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Abstract 

A new model which relates the structure of a given 
compound to that of the parent metal is reported. 
The structures of oxides are regarded as the metal 
structure, sometimes deformed, sometimes opened 
up by the inclusion of other atoms, but maintaining 
the topology and interatomic distances of the parent 
metal structure. The model describes all the Mg- 
containing borates and silicates of the humite and 
leucophoenicite series as derived from their common 
parent h.c.p. Mg structure. The cation array of apa- 
tite and the alloy CazSi are also analyzed in terms of 
the structures of elemental calcium. 

Introduction 

It is well known that the traditional ionic model 
assumes the existence of close-packed anion arrays 
(normally h.c.p, or f.c.c.), with small cations inserted 
into the octahedral and/or tetrahedral interstices. 
Location of cations in one of these holes, and hence 
the coordination number of the cation, is determined 
by the radius ratio (r+/r-). Consequently, inorganic 
crystal structures have been described as being 
formed by such interconnected polyhedra. This 
approach, although widely used to describe and 
understand inorganic crystal structures, cannot be 
generally applied and many 'complicated' structures 
do not find any satisfactory explanation in terms of 
this model. Obvious failures have been pointed out 
by Hyde (1986). 

An alternative model, with the emphasis placed on 
the cation arrays, has been proposed by O'Keeffe & 
Hyde (1981, 1985), in which cation-cation repulsions 
and the coordination number of anions by cations 
are considered to be responsible for determining a 
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given structure, the size of a cation being quantified 
by the so-called 'non-bonding radius' (O'Keeffe & 
Hyde, 1981). An additional feature observed by these 
authors is that, in many oxides and fluorides, the 
cation arrays are more regular than those of anions 
and that they have the structure of either elements or 
simple alloys. Thus, in TiO2 (rutile), the Ti atom 
arrangement is that of the tetragonal body-centered 
fl-Hg. In forsterite (Mg2SiO4), the Mg2Si array is 
that of the Ni2In alloy. Further, the structure of Si is 
maintained in cristobalite (SIO2). In view of this, the 
structures could be better described as 'anion-stuffed 
alloys', which are the inverse of the traditional ionic 
model (cation-stuffed anion arrays). These principles 
were applied successfully to minerals, like the humite 
and the leucophoenicite families (White & Hyde, 
1982a,b, 1983), leading to a simpler description of 
both structural families, and to a new structural 
relation between them that was not possible in terms 
of connected MO6 octahedra (Belokoneva, Simonov 
& Belov, 1973). Application to other structure types 
was the subject of a further report (O'Keeffe & 
Hyde, 1985). 

We think that this catonic approach represents an 
advance in both description and explanation of crys- 
tal structures, but unfortunately the crucial question, 
i.e. why a crystal structure has its actual structure 
and not another one, is far from being answered as 
yet. Even though the alternative model succeeds in 
many aspects not accounted for by the ionic model, 
we believe that some other considerations could be 
added. This is the aim of the present contribution. 

Probably the most significant observation of 
O'Keeffe & Hyde (1985) is that in some oxides the 
cation arrangements are identical to those of the 
constituent elements, i.e. Si in high cristobalite SIO2, 
Ca2Si in fl-Ca2SiO4, YsSi3 in Ys(SiO4)3N, Cu in 
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18 NON-MOLECULAR CRYSTAL STRUCTURES 

Cu20 , Cu304 and CuO, BaS in high-temperature 
BaSO4, etc. This has suggested the following ques- 
tions to us: Why is a cation array, for example Mg2Si 
in forsterite (Mg2SiO4), related to the Ni2In alloy, a 
compound containing such different elements, and 
not to another A2B-type alloy? Such a relation is 
very useful for descriptive purposes but it does not 
explain 'why' the actual structure is formed. Could it 
be possible, in some instances, to identify the original 
structure of the elements, even though not as clearly 
as it occurs in the examples cited above? In other 
words: Do the elements maintain their identity 
(structure), at least to some extent, when they are 
forming part of a compound? We attempt to answer 
these questions by examining the cation arrays of 
several compounds in the discussion below. 

Discussion 

Humite and leucophoenicite families 

Hexagonal magnesium (h.c.p.) is the only known 
phase of this element, showing shortest Mg--Mg 
distances of 3.20 A. We will show how the structural 
features of elemental Mg are preserved in all the 
compounds discussed below. 

The cation arrays of the leucophoenicite family 
have been described (White & Hyde, 1982a,b, 1983; 
O'Keeffe & Hyde, 1985) as (1,2 x) intergrowths of 
(1)CrB and (2)Ni2In, with x = 0, 1, 2, 3, oo for CrB- 
type, Mg3(BO3) 2 (kotoite) (Zemann, Effenberger & 
Pertlik, 1982), Mgs(BO3)3F (Brovkin & Nikishova, 
1975), Mn7(SiO4)3(OH)2 (leucophoenicite) and 
Mg2SiO4 (olivine) (Wenk & Raymond, 1973), respec- 
tively. In the humite series, the cations are ordered as 
(2",3) intergrowths of (2)Ni2In and (3)Re3B, with x = 
~ ,  3, 2, 1,0 for olivine, Mg9(SiO4)4(OH)2 (clinohumite) 
(Robinson, Gibbs & Ribbe, 1973), Mg7(SiO4)3(OH)2 
(humite) (Ribbe & Gibbs, 1971), Mgs(SiO4)(OH)2 
(chondrodite) (Gibbs, Ribbe & Anderson, 1970) and 
Mg3(SiO4)(OH)2 (norbergite) (Gibbs & Ribbe, 1969), 
respectively. The olivine, then, is the common struc- 
ture which relates both families of compounds. 
Phases with x > 3 have also been identified by elec- 
tron diffraction and high-resolution electron micros- 
copy (White & Hyde, 1982a,b, 1983). In all of them, 
the resulting arrangement of the majority cation (say 
Mg or Mn) was described as a twinned f.c.c, pack- 
ing, by reflection on (l13)fo= planes. This twinning 
gives rise to (Si/B)-centered trigonal prisms of Mg 
which are common to all of the structures. Two 
features are worthy of mention: (i) no member of the 
leucophoenicite series is known to have the CrB 
arrangement, and (ii) no Mg-containing compound is 
known to have the leucophoenicite structure. For 
these reasons, the CrB alloy and leucophoenicite will 
not be discussed here. So far, we have used the 
interpretation of O'Keeffe & Hyde. 

The structures of all these compounds are rep- 
resented in Figs. l(a) and 2(a), where it can be seen 
that, in the leucophoenicite series, all the Mg6 trigo- 
nal prisms share edges and/or faces, so that their 
trigonal faces form infinite blocks. In the humite 
series however (Fig. 1), the trigonal faces of the 
prisms form isolated sets of one to four triangles for 
norbergite to clinohumite, respectively. However, a 
more detailed inspection of Fig. l(a) reveals that the 
sets of triangles at the same height are separated by a 
distance close to that defining the triangular faces. 
Thus, the triangle sets, far from being isolated, can 
be considered as held together by additional Mg--Mg 
contacts like those represented by dashed lines in 
Fig. 1. In this way, in the humite series, the Mg3 
triangles also form infinite blocks in which the addi- 
tional Mg--Mg contacts must be included. This is 
especially illustrative in the structure of norbergite 
(Fig. la) where isolated Mg6Si trigonal prisms are 
depicted. 

By comparing these sets of connected trigonal 
faces with the diagrams collected in Figs. l(b) and 
2(b), one can easily conclude that the former are 
merely fragments of closest packed sheets, as the 
(001)hcp or (1 ll)fcc. The trigonal faces of the prisms 
and the additional Mg--Mg contacts correspond to 
octahedral faces and edges, respectively, of such 
h.c.p, arrays. The diagrams represent h.c.p, arrays 
decomposed so as to reproduce the Mg patterns 
occurring in all the minerals we are dealing with. We 
note that all atoms of each h.c.p, array are involved 
in fragments of the same shape. Such a decompo- 
sition would also be possible for CrB and leuco- 
phoenicite and similar decompositions can also be 
achieved from f.c.c, packing, by reversing the sense 
of displacement in the C layer with respect to that 
applied in the A layer of an h.c.p. 

The coincidence between the Mg blocks and the 
h.c.p, fragments is seen not only in the topology but 
also in the dimensions. The Mg--Mg distances (mean 
value 3.13 A for olivine) compare quite well with 
that observed in metallic Mg (3-20 A). Similar values 
are observed in all the other members of both fami- 
lies. Thus, the structures of all of these compounds 
can be regarded as fragments, different in size and 
shape, of the metallic structure of magnesium, which 
breaks down by inclusion of bulky SiO4 tetrahedra. 
It is noteworthy that a greater Mg content corre- 
sponds to larger fragments of the parent element. In 
other words, the Mg atoms in the compounds are 
not distributed in an arbitrary way, but preserve 
their original arrangement as far as possible. This 
picture is far from that obtained when thinking in 
terms of the classical cation-centered polyhedra. 

Returning to the earlier interpretation (O'Keeffe & 
Hyde, 1985), the twinned f.c.c, array of Mg atoms 
assigned to all these compounds seems to be an 
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implicit way of saying that a metallic elementary 
arrangement is present, even though this was not 
explicitly stated there. However, we believe that this 
is just an ideal representation, because a comparison 
of M g - - M g  distances with those in the unknown f.c.c. 
structure is not possible. Furthermore, the hypo- 

thetical (113)r~ planes are distorted, as demonstrated 
by the shortest M g - - M g  distances within the same 
(ll3)rcc plane, which are 4-75 ,~ in olivine. Unfortu- 
nately, we do not know the values of these distances 
in regular (113)r~ planes of the nonexistent f.c.c. Mg. 
On the contrary, what we do know is that the value 
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marked. The Mg array has been 
extended out of the cell so as to 
show the sets of Mg3 triangles 
joined by Mg--Mg contacts 
(dashed lines) forming infinite 
Mg blocks. Large circles rep- 
resent Mg atoms (open and 
filled atoms are shifted respect 
to each other by half of the pro- 
jection axes). (b) Set of Mg-like 
h.c.p, arrays decomposed so as 
to give the same blocks 
appearing in the corresponding 
mineral. In each diagram one of 
these blocks has been shaded. 
Dashed lines have the same 
meaning as in (a). 
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of 3.13 A, found in the Mg6 prisms, corresponds 
(within a few percent) to the octahedral edge of the 
existing h.c.p. Mg. 

We believe that the discussion above provides a 
better representation of what could occur when a 
compound is formed. Conversely, one can also 
imagine how, in all cases, the parent structure (Mg) 
could be reconstructed if subtraction of the SiO4 
tetrahedra were possible! 

Apatite and the structure of elemental calcium 

Three phases of calcium are known, the f.c.c., 
h.c.p, and b.c.c. Two of them (h.c.p. and b.c.c.) can 
be recognized in apatite Cas(PO4)3(OH,F). In the 
h.c.p, phase, the shortest Ca---Ca distance is 3.97 A. 

In the b.c.c, phase, the more significant Ca--Ca dis- 
tances are: 3-88 A (from the body center to the cube 
corners), 4.48 A (the cube edges) and 6.33 A (cube- 
face diagonals). A cube is equivalent to a flattened 
octahedron capped by two additional corners at two 
opposite triangular faces. When it is projected along 
the cube diagonal, the Ca flattened octahedron has 
horizontal edges of 6.33 A and sloping edges of 
4"48 A. 

The cation array of apatite (Sudarsanan & Young, 
1978) is represented in Fig. 3(a). Its relation to 
MnsSi3 was first observed by Schubert (1964) and by 
Wondratschek, Merker & Schubert (1964a,b). They 
described the MnsSi3 structure as composed of both 
Mg-like and r-W-like blocks. Further, O'Keeffe & 
Hyde (1985) have described the structure of apatite 
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Fig. 2. The structures of the leuco- 
phoenicite series. (a) and (b) 
have the same meaning as in 
Fig. 1. The Mg6 trigonal prisms 
build infinite chains, so that no 
additional bonds (dashed lines) 
are needed. 
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as an oxygen-stuffed CasP3 array, following the 
model of Nyman & Andersson (1979) for the MnsSi3 
alloy, where only the h.c.p, blocks are recognized. 
This model, represents a simplification with respect to 
the classical description in terms of the cation- 
centered anion polyhedra. However, with respect to 
the cation array, we find it rather complicated, and 
for the following discussion we prefer the earlier 
description of Schubert (1964). 

Considering only the Ca(l)  atoms (z = ~, 3), the 
structure can be seen as a hexagonal packing, 
deformed by the inclusion of the PO4 groups (Si, in 
MnsSi3) into Ca(l)4 tetrahedra, which are depicted in 
Fig. 3(a), so that regular and very deformed Ca(l)6 
octahedra alternate in the layers parallel to the xy 
plane. If the Ca(2) atoms are also considered, as they 
must be, the description is somewhat different. Two 
of them, at z=0 ,  l, cap the two horizontal faces of 
the deformed octahedron, and the third, at z= ) ,  lies 
at the body center. Thus, the whole can be seen as 
deformed b.c.c, blocks (the fl-W blocks of Schubert) 
coexisting with the h.c.p, columns, running along the 
c axis of the hexagonal unit cell. Both polyhedra are 
represented in Fig. 3(b). 

© 

C) 

(a) 

0 

(b) 

Fig. 3. (a) The Ca array in apatite projected onto the xy plane of 
the hexagonal unit cell, showing both the h.c.p, and the dis- 
torted b.c.c, blocks. Drawn on the lower-right-hand side are two 
PO4 units inserted into the distorted Ca4 tetrahedra. (b) Magni- 
fied view of one h.c.p, and one distorted b.c.c. Ca block, 
showing the Ca--Ca distances, a = 4-17, b = 4.08, c = 6.30 and 
d= 5-83 A. Ca(l) atoms at z = ~, I. Triple circle represents the 
three Ca(2) atoms at z=-0, ~, I. 

The Ca- -Ca  distances can justify our choice. In the 
h.c.p, octahedra these distances are 4-08 and 4-17/~ 
for the horizontal and sloping edges, respectively, so 
that these blocks are not solely ordered 'as in h.c.p.' 
[this is explicitly stated by O'Keeffe & Hyde, (1985)], 
nor are they solely Mg-like blocks, as stated by 
Schubert (1964), but are just h.c.p, calcium (Ca--Ca 
distance of 3.97•). In the distorted b.c.c.-like 
blocks, the Ca( l ) - -Ca( l )  distances are 6-30 A for the 
six horizontal edges and 5.83 and 4.17A for the 
sloping edges. The Ca(2) atom, at the body center, 
has six neighbours at 3.88 A and two additional ones 
at 3.44 A (mean value 3-77 A). Compare these dis- 
tances with those in b.c.c, calcium, where the central 
atom has eight neighbours at 3.88 A and the corre- 
sponding octahedral horizontal edges are 6 x 6.33 A. 
Although distortion exists, the b.c.c, identity of cal- 
cium is substantially preserved. The two regular tri- 
angles formed by the six face diagonals of the cube (c 
distances in Fig. 3b) and the distances from the body 
center to these six corners are the same (within 
1-2%) as in b.c.c, calcium. 

Distortion takes place by twisting these triangles 
with respect to each other, so as to attain the dis- 
tances of 4.17 A (a in Fig. 3b) which are common to 
the h.c.p, blocks. This also gives rise to a lengthening 
of the other sloping edges (d in Fig. 3b). These edges 
would correspond to the cube edge (4.48 A) in b.c.c. 
calcium. Note that the twist just described occurs as 
if rigid triangles are pushed away by the PO4 groups. 
However, the distortion could also be explained by 
the need to attain a distance (4.17 ,~) which is a 
compromise between the distances of 4-48 and 
3.97 A for b.c.c, and h.c.p, calcium, respectively. In 
this way, the irregular Ca4 tetrahedra that are gener- 
ated would be big enough to include the PO4 groups. 
We are not able to decide between the two expla- 
nations; we only know that two phases of calcium 
can be recognized in the apatite structure. Our view 
is coincident with that of Schubert (1964), but differs 
in that the Mg-like and fl-W-like blocks are now 
recognized as two known phases of calcium. 

fl-CazSiO4 and hexagonal calcium 

O'Keeffe & Hyde (1985) have shown that fl-Ca2- 
SiO4 is one of the compounds in which the cation 
array is the same as in the parent Ca2Si alloy. The 
latter structure (Eckerlin & Wrlfel, 1955) is rep- 
resented in Fig. 4. It has been described as an NizSi- or 
PbC12-1ike structure, formed by infinite chains of 
edge-sharing trigonal prisms. These chains are 
shifted relative to each other by c/2. 

Our alternative view corresponds to a h.c.p, of Ca 
atoms, very distorted by the presence of Si atoms at 
the center of Ca3 triangles (see Fig. 4), and just those 
capping the lateral faces of trigonal prisms. The 
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triangular faces of the prisms are again octahedral 
faces of a very distorted h.c.p. The Ca----Ca distances 
within them are 4-06, 3"75 and 3.61 A, respectively 
(mean value of 3.81 /~, only 4% shorter than in 
hexagonal calcium, 3.97/~). The other three horizon- 
tal edges are 4.99, 5.36 and 5.55 A, the six sloping 
edges completing the distorted octahedron being in 
the range 3.57 to 4.01 ,~. 

This compound has a high-temperature modifi- 
cation, the olivine-like y-phase (Czaya, 1971), which 
has already been discussed. As has been pointed out 
(O'Keeffe & Hyde, 1985), this transition is 
accompanied by an increase in the a parameter of the 
unit cell of the y-phase, corresponding to a greater 
separation of the chains of trigonal prisms. Thus, it 
seems that the deformed h.c.p, of Ca atoms in the 
/3-phase breaks down entirely in the olivine-like 
phase. In it, the corresponding distorted octahedra, 
defined by us in the r-phase, have sloping Ca - -Ca  
distances in the range 3.89-4-28/~. 

p 

/ \ 

Concluding remarks 

The fact that some oxides show the same cation 
array as the parent element or alloy does not seem to 
be restricted to the few examples given before 
(O'Keeffe & Hyde, 1985). The results we have dis- 
cussed suggest that the structural 'identity' of the 
parent metal can be detected in other compounds. 
The parent metal is recognized either in a distorted 
form or as fragments (variable in size and shape) of 

Fig. 4. The Ca2Si structure projected onto the xz plane. Small and 
large circles are Si and Ca atoms, respectively (open at y = ~, 
filled at y = :l). Thin lines (dashed and continuous) define the 
deformed Ca6 octahedra with Si atoms at the center of 
expanded Ca3 triangles. Open circles (y = ]) cap lateral faces of 
the Ca6 trigonal prisms defined by four filled circles (y = -4 l, ~) 
and vice versa. 

that original structure, which is broken down by the 
inclusion of other atoms or anions. In both cases, the 
cation-cation distances in oxides permit the identifi- 
cation of the parent metal structure. 

We have previously given some examples (Vegas, 
1985; Marcano, Rasines, Vegas & Otero-Diaz, 1987, 
1988) of the usefulness of the 'cationic model' 
developed by O'Keeffe & Hyde (1985). However, 
we believe that the model we present has some 
advantages. Firstly, it seems to us that thinking of 
the minerals of the humite series (all of them Mg- 
containing borates and silicates) as being formed by 
different fragments of the common parent Mg, is 
more graphic than to describe them as intergrowths 
of such different compounds as CrB, Ni2In and 
Re3B. Secondly, it is possible that a metallic net does 
not necessarily need to be broken down completely 
into atoms to form a compound. Even if this were 
so, the impression is that the atoms partially recom- 
bine as they were before compound formation. 

At present we cannot confirm the general applica- 
bility of these ideas. Indeed, further work is in 
progress to establish their limitations. However, they 
result from a search for new models which could be 
"more intuitive and have some physical feel" (Hyde, 
1986) in the sense that Bragg, in 1914, described 
calcite as a deformed NaCl-like structure [see 
Megaw (1973)]. 

Finally, we are aware that we have dealt only with 
the descript ion of crystal structures, without con- 
sidering the important aspects of explanat ion .  These 
concepts appear to be quite close, indeed quite diffi- 
cult to separate, in the current structural context. We 
hope, however, that our ideas might contribute, even 
through the description, to a better understanding of 
how a given structure is formed, and to a visuali- 
zation of what happens when crystals grow or what 
happens inside a crucible when solids react. 

Dedicated to Professor Dr. S. Martinez-Carrera 
on her 65th birthday. This work was supported by 
CICYT, Spain, under project No. PB0291. 
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Abstract 

We report the crystallization of Nudaurelia capens& 
w virus, a pathogen of the pine emperor moth. The 
icosahedral particle has T =  4 quasi-equivalent sym- 
metry and is approximately 410 A in diameter. Tri- 
clinic crystals (a = 414-0, b = 410.7, c = 420.1 A, re = 
59.1,/3 = 58"9, y = 64-0 °) diffracting X-rays to 2-7 A 
resolution have been analyzed using a partial data set 
collected at high resolution (2-7 A) using conven- 
tional oscillation photography and a more complete 
data set collected at low resolution (50-9 A) using a 
Siemens area detector. The pseudo-rhombohedral 
symmetry of the crystals created significant problems 
in processing the unaligned oscillation photographs. 
Successful processing of the films depended on the 
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use of an auto-indexing procedure followed by 
systematic scaling tests of four, nearly equivalent, 
reduced cells. The unique cell from the area-detector 
data collection was identified by scaling the four 
possible choices with the film data. The particle 
orientation was determined using the rotation 
function. 

Introduction 

Nudaurelia capensis w virus (NwV) is a spherical 
RNA virus that was first isolated from larvae of the 
pine emperor moth (Hendry, Hodgson, Clark & 
Newman, 1985). The virus has been isolated only 
from larvae infected in the wild and it has not been 
successfully propagated in insect cell lines. NtoV 
particles appear spherical in the electron microscope 
with an estimated diameter of 410 A. The capsid 
consists of multiple copies of a protein subunit of 
molecular weight 65 kD. The particles contain two 
RNA molecules with molecular weights of about 2.3 
and 0.8 mD. The physical and biological properties 
of NwV classify it as a member of the family Tetra- 
viridae whose prototype is Nudaurelia capensis fl 
virus (NflV). Although NtoV and NflV are both 
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