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A. INTR9DUCTION 

Many early studies of zirconium were of a practical nature involving mineral chemistry, 
metallurgy, analyses and related problems. Much-of the information is recorded in patents. 
These aspects were thoroughly reviewed about ten or so years ago and the reader is referred 
to the relevant monograph or review lS3. 

Much of the basic chemistry of zirconium has appeared in the literature only during 
the past decade. A number of studies of zirconium in aqueous solution have receatiy ap- 
peamd4.5,12,‘3, as well as reviews on other aspects of the chemistry of ~irconiurn~-‘~. By 

far the most comprehensive review on the chemistry of zirconium is that by Larsen’ 4. It is 
also the most recent and covers the literature up to the beginning of 1969. 

Successful research into the chemistry of zirconium has been pursued along two basic 
lines. These may be referred to as the “aqueous chemistry” and “non-aqueous chemistry” 
of the metal. Both have their difficulties. In aqueous solution zirconium compounds qre 

readily hydrolysed from aquo species to hydroxy species to various polymeric species. In 
some studies these hydrolysed species have been identified, in others hydrolysis has been 
avoided by careful control of acidity. The non-aqueous studies are conducted in anhydrous 
solvents or salt melts. Difficulties arise in rn~~~ anhydrous con~tions, but even more 
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limiting is the insolubility of Initial products. Both lines of research have lead to large 
numbers of well-defined crystalline compounds or to species clearly identified in solution. 

Stoichiometric arguments, when applied to the compounds of zirconium, have been 

singularly unsuccessful in predicting molecular structures and geometries. The reason for 
this lies in the ability of zirconium(W) to assume a wide range of coordination numbers 

and geometries. Since speculative chemistry in such areas as reaction kinetics, synthesis, 
analysis, etc. depends on correct assumptions of the molecular geometries of compounds 
and intermediates, these aspects of zirconium chemistry rema.In unexplored. 

But in the very recent past a large number of zirconium compounds have been subjected 
to diffraction studies for the elucidation of their crystal and molecular structures_ It is 
only by basing further studies of zirconium firmly on such structuraI information that 
progress in this hitherto confused area of chemistry will be achieved_ 

B. MOLECULAR STRUCTURES OF ZIRCONIUM COMPOUNDS ESTABLISHED BY X-RAY DIF- 
FRACl-ION AND RELATED TECHNIQUES 

while it is true that that which crystalhses out of solution is not necessarily the species 
which the solution contains, it is equally true that there must at least be a generic relation- 

ship between the two. It follows that a co-study of a solution and its solid derivatives is 
probably the soundest approach to solution chemistry. This review therefore tabulates all 
molecular structures of zirconium compounds which have been un~bi~ou~y established 
(Table I). It is hoped that this will provide a sound basis for future work whether in the 
solid state or in sclution. 

C APPLICATIONS OF TABLE 1. 

The way in which this compilation of structural information may be applied to solving 
problems in the chemistry of zirconium is best demonstrated in a series of examples. 

(ii On the ex&tence of the zticonyl group 

On the question of the existence of the &cony1 group (Zr=O’+) we conclude with 
Solovkin and Tsvetkova ’ r that the species rarely occurs. This conclusion is based on the 
following arguments. 

(1) Evidence based on empirical stoichiometry is totally unreliable; for instance, zirco- 
nyl chloride has the empirical formula ZrO& G3Ht 0 but is in reality” [Zr~(OH)sfHa 0)x 61 
C&3-12HsO. 

(2) Evidence based on’infra-red spectra is vague and inconclusive. The metal-oxygen 
double bond is c?xpect.ed” to absorb strongly between 900 and 1100 cm-’ and the isolated 
oxygen bridge should absorb somewhat below 900 cm-‘. The oxygen in monoclinic zir- 
conium dioxide’ O” bridges several metal atoms and absorbs at 743 cm-’ . One would there- 
fore expect the Isolated Zr-O-23 system to absorb at about 850 cm-‘. The oxyfluorides 
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all absorb in this region6 with the exception of ZrF4 -Hz 0, which has an intense absorp- 
tion at 956 cm-‘. However, a band at 1642 cm-’ confirms the presence of water and the 
absence of the zirconyl group6. 

(3) These arguments apply equally well to the anhydrous compound whose empirical 
formula’*’ is ZrOCll , which has an intense infra-red absorption centred at 877 cm-’ _ This 

compound is formulated as containing a zirconyl group, but the identical compound ob- 

tained from the dehydration of “zirconyl” chloride octahydrate is presumed to contain 

tetrameric units linked by 0x0 bridges’02. This latter formulation is consistent with the 

predictions of Clearfield’. 

(4) Table 1 shows that in compounds where the bond between zirconium and oxygen 
is a “single” bond the separation of these atoms can vary from 2.04 to 2.65 w in the 

oxides 17-20, and 2.03 to 2.28 & in the sulphatesU-‘l, 2.02 A ih the pyrophosphate 79 
and 1.97 A in the basic chromate”. It is difficult to predict the bond length which would 

unambiguously constitute a double bond between zirconium and oxygen. 

In 13aZrOB the shortest bond is 2.1 A (ref. 22), while in K2Zr0, it is 1.92 a (ref. 23). 

‘IUs latter bond is to an isolated oxygen and in the opinion of this author constitutes the 
only probable example of a zirconium-oxygen double bond yet reported. 

There is no doubt that the “zirconyl” group as a persistent species in solution is 

mythical. 
The fact that z~co~urn~~) prefers to form polymeric hydroxy-bridged species rather 

than zirconyl groups is not surprising in view of the large number of metals which behave 

similarly’03. The explanation must lie in the essentially electrostatic character of the 

%-OH bond. 

(ii:) The nature of the 5zdphates of zirconium 

The study of zirconium ions in aqueous sulphate media has received attention in several 

recent reviews5 s6s1 3 _ There is, however, no clear indication in these studies of the identity 

of the zirconium species. A superficial study of the crystalline derivatives from such solu- 

tions seems to reveal a iarge number of different compounds whose inter-relationship is 

not immediately obvious. 

X-ray crystal studies” f-72 of this series of sulphates and basic sulphates not only estab- 
lishes the structure of each compound but enables their chemical inter-relationship to be 

convincingly rationalized. 
Table 1 demonstrates how the various crystalline sulphaies are structures. There are 

three zirconium environments: sevencoordinate tetragonal-based trigonaf-based structure 

in the anhydrous sulphates and monohydrates; square antip_risnatic in the tetrahydrate 

and the dihydroxy suiphate, and dodecahedral in all other structures. Sulphate ions are 
variously bidentate, bidentate bridging, tridentate bridging or quadridentate bridging. 

The formation of these crystalline zirconium sulphates and their interconversions are 
controlled by vapour pressure and tempera&e. This inter-relationship is summarized in 
Fig. 1 which is based on a similar figure in ref. 66. The fact that these species can be so 
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C 

I 
B-ZrlSO,)p$O 

e 

pig. 1. Inter-relationship of the sulphates of zirconium. (a) Aqueous hydration; (b) vapour hydration, 
ambient conditions; (c) equilibration under controlled water vapour pressure; (d) dehydration under 

x 
‘acuum or over PaOs at 0°C; (e) aqueous hydration at O’C; (f) thermal decomposition: (g) equilibration 

XI SO3 or Has04 vapour; ~JI) neutrat aqueous solution lOO-150°C; (i) neutral aqueous solution 
$?S-225OC; (j) neutral aqueous solution 250-3OO’C; (k) thermal decomposition at 200°C for one 
&urr; (I) aging at room temperature; (m) equilibration over 75% HsSO4 at i5S”C. 

readily interconverted demonstrates that the sulphate ligand is very labile. Presumably the 

species present in the crystalline material is formed only during deposition. Complex ions 
in solution must be undergoing rapid exchange. Such lability is not incompatible with 

the high stabiity attributed to these species V3 _ This excellent work has been the subject 
of a very recent review’ r8. 

[iii) Srructures of zirconium fluorides 

Table 1 reveals that in its compounds with fluoride ions zirconium seems free to as- 
sume almost any coordination number and geometry 33-60. Metal geometries include tetra- 

hedral, octahedral, face-centred trigonal prismatic, pentagonal bipyramidal, square anti- 
prismatic and dodecahedral as well as distorted octahedral, seven-coordinate irregular poly- 
hedral, distorted square antiprismatic and distorted dodecahedral. Zirconium fluoride 

species may be monomeric, dimeric or polymeric. The stereochemistry seems to be 
determined by the counter-ions and the conditions existing during crystal formation, 

In one compound, Zr709Pr0, zirconium has both octahedral and pentagonal bipyra- 
midal geometries and the oxides and fluorides are interchangeable60. In another com- 

pound, Rb, Zr4 &,, there are three coordination numbers and four geometries for zir- 

conium - octahedral, pentagonal bipyramidal, distorted square antiprismatic with one 

corner missing and square antiprismatic’ 3 _ 
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TARLE 2 

Geometric variations in zirconium compounds 

Coordination number Geometry 
.- 

4 Tetrahedral 
4 Distorted tetrahedral 
5 Square pyramidal 
6 Octahedral 
6 Distorted octahedral 
7 Pentagonal bipyramidal 
7 Puckered pentagonal bipyramidal 
7 Face-centred (or capped) trigonal prismatic 
7 Tetragonal-based trigonabbased polyhedral 
7 Distorted square antiprismatic with one corner missing 
7 Seven-coordinate complex polyhedral with nine triangular faces 
8 Dodtxabedral 
8 Square antiprismatic 
8 Hendecahcdral 
8 Distorted dodecahedrnl 
8 Distorted square antiprismatic 

12 Truncated tetmhedrai 

The fluorides best illustrate the apparent iack of system in the stereochemistry of zir- 

conium and emphasise the importance of direct structural studies in this field. 

(iv) The stereochemistry of zirconium compounds 

Table 1 demonstrates that zirconium may have coordination numbers of 4,5,6,7,8 
or 12. Within this range of coordination numbers there are further geometric variations 
and these are surnmarised in Table 2. 

The more regular geometries of the various coordination spheres around zirconium are 
depicted in Fig. 2. Although no compound of zirconium has yet been shown to be tri- 
gonal bipyydal (fwe-coordinate) or trigonal prismatic (six-coordinate), these geometries 
have been included in Table 2 to support the stereochemicai discussion and to emphasise 
the close inter-relationships of many of these geometries. 

To overcome the inherent difficulty in the interpretation of two-dimensional representa- 
tions of complex polyhedra, the coordination geometries-are presented both as solid 
figures and as perspective skeletons. In each case the zirconium ion is presumed to be at 
the precise centre of the polyhedron with each apex occupied by the donor atom. of a 
@and. Conventional two-dimensional drawings are also given since these are most useful 
in schematic representations of complicated molecules. The labelling of some of the dia- 
grams follows established literature practice7*45. 

From Fig. 2 it is possible to observe the close similarities between groups of geometries. 
Indeed the drawings have been oriented to emphasise these relationships. It is reasonable, 



- 
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Fig. 2. Zirconium geometries and related poIyhedra. (a) Solid 
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in the case of zirconium, which can not only vary its geometry but also its coordination 
number with apparent ease, both to consider the variation of geometry for a given co- 
ordination number and also to trace the sequentiaI relationship of geometries through a 
progressively expanding coordination number. 

It is clear that the addition of one &and to a square pyramidal compound gives the 
octahedral geometry, which upon a 60” internal rotation of opposite trigonal faces yields 
the trigonaf prismatic arrangement. Addition of one l&and to this trigonal prism yields 
the face-centred, or capped, trigonal prism, and this, on a small movement of one face in 
conjunction with a shift of the cap into the plane of this face, yields the tetragonal-based 
trigonal-based polyhedron. The pentagonal bipyramid is formed from the capped trigonal 
prism by rotating the edge opposite the cap through 45* and moving the two apical points 
slightly. A smaller rotation of this edge yields the puckered pentagonal bipyramid. Thus 
the puckered pentagonal bipyramid may be regarded as either a distorted capped trigonal 
prism or a distorted tetragonaf-based trigonal-based polyhedron, 

Addition of one &and to the capped trigonal prism yields the hendecahedron. Addition 
of one l&and to the tetragonal-based trigonal-based poIyhedron together with a slight 
twist of one face yields the square antiprism. Folding of one square face of the square anti- 
prism about a diagonal yields the hendecahedron. Folding the square face of the hendeca- 
hedron about a diagonal yields the dodecahedron. Obviously both a distorted dodeca- 
hedron and a distorted square antiprisn may be equally welt described as distorted hen- 
decahedra. 

It thus appears that for low coordination numbers the interconversion of one regular 
geometry to another is a major stereochemical event, but for higher coordination numbers, 
especially 7 and 8, there is a greater variety of possible geometries with relatively much 
slighter movement of ligands required to achieve a transition from one to the other. This 
apparent low energy of geometric interconversion may contribute to the variety of geo- 

metries exhibited by zirconium in compounds wherein the metal has seven or eight nearest 
neighbours. 

In fact the geometry of zirconium in its compounds appears to be dete~ned by the 
nature of the donor atoms, the charge on the ligand, the stoichiometry of reactants in the 
preparative process, the size and chelating ability of ligands, vapour pressure, temperature 
and other physical characteristics during crysta.I formation. The bonding orbitals of the 
metal show little preference for a specific geometry. 

The lability of all zirconium(W) species, with the exception of cyclopentadienyls, is 

probably associated with this ability of zirconium to assume a variety of geometries and 
to change easily from one geometry to another. Hence there is little likelihood of success 
in studying the molecular geometries of zirconium species by the classical methods of 

isomer separation. 
On the other hand, zirconium provides an excellent opportunity for the study of gem- 

metric variatiolB about a metal. The stereochemical requirements of multidentate Egands 
should dictate the geometries of their zirconium complexes, and steric interactions of 
various conformations in such complexes might be observed in the actual variation of the 
metal geometry. 
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Finally it should be pointed out that while the great majority of information on the 
geometry of zirconium compounds comes from diffraction studies, the careful application 
of N?4R spectroscopy has already proved successful”4 in coming *he stereochemis- 
tryg0p9’ of Ztfn-cpCi(acac), ] and in tracing its geometric interconversions in solution. ft 
is anticipated that many similar studies will Link the molecular geometries of zirconium 

compounds determined by diffraction studies with equivalent species in solution. 

Assuming the following ionic radii: Zr4’, 0.79 a; Cl-, 1.8 1 4; F”, 1.33 A; 02”, 1.32 A, 
and O‘, 1.76 BL, then Table 1 reveals that the observation lo4 that in zkonium acetyl- 
acetonates “the bond lengths are given by the sum of the ionic radii” is generally true. 

Calculations4s~105-‘07 show that energies of the alternative geometries for eight-c* 
ordination are not very different. Indeed it has been possible to rationalise the bonding 
for square antiprismatic zirconium(W) in zirconyl chloride’08, even though a subsequent 

study 72 has shown that the metal is actually in a dodecahedral environment. 
Not only has no set of isomers for any compound of zirconium(W) ever been separated 

into its component isomers’, but highly stable complexes such as Zr(acac), fiefs. 109, 
110) and [Zr(Cz 04)4 I”- (refs. 111, 1 f 2) have been shown to be very labile. 

Ail these observations are consistent with a zirconium ion of small radius and high charge, 
which is essentially spherical, and whose attraction for anions or dipoles is essentially 
electrostatic. The Zr4” ion has already achieved a noble gas structure and there is no 
ligand-field stabilization of bonding orbitals. 
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