
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TABLE 1
SoME SIMPLE VALENCE STRUCTURES

Composition Examples
AsB iH,iN (ammonia),” "Cu;"N (anti-ReO;}
AB iH,70,2 iICu,V0, §iCs M0 (anti-CdCly), #T1,98 tanti-CdLy), "Na,"80 (anti-CaF,)
AsB, Mg, N, (anti-bixbyite}

AB iCI0 @ BHglO {orthorhombic), THgS (cinnabar), {Awd, WBHN, “Zn¥S (spharierite), ¥ZoQ
(wurtzite-type), "Be0 (8), *PbYO (red), YP¥S (cooperite), *NivS (millerite}, "Na*iCl,
vin]'viA51 viiicsviiiCl

A}B‘, ivsiaiiiNd’ ViiiTh;“P4

AxB, iiip 0y, As, 0, (monoclinic), ¥B, 0, (1), YAL"0y (corundum), *(Mn,Fe),0, (bixbyite)

A3Bs —

AB, ICI0,, 2 YSHO, P YHE', (red), MSi'S,, "PdICl; (@ and B), “Ti%0, (rutile and anatase), “PoU0,
(a}’ VlCdllIIz’ VlCdlllClz, VIMG]nSz, VHICE.WF2

Al —

AB, B'CLL,e TiECY (8), VBi'Ly, “CriCly, “Re%0,, "Re'O; (W1, anti-Fe;N), “AIF; (8), *U"Cl,

AB4 i"Si‘F4," \riii"l"].]iiCl4

AB; Sl

AB YIgICH”

Note. Superscripts denote coordination numbers,

“Plus other molecular structure types with one-coordinated ligands.

Quartz, cristobalite, tridymite, keatite, and coesite.

that for a specific coordination number be-
tween 6 and 12 of the i3 stoichiometries
allowed by electroneutrality cannot exist as
simple valence structures. Note that AB
stoichiometry is possible in all cases consid-
ered in Tables II and lII. AB compounds
have CN(A) = CN(B) according to Eq. (3);
examples of structure types with coordina-
tion number ! fo 6 and one with CN = 8§

TABLE 1l

STolcHIOMETRY AS A FUNCTION oF CATION
COORDINATION NUMBER (CN(4) IN SIMPLE
VALENCE STRUCTURES

are listed in Table I. In FeSi both Fe and Si
are seven-coordinated, but this phase does
not obey Eq. (1} and has thus not been in-
cluded in Table I.

As another example, consider the im-
portant group of tetrahedral structures,
which contains tetrahedrally coordinated
cations, i.e., CN(A) = 4. This group of
structures includes important semiconduc-

TABLE III

STOICHIOMETRY AS A FUNCTION OF ANION
CoorpiNaTiON  NUMBER CN(B) IN  SIMPLE
VALENCE STRUCTURES

CN(A) Possible stoichiometries CN(B) Possible stoichiometries
1 A3B, AB, AB 1 AB, AB:, AB,, AB,, AB,, AR,
2 AsB, AB, AiB,, AB, AB, 2 A:B, AB, AyB,, AB,, A.Bs, AB,. AB,
3 A;B, A,B, AB, AB;, AR, 3 A3B, A By, AB, AJB,, AsBs, AB,, AB,
4 AWB, AB,, AB, A;B,, AB,, AB, 4 AsB, AB, A,B;, AB;
5 AB, A\B;, ABs, AB; 5 AB
6 A3By, AB, A28, ABy, AB,, AB, 6 A8, A8, AB,, AB, AB,, A\B,
7 AB 7 AB
8 AB, A\B,, AB,, AB, 8 A:B, AB
9 AB. A;B;, AB, 9 AB, A.B,, AB
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tors (GaAs and CdS), ceramics (Si;N,), and
geological materials ($i0,). Only six compo-
sitions can be expected in simple tetrahedral
structures. The absence of simple tetrahe-
dral structures of composition AB; and A,B;
is especially striking, as is the fact that
the anion coordination number cannot as-
sume the values 5 or 7 in this type of
structure.

It is also noteworthy that simple molecu-
lar structures, i.e. simple compounds with
ane-coordinated ligands, cannot exist for
five compositions, i.e., A.B,, A3B,, A,B,,
A;B,, and A,B;.

Coordination and Dimensionality
of Bonding

The number of directions associated with
strong bonding has a decisive influence on
the physical properties of a crystal. These
properties include crystal morphology, me-
chanical strength, catalytic activity, etc. If
the dimensionality of strong bonding in sim-
ple crystal structures is examined as a func-
tion of coordination number of the majority
species, a straightforward relationship is re-
vealed; see Table IV,

If the majority ion is one-coordinated, a
typical molecular solid is formed. Typical
properties of such solids are low melting
point, high vapor pressure, and softness
(low mechanical strength). A two-coordi-
nated majority ion apparently puts no con-
straints on the dimensionality of the crystal,
while for three- and four-coordinated major-
ity ions only 2- and 3-dimensional structures
are represented in Table IV. For higher co-
ordination numbers, i.e., 5 to 9, only 3-
dimensional simple structures are present.
Crystals with 1- or 2-dimensional strong
bonding exhibit strongly anisotropic prop-
erties.

A similar general relationship between co-
ordination number and dimensionality of
bonding has been described before (Ref. (6,
pp. 57-58)) in structures composed of one
element (“systems of p-connected points™}),
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Interatemic Distances in 3D-Structures

By consideration of the geometrical prop-
erties of the most regular coordination fig-
ures XY,, i.e., those depicted in Fig. I, a
simple relationship between composition
and interatomic distances in simple 3-
dimensional structures can be established.

Figure 2 shows that an almost linear rela-
tionship exists for the ratio of center—vertex
distance, d(X-Y), to vertex—vertex dis-
tance, d(Y-Y), versus coordination number
for these high-symmetry coordination fig-
ures. This relationship is more ¢conveniently
written as

CNX) =k [dX-YYA(Y-Y ) +m, (4)

where & is the slope and m the intercept of
the line, I note in passing that the distance
ratio d(A—B)/d(B-B) is formally related to
the radius ratio, which, following Gold-
schmidt ([}, is considered to determine the
coordination number and structure type in
a majority of textbooks. The two ratios are
related by the expression

d(A-B)/d(B-B) = %[(rA/rB) F11. )

where r, is the ionic radius of X.

Since Eq. (4) is applicable to both cation-
and anion-centered polyhedra the two ¢x-
pressions can be combined as

[CN(A) — mUICN(B) — m) = d(A-A)/d(B-B).
)

As a conseguence of the definition of va-
lence crystal it follows that d(A-B) is
shorter than d(A-A) or d(B-B), which to-
gether with Egs. (3) and (6) leads to the
following composition-distance relation-
ships:

if x = y then d{A-B}

< d(A-A) = dB-B) (T)
if x < y then d(A-B) < d(B—B)

< d(A-A) (8)
if x >y then d(A-B) < d(A-A)

< dB-B). (9



TABLE IV

DIMENSIONALITY OF STRONG BONDING AS A FUNCTION OF COORDINATION NUMBER OF THE MAJORITY

SPECIES IN SIMPLE STRUCTURE TYPES INCLUDED IN TaABLE L.

0-D 1-D 2-D 3D
CN (molecules) ({chains) (layers) (networks)
1 HN, H,0, CO, — —
CO,, BCL, SiF,,
SbCls, UCH,
2 P406' PdClz }\'L]I1 HgO, HgS, A5103, Hglz, CU}NJ’REO},
PdCL, SiS,, Bil,, CrCl, ReO, (IH),
TiCl, AlF;, Si0,,
Cuy0, B0,
ThCl,
3 — Cs,Q/CdCl,, SigNg,
T1,S/Cdl,, Pb0,,
BN, MoS; TiQ, (2 forms),
uchL
4 — PbO Na,0/CaF,,
Mg N,/
{Mn, Fe);O;,
Zn§, Zn0,
PtS, BeQ,
ALO;
5 — — Ni§
6 — — NaCl, NiAs,
Th,P,
7 — — —
8 — — CsCl
g — — —

Note. Weak cation—anion interactions, hydrogen bonds, and van der Waals bonds are neglected.
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Fi1G. 1. High-symmetry XY, coordination figures (n = 2, 3, 4, 6, 8, 12) drawn with constant center—
veriex distance, d(X-Y).
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FiG. 2. Center—ventex distance, d(X-Y), divided by
vertex—vertex distance, d(¥-1), versus coordination
number, CN(X), for the coordination figures in Fig.
1. Dashed regression {ine; d{X—¥)/d(}¥-¥) = 0.0506 -
CN(X) + 0.415 (correlation coefficient = 0.991).

These rules, Eqs. (7-9), are found to be
almost true for the three-dimensional struc-
tures in Table IV and the actual average
values have been calculated, mostly using
modern structure' refinements found in
Structure Reports. The resuits are pre-
sented in Table V, where it can be seen that
Egs. (8) and (9) hold for the average values
in all of the listed structures with x not equal
to y. In the case of AB structures Eq. (7)
predicts equal anion-anion and cation-
cation distances. Among the eight AB struc-
tures this holds exactly for high-temperature
BeO, spharlerite ZnS, wurtzite-type Zn0O,
NacCl, and CsCl.

It almost holds for NiAs, which is a bit
surprising since NiAs is a metallic phase
with very formal atomic valencies. Equation
(7) is only approximately true in the case
of cooperite, PtS, but the real structure of
cooperite can be idealized (7) and this proce-
dure makes the two distances exactly equal.
The real cooperite structure (&) is tetragonal
with an axial ratio ¢/a = 1,761 and the atoms
are in special positions with fixed coordi-
nates. If the axial ratio is idealized to
c/a = 2, the shortest Pt—Pt and S-§ dis-
tances become equal.

In the fascinating structure of millerite (9),
NiS, the Ni atom is surrounded by five S
atoms forming a square pyramid, with an
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average Ni-S distance of 2.31 A, The S atom
is surrounded by five Ni atoms also forming
a square pyramid with an average S—Ni dis-
tance of 2.31 A. The eight shortest S-S dis-
tances in millerite average to 3.28 A, while
the Ni-Ni distances are 3.15 A (2x) and
2.53 A (2x). Two of the Ni-Ni distances
are thus considerably shorter than predicted
by Eq. (7) and indicate the presence of
metal-metal bonding. It must also be kept
in mind that no completely regular XY, poly-
hedron exists, because all ligand atoms (Y
atoms} cannot be symmetry equivalent.

The reason that Eqs. (7-9) do not hold
for most low-dimensional (0-2 D) structures
in Table 1V, is the irregular coordination of
A or B in many of these materials.

Conclusions

It has recently been stated (/0) that “One
of the continuing scandals in the physical
sciences is that it remains in general impos-
sible to predict the structure of even the
simplest crystalline solids from a knowledge
of their chemical composition.” The present
paper had addressed a less fundamental,
though associated question, i.e., what we
mean by a simple crystal structure and what
basic restrictions are applicable to such
structures before the question of minimum
energy is considered.

In this work I have tried to show that
simple valence crystals constitutes a group
of important materials exhibiting fundamen-
tal crystal chemical relationships that make
them unique. For this reason, I propose the
terms hAaplotype crystals and haplotype
structures (from Greek haplous simple) as
synonyms for the concepts simple valence
crystals and simple valence structures, as
defined in this paper. It will probably be
wise to restrict the haplotype concept to
structures with relatively few position and
unit cell parameters, in order to exclude, for
example, long-period polytypes (ZnS, Cdl,,
etc.) and synthetic SiO, polymorphs with
complex tetrahedral framework structures.

Haplotype structures, by definition, ex-



SIMPLE VALENCE CRYSTALS

253

TABLE V

AVERAGE ANION-ANI10N DISTANCE AND CATION—CATION DISTANCE RELATIVE TO AVERAGE CATION-ANION
DISTANCE FOR SIMPLE VALENCE CRYSTALS WITH STRONG BONDING IN THREE DIMENSIONS

Composition Structure (d{BBY)/{d(AR)) {d(AAN/J(AB))
AsB Cu,N 2.00 1.41
A.B Cu,0 2.00 1.63

Na,O 1.63 1.5
A}Bz MgaNz 1.65 1.47
AB BeO 1.65 1.65
ZnS 1.63 1.63
ZnQ 1.63 1.63
™S 1.44 1.50
NiS 1.42 1.23
NiAs 1.34 1.37
NaCl 1.41 1.41
CsCl 1.15 1.15
AB, Si;N, 1.63 1.73
Th,P, 1.30 1.35
AB, B,O, 1.73 1.82
ALO, 1.42 1.54
(Mn, FE)203 1.45 1.65
AB, Si0, {five forms) 1.63 1.91-1.95
PbO, 1.41 1.74
TiO, (anatase) 1.45 1.56
TiO, {rutile) 1.47 1.76
CaF, 115 1.63
AR, ReO, 1.41 2.00
Re(, (11} 1.41 1.82
AlF, 1.41 1.94
ucl, 1.22 1.56
AR, ThCl, 1.26 1.65

hibit simple relationships between atomic
valence, coordination number, and com-
pound stoichiometry and it has been shown
that these relationships impose rather se-
vere restrictions on possible combinations
of the three. Haplotypes are among the sim-
plest possible binary compounds. It has
been shown here that many materials em-
phasized in university solid state courses in
fact belong to the group of haplotypes, and
here the coordination—stoichiometry rule of
O’Keeffe and Hyde (¢, 5) 1s a useful aid
when it comes 10 analyzing and memorizing
structure types. The haplotypes exhibit a
clear connection between the coordination
of the majority species and the dimensional-
ity of the crystal structure, which in turn has

great influence on the physical properties of
the crystal. The relative magnitude of the
anion-anion and cation—cation distances in
three-dimensional haplotype structures has
been shown to be related to crystal stoichi-
ometry. This relationship follows from the
fact that both cation- and anion-centered
polyhedra in 3-D haplotypes tend to be
rather regular.

[tis my hope that the recognition of haplo-
types as a distinct group among inorganic
compounds will stimulate further research
in this area of solid state chemistry, in order
to resolve the long-term problem of under-
standing the relationship between chemical
composition, structure, and physical prop-
erties (1, {7} in simple solids.
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