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The pentagonal column (PC) contains MX; bipyramids that share their equatorial edges with five MX,
octahedra. Such groups are linked by their X vertices to form the one-dimensional infinite PC. This
structure element appears rather frequently in transition metal oxides and related compounds. In the
article use is made of PCs and aggregates of PCs to describe crystal structures and structural defects of
such compounds.

Introduction The structure element discussed in this
article contains two kinds of coordination
Structural studies conducted over several polyhedra, viz., MXg octahedra and MX,
decades by means of X-ray diffraction tech- pentagonal bipyramids. The MX, bipyramid
niques, and later on by high-resolution elec- shares its equatorial edges with five MX,
tron microscopy, have demonstrated the octahedra to form groups of the kind illus-
extraordinary wealth of structural variabii- trated in Fig. 1. Such groups are linked by
ity in transition metal oxide chemistry. The their X vertices to form one-dimensional in-
phenomenon called crystallographic shear finite strings, conveniently called pentago-
(CS), observed in a large number of partly nal columns (/) or PCs for short. This ele-
reduced transition metal oxides, has been ment has been found in the crystal
widely applied to describe and systematize structures of a considerable number of tran-
such compounds as well as ternary oxides sition metal oxides, oxide fluorides, and ox-
containing two metals in different states of ide hydroxides, and also in connection with
oxidation. Most CS structures contain just structural defects in such compounds. The
one kind of metal-nonmetal polyhedra, present article, which is by no means ex-
normally with six X atoms octahedrally sur- haustive, is intended to illustrate how to ex-
rounding an M atom. There are also in- tend the usefulness of the PC concept as a
stances, however, of reduced or mixed ox- complement to the several other and related
ides containing two polyhedral species, geometrical ways of structure description
e.g., MX; octahedra and MX, tetrahedra in  that have been applied over the years (e.g.,
several molybdenum and niobium oxide (2—)).

systems.
Structures Built of PCs Only
* Dedicated to Professor A. F. Wells on his 70th

birthday. Two kinds of structural framework are
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FIG. 1. Repeat unit of the pentagonal column.

known, which are built up exclusively of
PCs. In both structures they are linked by
corner sharing, i.e., by having outward X
atoms in common (Fig. 2). In the Li
Nb,O,sF structure the columns are linked
in such a way as to form infinite three- and
four-sided tunnels parallel to the PC direc-
tion (5). In NaNbO;F the coupling of the
columns is different and leads to the crea-
tion of three-, four-, and five-sided tunnels
(6). The alkali atoms are situated in cavities
associated with the tunnels in the Nb,O;F
framework. The difference in structure be-
tween the lithium and sodium compounds is
likely to be associated with the different
space requirements of the two alkali metals.

The various possible ways of linking PCs
is illustrated in Fig. 3 (/). In all four cases,
which for obvious reasons may be called
edge link, triangle link, diamond link, and
corner link, the X atoms involved in the
linking are shared between two MX; octa-
hedra. The mode of linking therefore does
not affect the composition of the resulting
atomic aggregate. With this background the
LiNbgO,sF structure may be described as
composed of corrugated slabs of PCs which
are joined among themselves by diamond
links (Fig. 4a). Alternatively the structure
may be described as composed of straight
slabs of PCs joined by triangle links (Fig.
4b). The structure of NaNbgO;F may also
be looked upon as containing straight slabs
of PCs. By comparison with the corre-

sponding description of the lithium com-
pound structure, every second slab appears
in the reverse direction, which gives rise to
the five-sided tunnels in the sodium com-
pound (Fig. 4c¢). Further possibilities of
structures exclusively containing PCs may
be imagined, in particular if edge links are

F1G. 2. Framework of PCs in the crystal structures
of LiNbgO,;F (a) and NaNbgO,sF (b).
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Fia. 3. Different modes of linking PCs, referred to as
edge link (a), triangle link (b), diamond link (c), and
corner link (d).

taken into consideration (/). So far, no such
structures seem to have been observed.
While the NaNbgOysF structure type so
far has been observed only for a few com-
pounds, a considerable number of phases

are known to belong to the LiNbgO;F type.
These include instances of different occu-
pancy and of substitution at the tunnel atom
sites, as well as substitution of the metal
and nonmetal atoms in the framework of
PCs, e.g., TazO;F (7), NbyWO; (8), high-
LiTazO04 (9, 10), and CuyTasOg (171). Devi-
ations from the Pmma symmetry of Li
NbgO,;F are frequently met in such
compounds, which may also exhibit super-
structures. This is likely to be essentially
due to puckering of the M atom layers nor-
mal to the PC direction.

PCs Combined with Other Structure
Elements

The PC unit bears an interesting relation-
ship to the tetragonal tungsten bronze
structure (TTB), first determined for the
compound K,WO; (Fig. 5a). This contains
a framework of WOg octahedra linked by
corners in such a way as to form infinite
three-, four-, and five-sided tunnels, the al-
kali atoms being situated in the two wider
types of tunnels (12, 13). In the Nb,Os—
WO, and Ta,05—WOj; systems phases exist
with structures rather similar to the TTB
structure. In such phases, with an oxygen-

F1G. 4. Structure of LiNbgO,sF described as composed of corrugated slabs of diamond-linked PCs
(a) and of straight slabs of triangle-linked PCs (b). Structure of NaNb¢O,;F illustrated as composed of
straight slabs of triangle-linked PCs (c). The arrangements in (b) and (c) differ with respect to the
mutual orientation of adjacent slabs.
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FiG. 5. Framework of tetragonal tungsten bronze (TTB) structure (a). Structure of NbgW 3Oy, (b).
The unit cell of the latter is three times the size of the TTB cell and 4 out of 12 of the pentagonal tunnels
are filled with metal and oxygen atoms and thus transformed into PCs.

to-transition metal ratio lower than the
value of 3 of the tungsten bronze, the com-
positional deviation is resolved by equal
numbers of metal and oxygen atoms enter-
ing pentagonal tunnels of a TTB-type
framework. The insertion of atoms trans-
forms the pentagonal tunnel, or rather pen-
tagonal tube of five MOg octahedra (PT), of
the bronze into a PC. The crystal structure
of NbgWy0,; (I14) has a unit cell three times
the size of the TTB cell, and 4 out of the 12
PTs are filled with metal and oxygen atoms
and thus transformed into PCs, which are
distributed in an ordered way (Fig. 5b).

A rotation mechanism has been devised
(15, 16) which in a simple way demon-
strates a relationship between the TTB and
the ReOs-type structures (Fig. 6). If, in the
latter, square groups of four MX, octahe-
dra, or rather infinite tetragonal tubes com-
posed of such groups, are rotated by =/4
radians, an atomic arrangement with the
characteristic three-, four-, and five-sided
tunnels of the TTB structure is formed.
This implies that PTs may fit coherently
into an ReQs;-type structure, and so may
also a PC. From this point of view the struc-
ture of NbgW,0,; may be described as an
ordered arrangement of pairs of PCs in an
ReOs-type matrix. The components of the

double columns are mutually joined by dia-
mond links. In Nb,W,;03, (/7) double PCs
occur in a more diluted, ordered arrange-
ment in the WO; matrix. A large number of
related intermediary phases and
pseudophases with varying degrees of or-
der have been found in the Nb,Os;—WO,
system (/8).

The geometrical relations within this
group of structures may be further ex-
tended in the following way. An alternative
description of the TTB structure is in terms
of slabs of diamond-linked PTs running
along the (110) (and (110)) directions. The
slabs are linked by a network of WOg octa-
hedra (Fig. 7a). If the nonshaded groups of
octahedra are shifted by a/2'? along the
face diagonal of the cell, two out of four

Fi1G. 6. Relation between ReOj; type and TTB struc-
ture. Rotation of square unit of four octahedra indi-
cated in (a) by #/4 radians leads to formation of three-
and five-sided tunnels characteristic of the TTB struc-
ture (b). Two five-sided tunnels filled with metal and
oxygen atoms to become two diamond-linked PCs (c).
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FiG. 7. Geometrical relation between the TTB and
LiNbgO,F structures. (a) TTB described as composed
of slabs of pentagonal tubes (PT) and MX, octahedra.
(b) LiNbgO,,F framework derived from (a) by shifting
nonshaded MX, octahedra by a/2!” and (in lower part
of figure) completing remaining PTs to become PCs.

five-sided tunnels are transformed into dia-
mond-shaped ones (Fig. 7b). The arrange-
ment of octahedra thus formed is analogous
to that of the structure of LiNbgOsF. By
filling all the PTs with M and X atoms the
framework of PCs is obtained.

In the structure of Mo;O,, (19) only sin-
gle PCs are present, distributed in such a
way as to create not only three-, four-, and
five-sided tunnels but also six-sided ones.
This is illustrated in a very clear way by
applying the rotation mechanism (/6). An
alternative way of describing the structure
is given below.

Hexagonal tunnels (HT) are also present
in the structure of W40, (20) (Fig. 8).
Here, doublets of edge-linked PCs are
joined by diamond links to form infinite
slabs. These are in turn mutually linked via
an arrangement of corner-sharing WQOg oc-
tahedra. The edge-linked pair of columns is
not compatible with an ReQO;-type matrix,
and the atomic arrangement of the structure
becomes a rather irregular one. In this con-
nection it is of interest to observe that high-
resolution electron microscopy (HREM)
studies have shown structural defects to oc-
cur very rarely in W30, as compared to

similar ReQj-compatible structures (2/7).
The W50, structure will be further com-
mented on below.

The structure of Mo,;0,; (22) may be de-
scribed as containing isolated doublets of
edge-linked PCs. The arrangement of cor-
ner-sharing MoOg octahedra between the
columns is quite irregular, and the structure
is not compatible with the ReQ; type.

The crystal structure of a new tungsten
oxide (23) has recently been derived from
HREM images (Fig. 9a). Its formula, which
has so far been given as the unit cell content
W04, will, for structural reasons pre-
sented below, be expressed as W;,03,. The
sample used for the structural work was not
single phase and was in a poor state of crys-
tallinity, giving quite unsatisfactory X-ray
powder photographs. In spite of this, elec-
tron-diffraction patterns as well as electron
micrographs were of fairly good quality. (It
should be added that recent work on the
mechanism of formation and defect struc-
ture of the oxide also includes improved
methods for synthesis (24).) The structure
(Fig. 10) may be described as an ordered
intergrowth of corrugated slabs of dia-
mond-linked PCs (cf. Fig. 4a) and slabs of
WO;. Structural defects due to deviating
thickness of the WO, slabs have occasion-
ally been observed in the images (A in Fig.
9a). The electron-diffraction pattern, how-

FIG. 8. Structure of W,40,, viewed along the short
axis.



FiG. 9. (ay HREM image of a thin crystal fragment of
W,2034. Interpretation is given in Fig. 10. Defects at A
and B are described in the iext. (b) Electron diffraction
pattel‘n of WmOM.

ever, in all cases has the character illus-
trated in Fig. 9b. The strongest reflections
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ture, with sharp superstructure reflections
showing an 11-fold periodicity in the [102]
direction.

The character of the diffraction pattern is
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rather reminiscent of those of the members
of the homologous series of CS phases in
the molvbdenum and tungsten oxide sys-
tems. The slabs of PCs in. W;,03, would
thus correspond to the two-dimensional ar-
rangement of edge-linked octahedra in the
CS structures, which are regularly spaced
in the ReQOs-type matrix at distances given
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by the value of n in the formulae of the
respective homologous series. It should be
observed, however, that the CS mechanism
introduces an out-of-step component in the

ReO; matrix, while the PC on the other

hand is compatible with the matrix. This is
illustrated by the occurrence of terminating
PC slabs in W;,05, (B in Fig. 9a). The ap-
pearance of the image clearly shows coher-
ence of the WO, pattern surrounding the
end of such slabs. This is in contrast with
the blurred character of the WO, areas ob-
served around terminating CS planes.

In order to express the structural charac-
ter of W30, its formula may be written
(WO3)sWO(WO3),;-5. This should in turn
correspond to the five WO, octahedra of the
pentagonal tunnel, the inserted atoms
which transform the PT into a PC, and the
WQ, slab atoms. The number 1 corre-
sponds to the number of WO octahedra be-
tween the WO, bipyramids (cf. Fig. 10) and
also to the periodicity of the superstructure.

A homologous series built on the struc-
tural principles found in W,,0;, is easily
imaginable. It would take the general for-
mula (MOg)sMO(MOy),_s. The low-end
member (n = 5) of the series is the struc-

ture composed solely of slabs of diamond-
linked PCs. i.e.. the framework of LiNb
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F1G. 10. Idealized structure model of W,,04, derived
from lattice image. Corrugated slabs of diamond-
linked PCs (drawn with heavy lines and extended to
the right) alternate with slabs of WO;. The direction of
the characteristic width of the slabs (7 value in formula
of homologous series) is indicated.
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O,;F. High members of the series are rep-
resented by the mixed oxides 4Nb,O; -
22W0O; and 4Nb,O; - 50W0O,; (25). The
crystal structures derived from HREM
images may be interpreted as composed
of slabs of diamond-linked PCs intergrown
with WO; slabs, in full analogy with the
W 12034 structure. If M represents both me-
tals, the formuiae may be writien (MO;);
MO(MO;)y4—5 and (MO4)sMO(MOg)zs—5.
This would indicate superstructures of peri-
odicity 14 and 28, respectively, and such
superstructure reflections actually seem to
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Fi1G. 11. (a) HREM image of thin crystal of WO, g
showing {103} CS to the right and zig-zag rows of black
dots and white spots (PC-HT defects) at A. (b) Inter-
pretation of the area around A, also showing a mistake
in the PC-HT defect, viz., direct corner link between
two PCs.

F1G. 12. Formation of a PC (b) from six WQOg octahe-
dra (a). The process involves elimination of two oxy-
gen atoms.

be present in the electron diffractogram in
Ref. (25).

PCs in Defect Structures

HREM studies on slightly reduced tung-
sten trioxide crystals (WO, o5) (26) show, in
addition to Wadsley defects consisting of
grossly disordered {102} CS planes, ‘‘star-
shaped’ defects within the areas of nonre-
duced WO, slabs. Mostly the stars occur
isolated, but occasionally they appear in
rows running parallel to the CS planes. The
images obviously show the projections of a
new kind of linear defect. Arguments based
on the size, shape, and contrast of the stars
and on the similarity with the images given
by W,,034 suggest that these defects consist
of pairs of PCs mutually joined by diamond
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F1G. 13. Formation of the PC-HT defect from the
WO; network.
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links, as illustrated in Fig. 6¢ (27). The
same kind of double PCs is also present in
NbgW0,; (Fig. 5b). The new type of one-
dimensional defect suggested here is com-
patible with the WO; structure.

Another type of structural defect involv-
ing PCs has been observed in reduced tung-
sten trioxide, both in the WO, areas and in
connection with {102} and {103} CS (28),
and also in intergrowth tungsten bronzes
(ITB) (29). This is illustrated in Fig. 11a,
which shows a micrograph of a thin crystal
fragment of composition WO, o9. Major por-
tions of the image (not shown in the figure)
exhibit fairly well-ordered {103} CS. The
defects are visible in the figure as zig-zag
rows of black dots and white spots. The
latter are all arranged linearly at angles of
45° to the WO; matrix. An interpretation of
the defect arrangement is given in Fig. 11b.
It may be described as PCs alternating with
hexagonal tunnels (HT) to form the zig-zag
rows. The figure also contains an instance
of a mistake in the PC~HT defect, viz., two
PCs joined directly by a corner link.

FiG. 14. PC-HT-PC group.

The occurrence of PC-HT defects under
conditions similar to those which give rise
to shear structures suggests that one should
be able to derive the new type of defect
from the ReO; network by elimination of
oxygen atoms and a slight collapse of the
basic WOj; structure. A possible geometric
model for this mechanism, illustrated in
projection in Figs. 12 and 13, shows how
groups of six WO octahedra, after elimina-
tion of two oxygen atoms, are rearranged to
form a PC unit, and how the zig-zag rows of
alternating PCs and HTs line up in [101] di-
rections of the WO; matrix.

Fi1G. 15. Structures of MosO,, (a) and W;0,, (b) described in terms of PC~HT-PC units.
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PC-HT-PC as a Structure Element

The PC-HT-PC group (Fig. 14) charac-
teristic of the defect structure described
above has also been found useful for de-
scription of the complicated structures of
Mo;0,, and W,40,,. This should be obvious
from Fig. 15. In Mo;0,, all except 8 of the
40 polyhedra that make up the unit cell may
be associated with a network of corner-
sharing PC-HT-PC units. The remaining
eight MoQOg octahedra are linked by corners
in the ReO; way to form infinite strings,
which fill the space between the PC-HT-
PC groups.

In W50y, only 2 WOg octahedra out of
18 polyhedra do not fit into PC-HT-PC
units. As mentioned above, the linking be-
tween the PC units involves edge sharing.
The structure may therefore be alterna-
tively described as built up of slabs of roof-
tile stacked PC~-HT-PC units. The slabs are
joined by diamond links and pairs of WOq
octahedra.
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