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INTRODUCTION

THE principles governing the structures of complex ionic crystals have been
laid down by Pauling? in a set of semi-empirical rules which are named after
him. According to Pauling’s first rule, a co-ordination polyhedron of anions
is formed about each cation, the cation-anion distance being the sum of the
radii and the co-ordination number (C.N.) or ligancy of the caticn being
determined by the radius ratio. The values of the minimum radius ratio
required for stability of various co-ordination polyhedra have been worked
out and are given in Table I. The other rules relate to the sharing of ions
between different co-ordination polyhedra. The most important feature
of the Goldschmidt-Pauling concept is that approximately the radius of an
jon is constant, and that the anion-cation radius ratio plays an important
part in determining the final crystal structure.

In the case of barium compounds the ratio of the ‘ univalent™ radii
of Ba2t to O is 1-53/1-76 = 0-87, the anions in most of the jonic complexes
being oxygen ions. Ba®t, therefore, should normally exhibit a co-ordination
number of nine or ten. However, following the identification of the icosa-
hedral twelve co-ordination of barium in Ba(Cl0,),.3H,0 by Mani and
Ramaseshan® and the eight-fold antiprism co-ordination in Ba(OH),.8H,0*
by the present authors, it was considered worthwhile to undertake a syste-
matic study of the crystal co-ordination of the barium ion to find out
whether it displays any other co-ordinations, and if so, to identify the new
co-ordination polyhedra and determine their shapes and geometry.

A survey of the structures of barium compounds in the literature revealed
that the shapes of the co-ordination polyhedra were identified only when they
were of the standard symmetric type such as given in Table I In cases where
the co-ordination numbers were unusual like seven, ten or eleven, beyond
giving the numbers and distances of the mearest atoms, no attempts were

* Present address: Department of Physics, Indian Institute of Technology, Madsas 36 (Indis).
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gensrally made to investigate the shapes of the co-ordination polyhedra. In
many cases the nearest ncighbours alone at approximately the same distance
from the cation were considercd for the purpose of crystal co-ordination, the
investigators having been reluctant even to give the number of next nearest

TABLE I

Values of the minimum radius rdatio for stability of various
co-ordination polyhedra

: Co-ordi- Minimum
Polyhedron nation Radius -
number ratio
Cubo-octahedron and disheptahedron .. 12 1-00
Icosahedron .. .. .. .. 12 0-202
a .. 8 - 0-732
Cube .. 8 0-732
Square antiprism 8 0-645
b .. .- 7. 0-592
Octahedron 6 0-414
Tetrahedron 4 0-225
Triangle - 3 0-155

(@) This polyhedron with 18 equal faces is obtained by adding 3 atoms at the centrcs of the
vertical faces of a right triangular prism.

(b) This polyhedron is obtained by adding an atom at the centre of a face of an octahedron.

neighbours. In the present study, all the intcr-atcmic distarccs were calcu-
lated and the rositions of atcms co-crdinating barivm were plottcd in the
most suitable projection. The heights of these atcms were 1epresentcd by
metal rods cut to aprropriate Icngihs and a carcful study of ihese models
led to the identification of some new co-ordination polyhedra. The results
obtained in the investigation are presented in this paper. In the accom-
penying figures, one (xamgle (in a fow cascs, two) of the actual atomic posi-
tions of ke co-ordinating ztoms is given for czch type of co-ordination znd
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alongside the idealiscd polyhedron hes been drawn.  Only ion'c comypounds
have been considered in this review.

OCTAHEDRAL CO-ORDINATION (C.N. ()

| Simple ionic ‘compounds having the formula BaX.® where X is O, S, Se
and Te, as also barium imide BeNH,® crystellise in the cubic rccksalt strec-
ture with the barium ion cxhibiting a sx-fold cctehedral co-oréneticn. The
co-ordination polyhcdron round barium in the cxide is skown in Fig. 1.
In the system’ BeCO;3-C.COs, solid colutions are fo: med which ere rcported?
to show the aragonite structure when the proportion of BLCO; verics between
100 per cent to 80 per cent and the calcite structure, for BLCQ; lces then
60 per cent. In the latter case, therefore, Ba2* is co-ordineted ccte heduelly
by six oxygens. The low temperature forms of barivm siliczte BLS.:O5 end
barium germanate BoGcO; belong to the structure Gixe pseucewellostonite
a-CaSiO, (Hilmer).® The structure end symmetry of & CzS.0; kave been
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" Fre. 1. Cctahedral co-ordinaticn around Ba®* icn in BaO.

inati i i form: of BaGeO,.
Fic. 2. Co-ordination polyhedron (Octahedron + 1inthe hngx temperature {0 : )
fn this and following figures of this paper, Lhe nymbers by the side of atoms indicate heights in
.fractional_co-ordinates along the axis of projection.
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derived from an X-ray analysis® of the isostructural synthetic co:;npound
SrGe0,. crystals of which are more easily obtained, where the Sr2+ ions are
found *@ be at the centres of octahedra of O atoms.‘ Therefore, barium dis-
plays an octahedral co-ordination in the above-mentioned two compounds.

A slightly distorted octahedral environment for bariup1_ has als.o peen
observed in more complex structures—as for example, in the silicate benitoite,10
BuTisi,0,. in monoclinic barium peroxide monohydroperoxidate BaO,.H,0,11
and in the hexagonal meta-antimonate BaSh,0,.12 A number of complex
alkaline-carth molybdates, tungstates and uranatesi® like Ba;WOq, Ba,UO,,
B2,CaWO,, Bz,CaMoO;, Ba,SrUQ,, Sr,BaUOQ; crystallise with the ideal
cubic (NHj;AlF; structure or with slightly distorted variations. This can
be referred to as the crvolite structure’ with the general formula AzBX,
where one-third of the A atoms are in octahedral holes in a cubic close-packed
AgXg assembly. The other two-thirds of the A atoms are surrounded by

twelve equidistant X ions.
Co-ORDINATION NUMBER SEVEN

Wells'® describes three arrangements for seven-fold co-ordination of
cauons. The odd atom G is placed above the centre of Sne face BCF of an
octahedron [Fig. 2 (b)), which is distorted chiefly by Separating the atoms
at the comners of this face; or beyond the centre of one of the rectangular
faces ADCF of g tri gonal prism [Fig. 3 (5)] with some consequent distortion.
The former arrangement has been found in the high temperature form of
Ba1GeO# [Fig. 2 (@3], while the latter is present for both the non-equivalent
barium ions in Ba.ZnS;". The arrangement of sulphur atoms round Ba2+
at 0-326, 0-019, 0-250 (in fractional co-ordinates) is shown in Fig. 3 (a).
In the third case, the co-ordinating atoms occupy the vertices of a pentagonal
bip}*mmid, A modified form of this co-ordination polyhedron hag been
identified in rhombohedral NiO.3BaQ1s [Fig. 4(@)]. Here the pentagon
1 net plane, one atom A having been moved out. The idealised polyhedron
is shown in Fig. 4 (&). '

Co-OrRDINATION NUMBER FigHT

T’w cubic co-ordination of eight fluorines round the barium jon mani-
fests itself in barium fluoride, e BaF,, which is isotypic with cubic flyorite
Recently, the strucrure and dielectric Properties of a series of tetragonai
wmm%un&s having the general formula Bar(Tig.:ng)Om, where x could
be varied over a wide range between 0-67 ang 1-14, have been described. 20
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Fig. 3. Co-ordination polyhedron of sulphurs (Trigonal prism one face-centred) round Ba*+
ion in Ba,ZnS;. ‘

Fic. 4. Co-ordination polyhedron (Modified pentagonal pyramid) in NiO.3BaO.

The barium ions are reported to be surrounded by eight oxygens at the corners
of a highly distorted cube. The co-ordination polyhedron (Fig. 5) when
drawn was actually found to be a square prism with sides 3-7 4, 3-7 A and
3-0A.

Eight-fold co-ordination polyhedra which are more satisfactory than
the cube from the point of stereochemistry are reported® to be the dodeca-
hedron with triangular faces, the square Archimedean antiprism and the
triangular prism with two of its rectangular faces centred. The Archimedean
antiprism?? is obtained when the top square face of a cube is rotated with
respect to its bottom face by 45°. The resulting figure is bounded by eight
triangular and two square faces and all the sixteen edges are equal. It has
a maximum symmetry of §2m. The antiprism arrangement of oxygens
in a slightly distorted form is present in barium hydroxide octahydrate
Ba(OH),-8H,0, whose crystal structure has recently been solved34. It

has also been subsequently identified by the present writers for one of

the two non-equivalent barium ions in the hydrated barium silicate
BaO,Si0, .6H;0.2* In this structure, the waters and oxygen atoms are
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Fro. 5. Squarc prismatic co-ordination of barium in BTy (Mg 0.
Fio. 6. Co-urdination polybedion (Syuute antprimi o BatOhY, EH,00

pointed out, the trigonal prism with two fuces centred [Frp. 8ty and (d)]
san be considercd as a B h'y distorted antiprism (B B Ged and (0)]. The
distortion consists in converting the squire fuce ABCD of the anuprnm
into a thombus i nd bonding it along the duponad BD (o torns o trangles
ABD and BDC. The vertices A und € now centic the rectangular fuces
BDEF und BDHG of the trinnpular prosm BDLFGH,

The triangular dodecahedron, also called the bisdisphenoid, 15 shown
in Fig. 9 (). This figure con be derived from s cube by stretchmng the top
and bottom squure faces ABCD und 1FGH wlong perpendiculur fice die
gomls BD and EG 10 obtain two thombuses,  The shortes duponals AC
and FH are now moved away from the centie of pravity of the solid vo that
each thombus gives rise 1o wo equiliteral trmnples which wie not in the
same plane.  The resulting solid is bounded by twelve cquiluteral trinngles.
The structure of the silicate Gillespite BubeS1,0,,% consists of tetiponul
zig-zag layers of 8,00, tetrahedia sharing corners. The burium atoms
are reported to lie between the layers with o distortcd cubic co-ordimation,
Howcever, when the co-ordinating oxygen stoms were plotted, us shown in
Fig. 9 (¢) and (1), they were found 1o oceupy the comers of o dodecahedron,
Burium molybdute B:MoO, and tungstate BuWO, are both isotypes of
tetragonal scheclite CaWO, % The co-ordination polyhedron  of eight

£
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F1o. 7. Square antiprism co-ordination round one of the barium jons in BaO S10, . 6H,0.

Fro. 8. Relationship between the square antiprism [(a) and ()] and the trigonal prism with
two prism faces centred [(b) and ).

oxygens in the scheelite type can be described as a distorted dode >thedron.,
In the structure of B. Zn0O,,* the barivm jon i reroried to be surrounded by
four oxygens at relatively short distances (2% 264 A, 2x2.¢8 A) in the
form of a distorted bisphenoid,?? which isa closcd four-fieed wadge-like

solid rescmbling the tetrahedion but rossessing no plincs of symmetry.
If two more at o larger distance of 2-97 A are considercd, the six are reported
to form a strongly distorted octuhedron. Tt was, however, fult that the barium
ion should have a more symmetric co-ordination.  When the two riext
nearest neighbours 3-36 A away were also included and the cight co-ordinat-
ing atoms plotted, a slightly distorted bisdisphenoidal arrangement could
be identified. The reported®® similarity in the powder dizgrams of BaMnO,,
B..CoO, and B..ZnO, leads one to expeet the same co-ordination rolyhcdion
for Ba*" in the first two substances as well.

A new cight co-ordination, shown in Fig. 10 (a), has been identificd in
barium uranate, BaUO,.%® The idealised polyhedron [Fig. 10 (®)] can be
described in terms of a plane pentagon MLSTN whose vertices are Jjoined
to a point R on one side and two others O and P on the other, the line OP
being parallel to the planc of the pentagon. It is interesting to observe that
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Fro. 10. New eight-fold co-ordination of Ba** in BaUO, (ree texy),

Fro. 11, Co-ordination polyhedron (Quadrilateral prism) in NiO.BaO,
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the points OPLRT also form a plane pentagon approximately perpendicular
to the first,

In barium permanganate Ba(Mn0,),% the eight oxygens co-ordinating
the barium form an orthorhombic prism while in NiO-BaO,® they form a
quadrilateral prism as shown in Fig. 11.

NINE-FOLD CO-ORDINATION '

The halides of barium, BaX,¥ (X « Cl, Br, 1) crystallise in the structure
of PbCl,.  Here cach barium is surrounded by nine halogen ions, six at the
apices of a trigonal prism and the remaining three beyond the centres of the
three prism faces [Fig. 12(5)]. This appears to be the most common arrange-
ment for nine-fold co-ordinution. It is identified in barium orthoplumbate
Ba,PbO, and orthostannate Ba,Sn0,,%* which are isomorphous with K,NiF,
and also in SrCly.6H,0% with which Bal.6H,0% is isotypic. In the latier
compounds nine waters make up the co-ordination polyhedron. On the
other hand, in BaCly . H,0% and BaBr, . H,0%% which are isomorphous,
six halogen ions are at the corners of the triangular prism while two waters
and one halogen form the face centres.  The same co-ordination polyhedron
is formed by six oxygens and three waters in the orthorhombic form of barium
pentathionate dihydrate BaS(8,04),.2H,0,%7 in barium selenopentathionate
dihydrate  BuaSe(8,0,),.2H,0% and in barium tetrathionate dihydrate
BaS, 04 .2HO. ™

The  structure of BaCly.2H,00  consists  of identical puckered
(BaCly . 2H,0)y layers parallel to the a-¢ plane.  Each barium is reported
to be surrounded by four chlorine ions at distances between 3:11 A and
3-27 A and four waters at distances between 2-78 A and 2-82 A in a distorted
cubic configuration. In plotting the neighbours of barium [Fig. 12 ()],
however, it was found that the co-ordination number was nine and not cight
as reported.  This was because only the atoms within a layer had been con-
sidered, the chlorine X in the next layer at a distance 3-38 & from Ba®
having been overlooked.  When this is also taken into account, the same
co-ordination polyhedron discussed before is found to result.

The nine-fold co-ordination polyhedron [Fig. 12 (5] consisting of a
trigonal prism BDEFGH with the three prism faces centred by atoms A, C
and K can also be looked at from a different point of view. 1t can be con-
sidered as a pentagonal pyramid D-ABCHE, D being the apex, placed over
a triangle FGK in such a way that the vertices of the triangle F, G and XK
lie midway below AB, BC and EH respectively. A slightly modified form
of the latter description has been identified in barium platinum titanium



326 H, MANOHAR AND S, RAMAN UHAN

oxide Ba TiPlOg The unit cell contiuing twa proups of 1;1'3;;‘,,%;“1;(.“,;
barium atoms, and the soanpomont of oxypens townd botiem op 001 o, 04723,
O is shown in Fig, 13 (v). Hore he atoms B, G, Kot e Virbioes of the (1
angle lie dincctly bolow the vortives A, H, Coapeanndy o the pentag on.
The wdaalised polyhodion is shown in Fig, 13 (40,

Fio. 12, Co-ordination polybedron (Trigonal prisas with theee facen centied) in g ls 2,0,
Fre. 13. Co-ordination of oxygens round one of the barium oy in B TPty e toxt),

A new nine-fold co ordination, shown in Frg. B Cay lie been wdentiied
in the mineral paraceleian BaALSLO.® The  polyhedion, wdealied in
Fig. 14 (h), cun be deseribed as o cube whose one velpe MP s been clonguted
to make room for one more wtom ¢ situnted beyond MP o co-ordinate
the metal don at the  centre, The  other polymorphe modification,
burium felspar or celeion, hiving the same formuli, in which the condiguration
of oxygens is reported (o be exactly similar how presumaebly the same co-
ordination polyhedron of Oxygen atoms round barnon. Solid solutions of
Bi.COy and CLCOy erystallise, an mentioned alrendy, in the st ture of arago-
nite when the content of BaC'O,  varies between 80 per cent and 100 per
cent.® In this structurc® ay also in the silicate suntbornite BaSiyO 4% the
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above-mentioned polyhedron has been observed. It may be noted in passing
that an investigation®® of the high wmperature phases of alkuline-carth ca1lo-
nates reveals the interesting fact that BaCOy chang s from the orthorhombic
aragonite type to the hexagonal caleite type at $03° C. and the cubic sodium
chloride type of structure at 976" €. The transitions are related to the
rotational activity of the carbonate ions.
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F16. 14, Nine-fold co-ordination of barium in paracelcinn, BaAlSi,0, (see text).

Fio. 15, Ten-fold co-ordination around the second barium ion in BaO S04, 6HO (see
toxt), ‘

CO-ORDINATION NUMBER TEN

Wells#® has pointed out that co-ordination polyhedra less symmetrical
than those commonly known are found in some crystals end has cited the
example of LuFy for cleven-fold co-ordination.  Howcever, the shares of the

_polyhedra do not appear to have been investigated hitherto.  In the hydrated
silicate BaO. 810,.6H,0,%% there are two non-cquivalent barium ions in
the unit cell, one of which, as mentioned earlier, cxhibits an cight-fold co-
ordination. The other barium, however, is co-ordinated by ten oxygens
(either hydroxyl groups or waters). The polyhedron (Fig. 15), ismade up of
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two regular pentagonal pyramuds E-AFDNK and B-AFCML ««?mring an
edge AF. The solid has two other pentagonal pyramids with apices at A
and F oand two square fuces KLMN and MNDC, The figure can also be
deseribed as consisting of 4 pentagonal pyranud FXABCDY placed over a
square KLMN, This co-ordination polvhedron has also been found in
a shightly distorted form for all three non-equivalent banum ons in barium
hydrogen orthophosphate BaHPO® and alvo o the silicate harmotone
LB::wf&i‘SiwC)m JA2H 3{}.5"

The cations in rhombohedral normal  orthophosphate of  barium
Bua, (PO, have two Kinds of environment. Banum ons of one kind, eg.,
that at 0, 0, 0-208 (in hexagonal indexing) e co-ordinted by ten oxypens
as shown in Fig, 16 (@), The co-ordination polvhedron consists of 4 hexa-
gonal pyramid placed over u tiengle. Other compounds ory stallising in
this structure can be indicated by the formuly Bag(XOL% where X Ay,
V, Cr, Mn,

{14

Fie. 16, Co-ordination polyhedron round Ba,* in Ba, (PO, (see 1ext),

The structure of barium peroxide BaO2® can be reparded from the geo-
» metrical point of view as derived from the rocksalt structure by replacing
the Nat and CI~ by barium and peroxide ions respectively.  Therefore, the
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bérium ion is octahedrally co-ordinated by six peroxide groups. The C.N.
is, However, ten. The co-ordination polyhedron [Fig. 17 (a)] consists of
eight oxygens belonging to four peroxide groups which form a flat square
prism of sides 3-81 A and height 1-49 A, which is the 0-0 distance in the
peroxide group, and two more which lie beyond the square faces. Barium
carbide BaC,* also displays the same atomic arrangement.

In barium tetratitanate BaTi, O it has been pointed out by the investi-
gators of the structure that the metal ion has ten co-ordinating oxygens at
thé corners of a pentagonal prism. The co-ordination polyhedron for this
compound is shown in Fig. 18 ().
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F16. 17. Co-ordination polyhedron in BaO,.

Fig. 18. Co-ordination polyhedron (Pentagonal prism) in BaTi,0,).

ELEVEN-FOLD CO-ORDINATION

~ An interesting geometric figure [Fig. 19 (a)] has been. identified as the
co-ordination polyhedron around barium in barium thiosulphate mono-

AS e e
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hydrate BaS;04. H,08%  In this structure barium has eleven nearest neigh-
bours consisting of nine oxygens and two sulphurs. The idealised solid
[Fig., 19 (M) consists of a plane pentagon ABCDE, with two triangles FGH
and KLM oriented in the same manner, placed symmietrically above and
below it, and is bounded by cighteen triangular fices,

Wells® reports that the * tysonite * structure of Laky, is adopted among
others by certain complex fluorides of barium hke Bu'Thiy and BaUF, 1In
tysonite, the La® don s reported to have five equidistunt nearest neighbours
at a distanee 236 A, at the apices of trigonul bipyramid, The next nearest
neighbours are six more fluorines at the comers of 4 trigonal prism at o dis-
tance of 2-70 A, Al the cleven atonms, when taken together, are found to
form the above-mentioned polyhedron,  In fact, i Fig, 19 (B), it is casy
to see that the triangular faces of the prism are FEK and GDL and the vertices
of the bipyramid A-BHM-C,

In barium chlorate monohydrate Ba(ClO,),. H.0M and the isomorphous
Ba(BrOy), . HyO" the co-ordination polyhedron (Fig, 203 of ten OXygens
and one water can be deseribed as i square pliced over o hexagonal pyramid,
the hexagon being puckered.

CO-ORDINATION NuMBre Twiivi

Twelve-fold co-ordination is exhibited in a artety of ways in barium
compounds. A farge number of compounds erystalline with the cubic perove
skite structure XY O, or with slightly distorted varfants of Jower symmetry,
These departures from the symmetric form are of preat imterest because of
the diclectric and magnetic properties of these compounds, In the *ideal?
perovskite structure, which is cubic, the X ions and the O jons of nearly equal
size, form a close-packed arrangement with the smaller Y 1ons i some of the
interstices.  The sequence of layers in cubic close-pucking is ABCABC. ...
with the usual convention adopted in close-packing arrangements,  The X
lons are thus co-ordinated by twelve oxypen ijons, the co-ordination poly-
hedron being the cubo-octahedron [Fig, 21 (M. The most common example
of this structure is barium titanate BaTiOy, in which the co-ordinating atoms
around barium are Shown in Fig, 21 («). BaTiO, is remarkable in having
five crystalline forms. The simple cubic form is present between 1207 C,
and 1460" C.- Thercis a high temperature form above 1460° C. which is
hexagonal. - Between 120° C. and 5° C., the substance is tetragonal, belween
5°C. and - 80" C. itis orthorhombic and below — 80" €., it has a rhombohedral
structure, The three forms below 120° €., the Curie temperature, are ferro-
clectric. The changes in cell parameters, however, and the displacements

i
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19 : U 20
. Fra. 19. Eleven-fold co-ordinationTof Ba* in BaS,04,H,0 (see text).
' FIG. 20. Co-ordination polyhedron in Ba(CIO,)s.H,0.
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FIG 21, ‘Co-brdination polyhedron (Cubo-octahcdronj in BéTiO,.
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of the atoms are extremely small and the environmient of banium romains
the same, Other examples of the vabuwe perosehate vpe e BaYO, where
Yoo Zr, Sk Cey HE (Wells®™y P Th tWells® ) wnd U A batium-iton
oxide having the storchiometric composition BabcO, with the cubie perovskite
struviure has also been reported,™ Fe bang i valonee stide 4, Certain
substituted perovshites®™ such as Bay NiTo, Oy, BAKTINDO G, BaLaKTIAINDO,,
Baliky having ideal cubie or shphtly distorted ssnmetry also erystallise in
this structure,  The barium atoms m BaO 2100, are reported® 1o be sur-
rounded by twebve oxypens of the tvpe tound 1o cobie batom titanate.  As
seen adready, i pseudocubie alkaline-carth moly bdates and tungsttes, which
crystallise in the eryohite structure, twosthirds of the banuns stoms i sub-
stunces Tike Bay WO, and both the burm wtoms i compaunds of the type
BuCaWO, and BuyCaMoOy are co-ordinagted by twelve oxygens which form
a cubo-octahedron,

In the strueture of the mineral pslomelanc® (Ba, H,00,Mn,0,,, with
the ratio of Ba: H,O 112 (the barum gons and water  molecules  are
crystallographically mdistinguishable), each (Ba, HLO) a8 reported to be situa-
ted at the centie of 14 oxypen atoms, shown e Fig, 22, which form an
trreputar tetrahexahedron,  The author reports that that it 1s more convenient
to ignore the more distant (0« 30 Ay four atoms P, C, Q, F which are coplanar
with the centrad atony and deseribes the co-ordmation i terms of o polyhedron
formed by a prism and pyramid shanng one edge with adjiucent members,
However, it is seen that the Bu-O distunces increase progressively from 2078 A
o 3-16 A after which there is o gap, the two larpest distances being 362 A
and 3-76 A, Therefore, it appears very teasonable to nore the atoms P
and Q at these distances, in which case we find the co-ordination polyhedron
consisting of cight oxygens A, G, B, HoM, D, F, Cand four waters K, J, L, E
to be a cubo-octahedron. The naming of atoms belonging to the cubo-
octahedron is the same as in Fig. 21 (A),  An ¢rror in the co-ordinates of
O, (Tuble I, puge 435 of the original paper) which should be 0168, 0, 0-572
instead of 0-168, 0, 0-072, as reported, should be pointed out here, The
same co-ordination polyhedron is ulso present in the mineral hollandite,
BuMit O, 4.

The other type of close-packing, hexagonal close-packing, in which
the sequence of close-packed layers is ABAB. .. is displayed in hexagonal
BaNiOg* [(Fig. 23 («)]. Here again the co-ordination number of barium
is twelve, the polyhedron [Fig. 23 ()] being known as the disheptahedron,
BaMnO,* also has the hexagonal close-packed arrangement of barium and
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oxygens at low temperatures. At high temperatures, however, the arrange~
ment is close-packed but the sequence of layers is ABAC..., The high

g

8a ar mecir 1o

|x

e

O O a1 ot 1m0

@ O ar wecurs -g- mo-%
@ WATERS AT.MEKGHTS & AND=F-

WATERS AT HEIGHTS b AND =b

Fie. 22. Co-ordinating atoms round Ba™ in (Ba, H,0);Mn;O,, (Cubo-octahedron).

temperature form of BaTiO;7° which exists at temperatures above 1460° C.
is closely related to the perovskite structure, the arrangement of close-packed
BaO, layers being ABCACB.... In cases such as the last two mentioned,
.the cubic as well as hexagonal close—packmg arrangements exist, depending
on the layer in which the barium considered is present.

The structure of the isomorphous compounds™ Ba;Nb,0,; and Ba;Ta 0y,
have been described as a five layer (ABCBC) repeat, closest packing of oxy-
gens with a barium replacing an oxygen in each layer in the unit cell. The
crystal strcutures of a number of new ferromagnetic compounds of barium
belonging to the trigonal and hexagonal systems such as BaFe;50,,
Ba,Zn,Fe;,0,,, etc., have been published.?? 73 The structure of these coms-
pounds is related to the magnetoplumbite structure. In these structures,
the oxygen and barium atoms together are reported to form a slightly ex-
panded closc-packed arrangement with Ba atoms in certain]selected positiozs
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and smaller ions in certain of the holes,  In Ba Fep O which s tsomorphous
with nugnetoplumbite, the OAVEen ons torm g hexaponal close-packed
lattice, some sites of which are oceupied by bunum, From powder diffraction
studies and PETIILUVILY mcasurements i JifTerent temperitures over the
entire range of composition, a tetragonul perovshue structure has been deduced
for (Pb, Bu)1h0),.7

i i "
o coLe)en
K ’ "y
Y L
% )

(Yerar
(*)rm §

{«dere 3

{m
23

F1o. 23, Co-ordination polyhedron (Dishoptabedeon) in BaNi0,,
Fra. 24,  feosahedra) co-ordination of barium in Bt IO 0y YH,0,

The arrangement of six perchlorate oxygens and six waters round barium
In the form of an icosahedron has been reported by Mani and Ramaseshan?
in barium perchlorate trihydrate  Ba(ClO,), AHO. The figure of the
icosahedron is obtained by placing six spheres F-ABCDE in g pentagonal
pyramidal arrangement in contact with a similyr group R-KLMPQ but with
a rotation of 36°. The solid [Fig. 24 (M] is bounded by twenty equilateral
triangles and has six fivw‘mld axes and ten three-fold uxes. The icosahedron
is one of the five regular s0lids™, the most symmetrical polyhedra having all
their faces regular and alike and all the vertices surrounded in the same manner.
The others are the tetrahedron, octahedron, cube and the pentagonal dodeca-
hedron. A deformed icosahedral arrangement of oxygens round Bu*™ hag
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been identified by the above authors in cubic Ba(NO,),’® and also in the
isomorphous complex fluorides, BaXF,, where X == Si, Ge and Ti. In
the latter structures, the co-ordination polyhedron is made up of twelve fluo-
rine fons. A highly distorted arrangement has been found by the present
writers in barium peroxide dihydro-peroxidate «+BaQ,.21.,0,.7

The icosahedron can also be deseribed in terms of a chair-shaped hexagon
AFCPRK [Fig. 24 (h)] with two triangles EDQ and BLM which are crossed
with respect to each other placed symmetrically above and below it. On
the other hand, in 13&;,(1’04);,,«3 where barium ions of the second kind are
surrounded by twelve oxygens as shown in Fig. 25 (¢), the hexagon is practi-
cally plmar, the maximum difference in heights between the atoms in the
plane being 0-17 A; whercas in Ba(ClO,),.3H,0 the difference in heights
between the atoms F, K or Pand A, C or R of the puckered hexagon is 1-8 A.
Therefore, the co-ordination polyhedron in the present case can be considered
as a deformed icosahedron,  The idealised solid is seen in Fig, 25(h). In

1} € (w) e}

h Fm, 25. T‘wclve-fold co-ordination of Bay* in "Ba,(l’O.)n (see text). o
Fio. 26, Co«ordmation polybcdron (Truncated tetrabedron) in BaCay(CyH, Oy
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cubic close-packing alvo (Figs 21) there iv oo 2 63 wrrangement of atoms
round the cation, but the orwntation of the ringles GHI and KLM with
respect o the plane hexapon ABCDEE 1 difvrent, 1t has - fuact been
pointed out that the cubic close-packimg arranpoment can be converted inte
the icosahedral arrangement by the appheation of a foree along 4 trind axis,

In bariuny dicaleinm propiomate BuCa 0O ,00,0% the como dination
polybedron when plotted [Fiy, 26 (o 1o found o be w truneated tetrahedron,
This solid, with four hexaponal and four 1 pinpubar faces and twelve vertices,
is shown in Fig. 26 (h).

An unusual co-ordination polyhedron s the hexaponal prism which is
present in hexagonal high tempersture bariun febupar BaALSLOW (Fig, 27,

by w e

¢ R
‘é'()v} i’ T} ieiu, LA T
e . ‘
7 4 fPERGTE uf
o i { . }' Pt ooga g 4 i
I
(I
{ : | ‘
i ] :
f | s [
4 e d Lo
: H V
M o f o

Fro. 27. Co-ordination polyhedron (Hexagonal prism) round pare in high temperature
barium felspar (BsAlLSi,O,).

In orthorhombic barite BaSO," %2 the barium
by twelve oxygens at distances between 2:69 A
Fig. 28 (4). These OXygen atoms form
hedron [Fig. 28 (5)] which can be de
hexagons ABCDEF and ABGHIK gl
lower edges ED and JH parallel
hexagons are now centred on th

ion is co-ordinated
and 3:32 A as seen in
dnew type of co-ordination poly-
seribed in terms of two boat-shaped
aring a common edge AB, The two
to the common edge form a square, The
¢ outer side by atoms L and M such that
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these two along with F, K, Cand G form a plane hexagon.  The polyhedron
thus resembles o basket with AB as the handle. Mani and Ramaseshan,?
in discussing the co-ordination of Ba®* carlier, had reported the co-ordination
number to be cight. The co-ordination polyhedron viewed down the b-axis
as represented by these authors is shown in Fig. 28 (¢). The atoms which
had not been taken into account are F, C, G and K and therefore, the poly-
hedron was reported to be a trigonal prism with its two vertical faces centred.
A large number of substances erystallising in the BaSO structure like KMnO,,
KClOy, NH,CIO,, PbSO,, 5180, (Wyckoff*), as also barium compounds
like BuBeFo# BaFcO, % BaBOF,,® BaBeF,OM¥ BaFPO, etc., should
display the same type of co-ordination of the metal ion, the co-ordinating
atoms being oxygens, fluorines, hydroxyl groups or a combination of these
as the case may be.

@ TWO OXVOENS AT DWFERENY
HEIGHTS
Fro. 28. New twelve-fold co-ordination of Ba™ in BaSO, (see text).
Table IT gives the space group, cell dimensions, distances of co-ordi-

nating atoms, C.N. and co-ordination polyhedra for most of the barium
compounds that have been discussed.



338

H, MANOHAR AND S, RAMASESHAN

Tanty 1

Distances of co~ordinuting atoms, co-ordination numbers and

Space group and
cell dimensions

Compound

et NSNSl A SN R S L PRSI RO SR 0 b g

BaO

BaTiSiy0,

BaGeO, (High
temperature)

BrﬁgZﬂgg

NiO.3B2O

Bal,

Ha, (Ti,wMBu)Qu

Ba(OH), .8H,0

BaO. Si0, .6H,0

polvhedra in barinm campounds

(A)

Fm3m
a= 5-50
P6e2
@ GGl
¢= 971

PZZ;B,Q’;

a-= 458
b 5-68
e=1276

Poam

a=x]12+05
bma]2-65
gus 4-7]

Ric
Hexagonasl
axes:
au 7-83
¢ 1650

Fmim
auwsbe |87

14/m
am1Q-11

. ¢me 2:936

P2,/n
amx 935

b 9-23
| e=11-87

B==99°

P2en

ae= §.43
b=12:96
ox=]5+01

Ba O
distianees
(A

275

274

w262 s 28
Pw2-64 1294
P27 1299
1%2:79

Ba, 8§ Ba, 8

Iwd-ty  2s 318
22322 253020
2x324 2x320
2x326  1x322

Ba-F
269

301

IX2:69 1x2:758
I272 1x27
XT3 22717

¢

t

o

Comordis
atiom
polyhedron

Qetahiedron,
Fig, 1

Distorted octa-
hedron

Octahedron
N )

Trigonal

prism, one face-
ventred, Fig, 3

Modified penta-
gonal bipyra-
mid, Fig. 4

Cube

Square prism,
Fig. §

Archimedean
antiprism,
Fig. 6

Archimedean
antiprism,
Fig. 7
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TABLE II (Contd.)
o -Space group and. Ba-O - ~+ Co-ordi~
Compound  ‘cell dimensions - - distances CN. ' nation
T e (A) (A) polyhedron

BaFeSi,0,, P4/ncc - 4X2-73 8 Triangular
a= 7-51 4x2-98 dodeca-
c=16-08 o 3 hedron,

Fig. 9

BaZnO, P3,21 2X2:64 2%x2-97 8 do.
a= 5-886 2X2-68 2x3-36 .-
o= 6+734 : '

BaUO, Pben 4x2-71  2x2-97 8 See Text, -

a= 575 1Xx2-90 1x2-99 Fig. 10~ -~
b= 8-14 B
c= §:23 e
Ba(MnO,), Fddd - - 4x2-4 8 Orthorhombic
: a=14-71 - 4x2-6 prism
b=11-86 "
c= 7-39

NiO.BaO Cmcm 4x2-80 . 8 Quadrilateral
a= 573 - 4X2-84 prism, Fig. 11
b= 9-20 S

; c= 4-73 ‘

BaCl, .H,0 Pmcn Ba~Cl Ba-H,0 9 Trigonal prism
a= 4-51 2x3-14 2x2-76 three faces
b= 9-02 - 2X%3-21 : centred,
e=11:28 . . 1x3-32 Fig. 12(8) .

- 1x3-34 ‘
1x3-38 o

BaBr, .H,O Pmcen Ba-Br Ba-H,0 9 do.
a= 4-59 2x3-22 2x2-81
b= 9-41. = 2x%x3-33
c=11-59 - 1x3-42

e 1x3-47
1x3-49 o

BaS(S;04);.2H,0.; Pnma - --Ba-O: Ba-H,0 - 9 do.

' Ca= 500  2%2:72 1x2-65 N
5b=10-30  '2x2-79 1x2:69
c=21-78 2X2:91 1x2-84- .
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Space group and

Compound

BaSe(S,00,), . 2H,0

BaCl,.2H,0

ﬂa ¢T§,?§C)m

BaAl,81,0,
(Paracelcian)

BaAlLSi,0O
Cﬁwx*aia%}'

HaCOg

BﬂSigOg ‘
(Sanbornite)

cell dimensions

Gy

P

TR 21
b 1036
eoI0

e e

Pl

a - 517
b= 946
¢ 1907
Br96"

i’:gufﬂ

ar 674
b 10-K6
¢ 714

Abam

a~ 1309
b 13033
cox 577

P2,/a

a= 9076
b9 583
il H * 5?&
B 90°

12/¢

ar 627
b=213+043
¢ 14408

Bus115° 13

Pnma

a= 528
bw= 8483
cmn 6039

Pemn

a== 4-63
b= 7469
c==]3-53

@

RAMASESHAN

Tapty H (Connid

_ﬂ.t )
distinees

{A)

Ba O

ST
RS
3 N4 ::’: ‘ M{"

Ha H 0
betsd
Lo 2etih

P74

2073 290

By (1

1311
L 316
1x3-24
%327
Ix3 3K

Bu, ()

.

P

1 iy

T 24667 2+ 2850
120002 12908
124939 1w 3112
1w 3138 1=2.927

2% 276

3% 2-80

4% 284
Tx (2:74-294)
2x314

C.N.

9

S —

Co-ordi-
nation
polyhedron

™

Trigonal prism
three fuces
centred,

Fip. 12()

do.

do.
Fig. 12 (@)

See Text
Fig. 13

Cube 4 1,

Fig. 14

Cuhe - )
Fig. 14 (b)

do.

do.
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TABLE IT (Contd)

Space group and Ba-O Co-ordi-
Compound cell dimensions distances C.N. nation -
' (A) A) ' polyhedron
Ba0.Si0,.6H,0 P2.cn : Ba,~O ‘ 10 See Text,
a= 8-43 2-83-2-90 Fig. 15
b=12-96
c=15-01
BaHPO, Pn2,a 2-6-3-5 10 do.
a=14-12 ' o
b=17-15
c= 4-59
Ba,Al,S1;,04, .. P2, Ba-O Ba~-H,0 10 do.
- 12H,0 a= 9-87 1x3-02 1x2-77" _
(Harmotone) - b=14-14 1x3-04 1x2-80
c= 872 2x3-08 1x2-92
B=124° 15’ 2x%3-26 1x2:99
Ba,(PO,), R3m (Hexa- Ba,~O 10 See Text,

. gonal axes) ‘ Fig. 16
a= 5-60 1x2-71 ; :
c=20-97. 3%2-80 '

6x2-83
BaO, . - F4/mmm; 8x2-79 - 10 See Text, .
v ' a= 5-384 . 2%2-68 Fig. 17
c= 6-841 ' -
BaTi,O, . Pmmn 4x%2-81 10 Pentagonal .
i ' a=14:53 _ 2%2-96 prism,
b= 3-79 . 4%x3-09 _ Fig. 18
c= 6-29 ‘
BaSQOa.‘HgO . Pbcn . Ba—O Ba—~H20 - 11 See Textj~ L
s ‘ a=20-07 2%2-78 1x2:83 Fig.19 =
b= 7-19 1x2-79 _
(= 7-37 1x2-83 Ba-S
s . 1x2-90 1x3-44
L - T 2X3-00  1x3-66
' 1x3-55
Ba(ClO,),.H,0 I2/c Ba-O Ba-H,O0 11 See Text,
‘ ‘ a= 8-86 10 (~2+87) 1X(~2-60) Fig. 20 .
o0 b= 7-80 I S .
c= 9:35

B=93° 30/
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Tapre H (Coned.)

Space group and Ba O Comordi-
Compound cell dimensions distanees (.N. nation
(A) (A) polyhedron
BaTi0); (Cubic Pmim 2K 12 Cubo-oeta-
perovskite) a3 9RG hedron,
Fig. 21
(Ba, H,0),. Mn, Alim Ba O Ba H,0 12 dor,
Oy (Psilo- a 95 AR S I O £ Fig. 22
melane) b 288 RERMEL" S B RS €t
1385 20 2096
B927 30 L« 300
P d-16
BaMn,O,, Mm B2 74 12 Cuba-octa
(Hollandite) a . 996 4% 331 hedron,
e 286 Fig. 2
BaNiO, Come 6% 279 12 Dishepta-
a 558 Gx 290 hedron,
co 4832 Fig. 23
BaMnQ; (low Phgme 6w 2 84 12 do.
temperature) a - 567 6w 286
o 071
BaMnO, (High Péy/ mme G 2R3 12 See Text.
temperature am 567 6w 286
¢ 9438
BaTiOy (non- Céa/mme Ba, -0 Ba,, - 12 See Text.
ferroclectric) aw 5735 6289 6% 2 KE
¢ 14008 G294 Ix2 K
Ix2:90
Ba,Ta 0, Piml 2:7-30 12 See Text.
a= 579
e 1178
Ba,Zn,Fe,,0,4 Rim (Hexa- Ix2-80 12 See Text.
gonal axes) 6 X294
a=: 5:-876 Ix3-19
c==43558
Ba(ClO)y 3H,0  P6yor Pby/m  Bu-O  Bu-H,0 12 TIcosahedron,
as: 7278 IX2:96  6x3-03 Fig. 24
Fak 9*64 3){3@18
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PUNSESC

Co-ordi- | ;

o Space group and Ba-O o
Compound - cell dimensions distances C.N. nation
: (A) ‘(A) polyhedron
Ba(NO,), " Pa3 6x2-82 12 Icosohedron
: a= 8-11 6300 Fig. 24
BaSiF, R3m Ba-F 12 do.
a= 4-75 6><2‘75 '
a=97° 58’ 6x2-88
BaGeF, - R3m - : Ba-F 12 do.
a= 4-83 . 6x2-77
| . a=98"1" | 6X2-92
«-Ba0;.2H,0, C2/c 2X2-68 12 do.
o a= §-454 2%2-74
b= 6-398 2X2-78
c= §-084 2x%2-86
B=96° 32" 2x%2-93
2x2-97
Bay(PO,), - R3m (Hexa- Ba,—O. 12 See Text, . .
' gonal axes) o Fig. 25 =
a= 5-60 6x3-23
¢=20-97 - 6x2-80
BaCay(C,H,0,), Fd3m 3-10 12 Truncated
Soo oLt a=18+20 " tetrahedron, -
. - Fig. 26
BaAl,Si,Os (High 6/mmm - 3-05 12 Hexagonal
temperature a= 5-25 S o prism, . -
barium felspar)  c= 7-84 e . . Fig.27 .
BaSO, Pnma 1X2:69 2%2:94 12 See Text,
e a= 8-85 1X2:76  2x3-10 . Fig. 28
 b='543  2%2-77 2x3-32 gt
= T-13 2x2-80
DISCUSSION

Table TIT (Paulmgse) shows the co- ord1nat1on for representatwe catlons
to be expected on the basis of radius-ratios. These have generally beerl
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verified to be true in actual structures. Potassium, however, is seen to display

several different types of co-ordination. As the .pre‘sent survey shows the
éariam ion also exhibits a rich veriety of co-ordination.

&

TasLe III

Values of the ligancy for cations with oxygen ion
(After Pauling)

lon Radius Predicted Observed
ratio ligancy ligancy
B .. .. 0-20 3or4 3.4
Be?~ .. .. 0-25 4 4
Li- . .. 0-34 4 4
Si¢- .. .. 0-37 4 4,6
Al .. .. 0-41 4oré6 : 4,56
Get .. .. 0-43 4o0r6 4,6
Mg* . .. 0-47 6 6
Na- . . 0-54 6 6,8
Tie .. .. 0-55 6 6
Sc3+ . .. 0-60 6 6
Zrt+ . .. 0-62 6or8 6, 8
Ca® . . 0-67 8 7,8, 9
Cetr .. .- 0-72 8 8
K+ .. .. 0-75 9 6,7,8,9,10, 12

Cs* . .- 0-96 12 12

The values in antique are those usually found for the cation.
The other values are observed only in a few crystals,

In the earlier work of Goldschmidi8® and Pauling,! only closed polyhedra
formed by the pearest neighbours were considered., However, to obtain
closed polyhedra in more complex crystals, it is necessary to take into account
not merely the atoms which are the nearest neighbours, but also those which
4IC next nearest ones. The question naturally arises as to the limit to the
cation-anion distance one should go. Such limits have been set uptil now

pnre}y by convenience ang not because they are dictated by any physical
considerations, V . :
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The question why an ion sometimes prefers a higher co-ordination than
usual still remains to be satisfactorily amswered. The radius-ratios for
the alkali halides (Wells®®) and for the alkalinc-earth metals in relation to
0, S, Se and Te are shown in Tables IV and V respectively. The salts which
are expected to crystallise in the rocksalt structure are enclosed in full lines.

* TABLE IV

Values of radius ratio for the alkali halides
(After Wells)

Li Na K Rb Cs
F 5 0-44 0-70 0-98 0:92% 0-81*
Cl 0-33 0-52 0-73 0-82 0-93
-~ Br , 0-31 0-49 068 | 0-76 N 0-87
1 0-28 0-44 0-62 0-69 0-78

' * Where r,, radius of the cation, is greater than ry, radius of the anion, ryfr, is given.
TABLE V

Values of univalent radius ratio jor alkaline earth metals

Ca , Sr ' Ba
0 0-67 0-75 0-87
S 0-54 0-60 0-70 %
Se 051 0-57 0-66 B
Te 0-47 0-53 0-61 :

Crystals with radius ratios enclosed by full lines are expected to crystallise with NaCl structure,
Except those enclosed by broken lines which have the CsCl structure, the rest of the ¢rystals
exhibit the rocksalt structure.
A6
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As Wells™ points out, it is not clear why salts like RbBr, RbCl, CsF as also
StO o not adopt the CsCl type of structure with a larger co-ordination
qumber eight, or why KF, RbF and BaO do not prefer still higher co-ordi-
nation of the cations. The difference between the lattice cnergy for NaCl
and CsCl types of structures is too small to account for the structural difier-
ances. One could enumerate all possible factors such as the variation in the
Mzdelung constant, effective charge, the repulsion exponent, etc., on which
the inter-ionic distance and hence the co-ordination number depends to a
grezter or smaller degree. Co-ordination in complex ionic crystals is not
entirely a geometrical problem of radii and sizes but also depends on the
polarisction of the ions. Thus Ba2+ is itself highly polarisable unlike other
smaller Tositive ions and this must be responsible for the large variety in its
co-ordination.  Although the factors that affect the inter-atomic distances
~z¢ wall known. 2 quantitative assessment of their effects in any specific crystal
i5 in our present state of knowledge not possible.

In many crysials the positive ion plays a vital role in determining the
structure. The unique co-ordination polyhedron round that positive ion
is cn important factor in the geometry of the crystal architecture. Ba®*
ion shows o bewildering mumber of co-ordination polyhedra. Whatever
ba the reasons for this, one cennot but conclude that the barium ion does
not play a primary role in deciding the structure as most other iomns do.
Indood its role is comparatively secondary and it enters the vacant spaces
in the structure provided by the other atoms of the crystal.

SUMMARY

A systematic study has been made of the crystal co-ordination of the
barium 10n in various compounds whose structures have been solved. Apart
from ths more common co-ordination polyhedra which are enumerated in
jﬁfxz'b@@ks, a number of new polyhedra have been identified, particularly
in cases where the co-ordination numbers are unusual, such as ten or eleven.
A'«:«cordmg o the radius-ratio rule of Pauling, a co-ordination number of
mine or fen is normally expected for the barium ion. The present investi-
gations, however, reveal that it shows a variety of co-ordinations with ligancies
fmm‘sx_x up to twelve. Some of the factors that might possibly enter in
explaining this wide range of co-ordination numbers are discussed. It appears
as though the part played by th: Ba* ion in deciding the structure is secon-
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