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The contemporary state of the structural chemistry of the hydrides of intermetallic compounds is discussed. X-ray and neutron
diffraction data on hydride phases are surveyed and critically analysed. Tetrahedral and octahedral coordination are shown to
be most typical for hydrogen atoms in the structures of multi-component hydride phases. Rules for the structure of inter-
metallic hydrides are formulated, permitting us to forecast the structures of compounds not yet studied and to predict the
maximum capability of the parent intermetallic compounds to absorb hydrogen. 204 references are given.
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I. INTRODUCTION metals Mn, Fe, Co, Mo, and Rh have been obtained under
high pressure conditions® 5.

Compounds of hydrogen with metals are of great interest However the preparation of hydrides by direct reaction of
for the solution of practical and theoretical problems in the hydrogen with the metal is not always easily realisable in
new field of science, atom—hydrogen energetics. Metal practice. In the majority of cases the kinetics of absorption
hydrides can be considered as effective chemical storage and and desorption of hydrogen are very sensitive to the presence
sources of hydrogen, but only if the reaction of hydrogen of minor impurities in both the hydrogen and the metal, the
with the metal in question occurs rapidly and with sufficient "absorption = desorption" equilibrium is established slowly
completeness under comparatively mild conditions, and the even at relatively high temperatures (300—400 °C), and
hydrogen weight content in the hydride proves to be high products with a high content of the primary substance are
enough. obtained only in isolated cases.

At pressures up to several kilobars molecular hydrogen This is why such great interest was aroused by the discov-
reacts only with the limited number of metals which have low ery at the end of the 1960's of a new type of reaction between
ionisation energies: the alkali, alkaline-earth, and lanthanide hydrogen and intermetallic compounds (IMC) and alloys, one
metals. Titanium, vanadium, and zirconium approach these of whose components is a metal capable of forming a stable
in respect of their reactivity with hydrogen. It is only binary hydride. Chance observations made almost simulta-
recently that a number of unstable hydrides of the transition neously by various independent research groups opened up a
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new chapter in the chemistry of metal-hydrogen compounds.
Their work showed that many.IMC's containing Ti, lanthanides
(Ln), or Mg react readily with hydrogen at 25-100 °C under
0.1 to 100 atm pressure. The kinetics of this reaction are
unique and have no analogy in the chemistry of binary
hydrides—the absorption of hydrogen by the metallic phase
begins almost immediately and close to room temperature the
"absorption = desorption" equilibrium is as a rule established
in a few minutes, depending on the nature of the metallic
phase and the purity of its surface.

Up to the present there have been about 500 publications
devoted to study of the reaction of various IMC's and alloys
with hydrogen. A large amount of experimental data, of
interest not only to chemistry but also to those areas of
physics, technological and applied sciences bordering on
chemistry, has been accumulated. However the structural
chemistry of the hydrides remains relatively unstudied—as

- regards both strictly structural research, little of which was
carried out until recently, and also work on the nature of the
metal—hydrogen chemical bond.

Finally, structural investigations based on the application
of diffraction methods cannot give direct information on the
valence state of hydrogen in its compounds with metals, but
they are necessary for the development of descriptive crys-
tal chemistry of metal hydrides and they can be very useful
(as we have remarked repeatedly) for solving certain definite
practical problems connected with the prediction of and
search for new polymetallic compositions which absorb a
large quantity of hydrogen reversibly at given temperatures
and pressures.

The purpose of this review is to discuss the structural
chemistry of hydrides containing two or more metal compo-
nents. Questions of the crystal chemistry and structure of
binary hydrides are considered only in so far as they are
necessary for the analysis of general rules determining the
structure of both binary and more complex hydride phases.
We were aware also that substantial reviews of work on the
structure of binary metal hydrides have previously been
published by Mueller et al.®, Goldschmidt’, Mackay®, Libo-
witz®, Stalinski'®, Galaktionova'l, and Andrievskii and
Umanskii?.

Il. THE STRUCTURE OF BINARY METAL HYDRIDES

The descriptive crystal chemistry of metal hydrides can be
based on the idea that they are unusual "interstitial phases"
of hydrogen in a metal lattice-matrix. The alternative view,
according to which metal hydrides are regarded as ionic com-
pounds M*H™, does not in the majority of cases correspond’?
to the actually observed picture of the structure and physical
properties of the hydrides of metals of groups III-VIII.

Analysis of structural relationships in binary hydrides
shows that insertion of hydrogen into the metal lattice can
occur in two ways:

(1) it is accompanied by a fundamental reorganisation of the
metal lattice or in other words by a change in the type of
packing of the metal atoms, e.g. by a transition from body-
centred cubic (b.c.c.) packing in the structure of the metal
itself to face-centred cubic (f.c.c.) packing in the metal
sublattice of the hydride; or

(2) it does not lead to a substantial change in the metal
structure—in this case the packing of the metal atoms in the
metal sublattice of the hydride is no different from the pack-
ing in the structure of the metal itself or only an insignificant
deformation of the unit cell occurs.
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The overwhelming majority of metals react with hydrogen in
the first way. It is only for such elements as V, Ni, Nb,
Pd, Ta, Ce, and Th that the unit cells of the hydride phases
have a simple relationship to or match the original unit cells
of the metals.

The hydrogen atoms in the binary metal hydride structures
have three types of coordination polyhedra: tetrahedra, octa~
hedra, and triangles. The largest size holes, the octahedral
holes in the f.c.c. and the hexagonal close packed (h.c.p.)
lattices, are the first to be filled by hydrogen atoms in the
structures of hydrides of elements with small atomic radii
(metals of groups VI-VIII). However, on passing to the
lanthanides, which have considerably larger atomic radii, the
tetrahedral holes are filled first and only after that the octa-
hedral. It is only in the structures of HoD,,* YD,,** and
Th,D,s !° that the deuterium atoms have a triangle form of
coordination polyhedron.

Thus the general rule of crystal chemistry, that the coor-
dination number (c.n.) of an atom M’ falls as the atomic
radius ratio M /r-MmL (”'M/"H in the present case) increases,
is obeyed also in the metal hydride structures—the c.n. of
the hydrogen atom changes from 6 to 4 or to 3 as the metal
radius increases.

If the M—H(D) interatomic distances in the binary hydride
structures are taken to be the sum of the atomic radius of the
metal M and the effective radius of the hydrogen atom, it is
possible to form a qualitative estimate of the latter#.

It is known that in interstitial structures the size of the
holes in the lattice matrix, made up of atoms of radius ry,
increases in the sequence: triangular (c.n. =3; rpple =
0.22 ry) < tetrahedral (c.n. = 4; ”'hgle = 0.41 ryp) < octa-
hedral (c.n. = 6; rpgle = 0.73 r‘M).1 This implies that the
radius of the hydrogen atoms, which occupy various types of
hole, cannot generally speaking be constant but depends
markedly on the type of environment. It is also clear that
this effect will be more marked the more complex is the struc-
ture of the parent matrix, of metal or an IMC.

These rules are followed in the binary metal hydride struc-
tures. The hydrogen atoms with the "largest radius’ are
those in octahedral holes, their size decreasing with decrease
in the metal atom dimensions from 0.7-0.8 & in lanthanum and
cerium hydrides to ~0.6 & in the hydrides of the metals of
groups VI-VIII. The hydrogen atoms with a c.n. of 3 in
the ScH, ¢s structure® have the smallest radius (~0.3 &);
this is close to the covalent radius of hydrogen, 0.28 }i.e
Hydrogen atoms occupying tetrahedral holes have radii in
between the values for c.n. 3 and c.n. 6 (0.4-0.5 &).

The H-H interatomic distances in the structures of binary
hydrides of metals of groups VI-VIII are fairly large owing to the
low density of hydrogen nuclei in them (~2.6 ). However,
on increasing the hydrogen content in the hydride phases
the smallest H—H distances are reduced considerably (to
~2.1 R in the lanthanide trihydrides and even to ~1.9 & in the
ScH, g5 structure).

In conclusion we note a characteristic feature of binary
hydride structures: notwithstanding that in the f.c.c. and
h.c.p. structures the holes occupied by hydrogen atoms are
regular polyhedra, these atoms do not always lie exactly in
the centres of the holes. In the hexagonal hydride struc-
tures MH; and also in CeD, ,4 1% the hydrogen atoms are dis-
placed from the centres of both the tetrahedral and octahe-
dral holes, and in the HoD, structure this displacement from

+M denotes the element whose atoms have the larger radius
and M' the smaller.

#Values for the metal radii were taken from Pearson'®.
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the octahedron centre is so marked that the c.n. of the
hydrogen atom becomes equal to 3. The structures of
CeD,5, 2° and LaD, * are particularly representative in this
respect; in these, in addition to the shift of the hydrogen
atoms from the centres of the octahedral holes, a feature
typical of the crystal chemistry of metal hydrides is exhibited:
statistical occupation by the hydrogen atoms of a fraction

of the crystallographic equivalent positions in the hydride
phase structure.

11l. GENERAL RULES OF THE REACTION OF HYDROGEN
WITH INTERMETALLIC COMPOUNDS

Hydride phases, containing two or more metal components,
can be obtained either by hydrogenation of alloys or IMC's
of the composition MpM;, or by high-temperature synthesis
from the binary hydride of one metal and a second metal in an
atmosphere of hydrogen. In the latter case a hydride phase
MpMpHy is formed, whereas in the former case three types
of reaction are possible??~2" (the first two of these corre-
spond entirely to the schemes described above for the reaction
of individual metals with hydrogen).
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1. A compound with a new type of structure is formed.

2. The intermetallic compound absorbs a significant
quantity of hydrogen without a substantial deformation of the
original crystal structure.

3. There is complete decomposition of the initial IMC and
formation of a stable binary hydride MH,. and an intermetallic
compound enriched in the metal M’ which is inactive towards
hydrogen, with the composition Mn-yMp, (or a hydride phase
based on this), or of the metal M’ directly—a hydrogenolysis
reaction®®.

The hydrogenolysis reaction of intermetallic compounds
does not come within the scope of this review. Therefore
the crystal chemistry of the phases formed only by the first
or second mechanisms is discussed.

Before proceeding to examine the structural relationships
between the IMC and the hydride phases based on them an
important feature of IMC structure should be noted. In
contrast to the structure of pure metals, in which all the
interatomic distances within the range of the closest coordina-
tion sphere are as a rule identical, a greater diversity is
observed in an IMC—there are distances both shorter and
longer than the sum of the respective metal radii, and the
variations may be considerable. It will further be shown
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Figure 1. Holes in the HoNi, structure"? (the part of the unit cell with z =

0—1/3 is shown); the CaCu; and MgZn, type

sections are marked. The holes (13 different types) are designated by symbols (number of positions and Wyckoff notation)
for the equivalent positions in the space group R3m corresponding to the centres of the holes.
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that the insertion of hydrogen atoms takes place preferential-
ly in those holes whose periphery includes precisely those
"long", most easily deformed bonds.

A principal feature of the reaction of IMC's with hydrogen
is that, in contrast to metals, in the overwhelming majority
of cases the IMC structures do not undergo serious reorgani-
sation on hydrogenation, and the mutual arrangement of the
metal atoms in the structure of the hydride phase remains the
same, or almost the same, as in the parent IMC.

The structure of hydride phases based on IMC's with struc-
tures of the CaCujs, MgCu, and MgZn, (Laves phases),
PuNi,;, Ce,Ni,, Gd,Co,, Th¢Mn,;, Ti,Ni and CrB types have
been investigated most fully. Note that the first six struc-
ture types are related and are members of one homologous
series of structures MMiMM}.26:2%28  The structures of com-
pounds with a composition intermediate between MM} and MM}
can be regarded as consisting of fragments of the CaCu; and
Laves phase type structures. The superposition of these
fragments occurs along the [001] direction of the hexagonal
unit cell owing to the presence of identical planar nets in the
Laves phase and CaCug structures. For example, the PuNi,
type structure can be obtained by successively placing one
above the other a CaCu; type unit cell and half of an MgZn,
type unit cell (see Fig.1). As will be shown below, the
homologous relationship of these structures predetermines
also the similar nature of their reaction with hydrogen.

The hydride phases based on the intermetallic compounds
LaNis and CaNis, and also on the alloys ThNijAl,, MNi,Al
(M = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho), MNis_,M},
where M’ = Al, Cr, Fe, Cu,?’~?° retain the hexagonal sym-
metry of the original MM's; structures of the CaCug type and
the unit cell expands on their formation to an equal extent
both in the basal plane and in the [001] direction. Some
other structure is evidently possessed by the hydride phases
based on the alloys LaNis_yCo, (x = 0.5—3.0) because the
increase in the unit cell volume occurs mainly through an
increase in the lattice parameter a, while the change in the
¢ parameter is insignificant?®!.

The hydride phases MCosH, have orthorhombic unit cells
which are produced from the original MCos structure by an
anisotropic expansion in the basal plane of the hexagonal unit
cell with a negligible change in the ¢ parameter?’. LaCos
absorbs the largest quantity of hydrogen (H/LaCos = 4.3).§
In the y-hydride so formed the lattice parameter ratio
a/bv3 < 1, in contrast to the hydride phases with H/MCog < 4,
the so-called 8'-, B"-, and 8™ -hydrides, for which a/bv3 >
1.%?7 In the B"- and B" -hydride structures the ¢ parameter
is doubled, as indicated in the case of the B"' -hydride by
neutron diffraction data. Studies of hydride phases based
on alloys of the La;, xPr;Cos, Ce;_,Pr,Cos and La;_,Ce,Co;
systems showed®%°* that they have the B-hydride structure
with a doubled ¢ parameter.

The reaction of hydrogen with IMC's of the MM} composition
with Laves phase structures, where M is Sc, Y, Ta, Th, a
lanthanide, or a Group IV metal and M' is a transition metal
from either period IV or V, has been investigated®%3°-68,

The unit cells retain the original hexagonal symmetry in all
cases of hydride phases based on IMC's with the MgZn, type
structure containing Ti, Zr, Er, Lu, and Th as the M com-
ponent, and also in ScFe, crystallised with the MgNi, type
structure3®, 35748,

IMC's with MgCu, type structures react differently with
hydrogen. Although in the majority of cases there is an
isotropic expansion of the unit cells without a change in their
f.c.c. symmetry, for some hydrides of the MM},Hy type it was

§With a high pressure of hydrogen (up to 1400 atm) the
phase LaCogH, is formed?®®.
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established that there are three different modes of deforma-
tion of the original unit cell, leading to unit cells which are
primitive cubic with a doubled a parameter®?, orthorhombic

with @ ~ b ~ acybic/v2 and ¢ ~ coypic: . *°"*****! or rhombo-

hedral®®.

With a gradual change in the hydrogen content in the
phases ZrV,H, and ZrCr,H  from x ~ 0 up to saturated
hydrides the structure of the matrix does not change, but
the unit-cell parameters are increased®S. Analogous results
were obtained for YMn,Hy.®®

Hydrogenation of MM} compounds (M = lanthanide, Y, Ca)
with PuNi; type structures, when M’ is Co or Ni, leads to
formation of di- and tetra-hydride phases and is not accom-
panied by a change from the symmetry of the original rhom-
bohedral lattices ®*%%%¢-72  When hydrogen is absorbed by
the intermetallic compound up to the H,-phase composition
there is an expansion of the lattice matrix in the [001] direc-
tion of the trigonal unit cell with a negligible change in the
a parameter. In the tetrahydride phases, in contrast to the
dihydrides, the parameter a increases markedly, i.e. a fur-
ther increase in the unit cell volume occurs as a result of
expansion in the basal plane. When M’ = Fe only one
hydride phase, similar to the phase MCo(Ni) H_, in composi-
tion and crystallographic characteristics, is formed’%’2,

Also, on exceeding a certain critical temperature, below
which a two-phase region of a-solid solution and saturated
hydride exists, the hydride phases MFe;H, (M = Dy, Er)7*77¢
acquire the characteristics of a solid solution: a change in
their hydrogen content is accompanied by a continuous
increase in the unit-cell dimensions.

The data’’ on the existence of the mono- and di-hydrides
DyCo;H, ; and DyCo,H, 4, whose unit cells are "contracted"
in the z axis direction as compared to the DyCo; structure,
evidently require experimental verification, since they are
not in agreement with other results’®~72,

The CeCo;—H, system, in which only one hydride phase
CeCo 3Hj is formed, occupies a special place amongst MCo,—~H,
systems. This phase is analogous in crystallographic
characteristics to H,-phases but the increase in its ¢ param-
eter is anomalously large, amounting to 32%,°%72 which is
3-5 times greater than in the dihydrides MCo(Ni) ,H _,.

The intermetallic compound CeNi,; which crystallises in an
analogous structural type reacts with hydrogen in a similar
way—only one hydride phase, CeNi;Hj;, is formed and then
only the c lattice parameter is substantially increased®®.

Hydrogenation of IMC's of composition M,Co, with the Ce,.
.Ni, and Gd,Co; type structures leads in both cases to for-
mation of two hydride phases M,Co,H_; and M,Co;H 4, but
whereas the transition from o-solution to the hydride phase
M,Co,H_; is accompanied by expansion of the hexagonal (or
trigonal) unit cells only in the z axis direction, when the
hydride phase M,Co.H_; is formed the a parameter increases

The hydride phases Ti,NiH, (x = 0.5, 1.0, 2.0, 2.5) have
been interpreted as individual compounds’®. However there
is no change in the structure of the metal matrix on hydro-
genation—the cubic structures of these phases merely have
enlarged unit-cell parameters as compared to the original
intermetallic compound Ti,Ni (which crystallises in an analo-
gous structure type). On hydrogenation of the alloys
Ti,Co;_xFey,”® TiNiy_pFey,® TiNi;_,Coy,®’ and the com-
pounds Hf,M' (M' = Co, Fe, Mn, Rh),!:®? which have the
same type of structure as Ti,Ni, the volume of the unit cells
of the original structures increases but their cubic symmetry
does not change.

The compounds Ti,Ni, Ti,Cu, TiFe, and Ti,Co are able to
absorb oxygen without a change in the initial structure up to
the composition Ti,M'0,.5.5°7% Hydrogenation of the oxygen-
containing phases leads to mixed oxyhydride phases whose
structures also possess the original cubic symmetry®3~%¢,

56,72
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Judging from neutron-diffraction data®’, several hydride
phases are formed on hydrogenation of the intermetallic com-
pound Y¢Mn,; with the complex cubic structure of the ThgMn,;
type. The move to phases richer in hydrogen is accom-
panied by a gradual increase in the volume of the cubic unit
cells. However, in most of the work the values of the unit-
cell parameters are quoted only for the hydride phases
richest in hydrogen?®®:37,68,88,89

The hydride phases based on IMC's with structures of the
types CrB (ZrNiH,®® ZrNiH, ), ZrAg (ZrAgH °%), Th,Fe,
(Th,Fe,H,, , °*), CuAl, (Hf,NiH; °2, Th,AlD, °%), UNis (YNi,.
.MnH,_, °°), CeCo,B (CaNi,BH, ; °°), CsCl [TiFeH(D),%%’
TiFeD, , *°], Zr,Aly (Zr,All, ; °®), MoSi, (Hf,CuH, 4, Ti,.
.PdH, ,, Zr,PdH, ,, Hf,PdH, , '°%), and Cr,Si (V,GaH, , '*")
also have structures whose unit cells either correspond to
the unit cells of the parent IMC structures or are derived
from them. In contrast to these, the hydride phases based
on the intermetallic compounds TiNi,’® Mg,Ni,%%:1% zp,Cu,*°°
HfCo,®% HfNi,®?, ZrCo,'" Ti,Al,'°® and TiCo !°® have crystal
structures whose unit cells are not simply related to those of
the parent IMC structures.

The structure of hydride phases obtained by high-tempera-
ture synthesis at low hydrogen pressures (~1 atm) from a
mixture of the binary hydride of a metal M and a metal M'
have been studied*°’"1'%, The phases formed are M,M'H,_
(M = Ca, Sr, Eu, Yb; M' = Ru, Rh, Ir),107,108,112,114,115
Sr,PdH,**° Sr,PdH, and Ca,Pd,H, '*! with cubic structures
and also Li,RhH, and Li,RhHg,'!® whose structures possess
tetragonal and orthorhombic symmetry respectively; from a
mixture of two binary hydrides the phases LiEuH,,'"® LiBaH,
and LiSrH, ''° with antiperovskite type structures are formed.
Saturation of the alloys ThZr, and ThTi, with hydrogen at
elevated temperatures leads to formation of the phases ThZr,.
.H, and ThTi,H; and it is accompanied by ordering of the
metal atom arrangement as in the Laves phases MgZn, and
MgCu,. 3

The formation of hydride phases richest in hydrogen leads
to a 20—25% increase in the unit-cell volume of the IMC struc-
tures, although for a number of structures the ratio AV/V,
exceeds this amount by almost a factor of two (approximately
374 for hydrides based on CeRu, **® and ThMn, *?). The
ratio of the change in the IMC unit-cell volume on hydrogena-
tion AV to the number of absorbed hydrogen atoms is close to
2.5-3.5 &3 for all the hydride phases studied.

Li,RhH, and Li,RhH; are representative of a few metal
hydrides for which an X-ray structure examination has been
carried out on single-crystal specimens*®. In Li,RhH, the"
c.n. of the hydrogen atom is 6 and its coordination sphere
comprises one Rh and five Li atoms forming a distorted
octahedron. The structure needs refining by neutron dif-
fraction. The structure of Li,RhHs was not determined so
reliably, the positions of all the atoms being deduced from
geometrical considerations and from the relationship between
the Li,RhH, and Li,RhH, structures.

As a rule, X-ray powder diffraction investigations of the
structure of hydride phases do not make it possible to deter-
mine the positions in the crystal lattice occupied by hydro-
gen atoms. To solve this problem it is necessary to use
neutron diffraction.

1V. CRYSTAL-CHEMICAL ANALYSIS OF THE STRUCTURES
OF INTERMETALLIC COMPOUNDS AS MATRICES FOR THE
ADSORPTION OF HYDROGEN

As hydride phases based on IMC's are as a rule powders in
which the individual grains are not large enough for them to
be used for single-crystal structure determination, neutron
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powder diffraction has up to the present been used in all the
work carried out. The absence of single-crystal specimens
creates certain difficulties for the solution of the structure—
the traditional methods of structure analysis can be used only
in isolated favourable cases to obtain results from a powder
diffraction experiment owing to the limited number and over-
lapping of the reflections in the diffraction pattern. The
method of line profile analysis**’ has considerably widened
the possibilities of neutron powder diffraction analysis; how-
ever its use does not of course enable us to overcome the
principal deficiencies of the powder experiment mentioned.
The only possible method for solving the structure from the
neutron powder diffraction data is to show that there is
agreement between the intensities of the reflections calculated
theoretically for the proposed model of the structure and
those measured experimentally. Since the positions of the
metal atoms in the hydride phase structures are close to their
positions in the original IMC, the problem becomes one of
determining the positions occupied by the hydrogen atoms on
entry into the metal lattice.

The principles for constructing the most probable models for
the structure of hydride phases based on IMC's can be for-
mulated in the following way?3%"%118,

1. The positions in the parent metal lattice most preferable
for filling with hydrogen atoms are the tetrahedral holes with
a radius 20.4 2.

2. The M—H interatomic distances in the IMC hydride lat-
tice are similar to those in the binary hydride lattices;
the minimum permissible value is equal to the sum ryt (0.2 to
0.3) A.

3. The H-H interatomic distances must not be substantially
less than 1.8—2.0 &.

In addition the following hypotheses are very important
when analysing a model for the structure:

4. The preferable holes for occupation are those surrounded
to a maximum extent by atoms of the metal M which is more
active towards hydrogen (capable of forming a stable binary
hydride).

5. The greater the M—M distances between the atoms making
up the hypothetical coordination polyhedron in comparison to
the sum of the corresponding metal radii, the more easily is
this polyhedron deformed and hence the more easily is a
hydrogen atom inserted in the hole.

The last hypothesis was put forward a priori in 1979 1°
and has been confirmed by an analysis of experimental
results obtained over the last three years.

An analysis of possible models for the structures of hydride
phases based on IMC's has been carried out, using the hypo-
theses set out above, for the structure types CaCu; (on the
example LaNig),*!® MgCu, (example ZrCr,),*?%2%! MgZn,
(example ZrMoFe),"*%!?! PuNi; (example HoNi;),”® TheMn,,
(example Y Mn,;),%” CrB (examples ZrNi and LaNi),122712
and for some other types. Considering that at the present
time the structure of the majority of the corresponding
hydrides (or deuterides) is already established by neutron
diffraction, a detailed account of the results obtained is
hardly necessary and so we restrict ourselves to an enumera-
tion of the most characteristic features of the models for the
structures of the hydrides of intermetallic compounds which
distinguish them from the structures of binary metal hydrides.
The main difference is that, as already noted, the number of
different types of hole in IMC structures as a rule signifi-
cantly exceeds the corresponding number in binary hydride
structures. Thus, in the CaCuj type structure there are 5
types of hole suitable in principle for filling by hydrogen
atoms''®, in the MgZn, structure 7 types*®?! in the ThgMn,,
structure 9 types?’, in the CrB structure 7 types'?*, and in
the PuNi; structure (Fig.1) as many as 13 types’®. The
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second, and no less important, difference is that in IMC
structures three groups of hole can be distinguished accord-
ing to the metal atoms surrounding them: (a) holes formed
only by atoms of the metal M; (b) holes formed only by atoms
of the metal M’'; (c) holes with mixed surroundings (metals M
and M'), whereas in the binary hydride structures the holes
cannot of course be divided into different groups on this
basis.

The analysis has shown that insertion of hydrogen atoms in
the tetrahedral holest [hM,] of the parent IMC structures is
least probable because, firstly, they are smallest in size and,
secondly, they are formed by atoms of the metals M’ which
are inactive towards hydrogen (nickel, chromium, manganese,
molybdenum, or iron). In addition, the M'—M’ interatomic
distances on the periphery of these holes are as a rule less
than double the radius of metal M', so making filling of the
holes difficult.

Table 1. Characteristics of the types of hole most preferred
for introduction of hydrogen atoms into the structures of
LaNig,*® ZrCr,,?° ZrMoFe,*® HoNi;,*® Y Mn,;,%” and LaNi !®*
(r is the effective radius of the hole).

Interatomic distances, A* Coordinates** i
Structure, Type of hole r, n ot
i MM ‘ MM 'M‘—M' 103x | 103y | 103
LaNis [hLa2Niz] 3.98 |4 at 3.20| 2.51 | 107 | 214 | 500 }0.51 | 1/2
2rCr, [hZryCr7] 3.12 |4 at 2.99] 2.55 | 815 | 815 | 131 | 0.38 | 1/2
ZrMoFe hZry(Mo, Fe)p]'| 3.17 |4 at 3.03| 2.59 | 463 | 926 | 250 | 0.39 [ 4
(nzesto,rop]'| 317 (st 3.3 20l g | e | B0 |03
’ | 3.47 [2at3.03; 2. .
[hZr2(Mo, Fe)z] ‘ 5 304
[hZrp(Mo, Fe)y] | 3.17 (3 at 3.03;] 2.59 | 283 | 327 | 934 | 0.39 | 1/2
’ 3.04
‘HoNig [hHo2Nip) 3.42 2 at 2é85-5~s 2.48 | 125 | 249 | 73 | 0.42) 1
2at 3.1
[hHo2Nip] 3.42 |2 at2.85;] 2.48 | 875 | 750 73 | 0.2 1
2 at 3.19
YeMny, [hYg] 6 at 2.54] — — 0 0 0 |0.74} 14
LaNi [hLa3Nip] 2at3.69;|2at2.93;| 3.81 | 0 925 | 250 [ 0.45 | 1
4.36 |4 at 2.99]

*According to published data’®, the metal radii (in R) (for
c.n.y = 12) are as follows: rpg = 1.877, ryj = 1.246, rygo =
1.766, rgy, = 1.602, rop = 1.282, ryp = 1.400, rpe = 1.274,
ry = 1.801.

**Data on the metal atom arrangement in the structures of
the parent intermetallic compounds are given in refs.30, 87,
118, 120, and 163.

#*%¥n is the maximum possible occupation factor of the holes
under the condition dy,_p, > 1.8—-2.0 A.

fIn this article the method adopted by Soviet authors (see,
for example, Kripyakevich's monograph®®) is used to signify
holes (h) and coordination polyhedra of atoms: following
specification of a hole or the central atom of the polyhedron
(in this article D or H) the metal atoms forming the hole or
coordination polyhedron are stated in decreasing order of
their radii.
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The holes in the parent IMC structures most preferred for
filling by hydrogen atoms are the largest: the tetrahedral
[hM,M"] (LaNis, ZrCr,, ZrMoFe, and HoNi, structures), the
octahedral [hMg] (Y Mn,, structure) and the hole of form
[{hM;M5] at the centre of a trigonal bipyramid (LaNi and ZrNi
stuctures), because their periphery involves a high propor-
tion of atoms of the metal M which is active towards hydrogen
(Y, Zr, La, Ho) as compared to other holes. In addition,
filling of these holes by hydrogen atoms is favoured by the
fact that their periphery contains a larger number of M—M
distances which exceed the sum of the corresponding metal
radii than do other types of hole. The basic data describing
the types of hole listed above are given in Table 1.

In the structures under consideration the tetrahedral holes
[(hMM4] (LaNis, ZrCr,, ZrMoFe, HoNi,, and Y Mn,; struc-
tures), [hM,;M5] (Y¢Mn,;, LaNi, and ZrNi structures), [hM;M']
(LaNi and ZrNi structures), and the octahedral holes [hM,M}]
(LaNis; and HoNi; structures) can also be singled out. If we
take into account the dimensions of these holes, the nature of
their periphery, and the magnitudes of the distances between
the metal atoms forming the holes, we see that they are less
likely to be filled than the holes listed in Table 1; however it
is quite possible that hydrogen atoms are placed simultaneously
in the most preferred holes (see Table 1) and in these latter
holes [hMM}4], [hM,M4], [hM3M']}, and [hM,M}] in hydride
phase structures.

The specified hypotheses on the principles for setting up
models for the structures of hydride phases have been con-
firmed by neutron-diffraction studies.

V. NEUTRON-DIFFRACTION STUDIES OF THE CRYSTAL
STRUCTURES OF THE HYDRIDE PHASES M M} H(D),

The largest number of hydride structure investigations
published up to the present are of those based on IMC's with
the hexagonal structure of the CaCus type?’»*0118,1257134
Although the introduction of hydrogen into the MM} lattice
leads to a different deformation of the unit cells in nickel-
containing (LaNisDg o, LaNi,AlD, ;, etc.) and cobalt-con-
taining (CeCosD, g5, PrCosD3,¢) hydrides (or deuterides)
(see Table 2), all these structures are related to each other
and are different versions of the model for the structure of
the phase MM'sH(D),, in which the tetrahedral holes [hM,M}]
and [hMM4] (or the octahedral holes [hM,M;]) of the parent
IMC lattice are filled. The most substantial differences
between the MNis_yAlyDy structures and the MCosD, struc-
tures are connected with some displacement of the deuterium
atoms from the layers of metal atoms, situated in planes
perpendicular to the z axis, since in the MCosD, structures
the deuterium atoms are in the planes of these layers (see
Figs.2 and 3). These displacements lead to a change in the
form of the coordination polyhedron and the c.n. of the
deuterium atoms from 6 in the octahedral [hM,M.] holes of the
MCosD,. structures to 4 in the tetrahedral [hMM}] holes of the
LaNigD¢ , and LaNi,AlD, , structures and from 4 in the tetra-
hedral [hM,M}] holes of the MCosDy and LaNi,AlD,,, struc-
tures to 3 in the LaNigD¢ , structure (resulting from displace-
ment of the deuterium atoms into the LaNi, triangular plane).

For the deuterides MCosD,. ordered occupation of two of
the six [hM,M5]) holes and two of the three [hM,M,] holes in
the parent lattice is characteristic. Such an occupation
evidently explains the anisotropic expansion of the original
hexagonal unit cells leading to their orthorhombic deforma-
tion. In accordance with structure models proposed for
g-hydrides on the basis of neutron-diffraction data?’, g'-
and BR"-hydrides have the limiting stoichiometric composi-
tion MCosH,, but for B"'-hydrides this composition is MCogHj,.
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Table 2. Details of crystal structures of hydride phases M,M/,H(D),..

- Lattice parameters, A C.n. of Coordination Shortest interatomic distances, A**
Compound Space group ' hydrogen polyhedra of Refs.
. ! a b ¢ atoms hydrogen atoms* dy dy dy
B’ -Pr€oD, , Cmem 8.868 5.431 4.083 6 0 [D™Pr,Co,} 2.38 (0.55) 1.67(0.42) 2.45 27
' 4 T [D®PryCo,) :
B“NdCosD, 4 Im2m 8.819 '5.247 8.093 6 O [DNd,Co,] 2.37(0.55) 1.43(0.18) 2.47 127
% : | 4 T [D%’Nd,Cos)
(7 -CoCosD, 44 Cmem 8.728 5.105 8.146 ] O [DVCe,Co;] 2.34(0.52) 1.61 (0.36) 2.30 {27]
o 4 T [D'®Ce,Co,}
LaNi;D, P321 5.43 — 4.28 4 T [D%LaNi,) | 2.44(0.56) 1.43(0.18) 2.29 [132]
' 3 Tr [DPLaNi,)
LaNisD, , P3im 5.410 - 4.293 4 T [D¥LaNi] 2.50 (0.62) 1.45 (0.20) 1.57 {125]
’ 4 T [D®La,Ni,)
LaNisD, , P3im 5.40 - 4.28 4 T [DLaNi,] 2.50 (0.62) 1.56 (0.31) 1.31 [126]
& 4 | T[DWLaNh)
LaNi;AID, , P321 5.300 — 4,242 4 T [D*LaNiy(Ni, ANl 2.37(0.49) 1.48(0.23) 2.09 [133])
’ 4 T [D®LayNi, Al),]
ZiMoFeD, , P63/ mme 5.420 - 8.826 4 T [DVZry(Mo, Fe),])| 1.86 (0.26) 1.78 (0.38) 1.87 1139}
- 4 T [D #Zr,(Mo, Fely]
ZtMn, D P6,; mmc 5.391 - 8.748 4 T{DPZr,Mn,j 2.05(0.45) 1.74(0.48) s [1460]
» 4 T [D'®Zr,Mn,)
4 T [D®Zr,Mn,]
4 T [D9ZrMn, )
ZrCryD, Fd3m 7.697 - — 4 T [DZryCrs] 2.06 (0..46) 1.73(0.45) 2.08 11201
ZCryD, Fd3m 7.628 — — 4 T [DZr,Cr,) 2.05 (0.45) 1.75 (0.47) e [142]
CeRu,D, , Fd3m 8.383 — - 4 T [DCeyRu,] 2.40 (0.58) 1.73 (0.39) orx [143}
Hiv,D;;’ l4y/a 5.42 — 7.85 4 T [DHI,V,) 2.01(0.43) 1.82 (0.47) 2,10 [144]
v, D,y 14y/a 5.485 — 7.902 4 T [DZrVs) 2.06 (0.46) 1.80 (0.45) 2,10 [145]
ZrVeD, ¢ Fd3m 7.613 — — 4 T [DPZr,yV,] 2.04 (0.44) 1.81 (0.46) ree [146)
4 T [D®ZrV,)
ZtVH, , Fd3m 7.946 — — 4 T [HVZr,V,] 1.91 (0.31) 1.85(0.50) #rx [142]
4 T [H2ZrV,]
Zrv,D, , Fd3m 7.910 - - 4 T [DVZr,V,) 2.04(0.44) 1.81(0.46) ok [142]
4 T [D®ZrV,]
HIV,D,"0" Fd3m 7.78 — — 4 T [DHf,V,) 1.98 (0.40) 1.79 (0.44) 2.01 [144}
. 4 T [DPHIV,}
ZrTi,D, Fd3m 8.19 — — 4 T [DZrTi,] 1.92(0.32) 1.92(0.46) 2.31 [147)
HoNizD, , R3m._ 4.991 - 26.12 4 T [D®HogNi,) 2.14(0.37) 1.56 (0.31) 2.13 [148}
’ 4 T [D®HoNij)
a-TiFeD, 44, Pm3m 2.979 — - 6 O [DTi,Fe,] 2.11 (0.65) 1.49 (0.22) 2.11 [150]
(2) (L [DFe.}}
p-TiFeD P222, 2.966 4.522 4.370 3 0 [D®Ti,Fey) 2.07 (0.61) 1.48 (0.21) 2.29 197)
6 O [D®Ti,Fe,}
B-TiFeD, , Pmc2, 2.956 4.543 4.388 6 O [D™Ti,Fes) 1.96 (0.50) 1.49(0.22) 1.96 {96}
6 O [D®Ti,Fe,]
¥-TiFeD, , P2/m 4.704 2.380 4.704 6 O [DVTi,Fe,} 1.99 (0.53) 1.71 (0. 44) 2.35 [98]
y=97.0° 6 O [D®Ti Fe,|
6 O [D®Ti,Fe,]
6 O [D®TiyFe,]
TiCuD, , P4/nmm 3.020 — 6.837 4 T[DTi,] 1.93(0.47) — 2.14 1157]
Th,AID, I4/mem 7.629 — 6.517 4 | T(DTh,] 2.39 (0.59) — 1.79 [94]
LiPtD, ,, P3im 2.728 - 4.226 4 T [DWLisPt] 1.67 (0.11) 1.56 (0.17) 2.73 {160,
4 T [D’LiPt,] 161]
LiPdD, , P4/ mmm 2.798 — 3.768 6 O [DLijPd,) 1.88(0.32) 1.98 (0.60) l 2.80 [160]
YsMng;Dss Fm3m 12.84 — — 6 0 {DVY,) 2.02(0.22) 1.68 (0.42) s {871
4 T DY, Mn}
4 T [DSYMn,]
3 Tr [D¥Y,Mn]

305
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Table 2 (cont'd).
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Lattice parameters, A C.n. of Coordination Shortest interatomic distances, A**
Compound Space group hydrogens polyhedra of Refs.
. a b ¢ atoms hydrogen atoms* d dy dy
TheMngD,, o Fm3m 12.92 — — [i} O [D®Thy) 2.34(0.54) 1.68(0.42) i [158]
: 4 T {D®ThyMn]}
. 5 TB {D®Th,Mny]
ZrNiH, Cmem 3.53 10.48 4.30 3 Tr [H'VZrNi,] 1.93(0.33) 1.77(0.52) 2.04 [91]
4 T [H®Zr;Ni]
ZrCoDy Cmem 3.53 10.48 4.30 5 TB [DVZr,Cos) 2.13(0..53) 1.68(0.43) 2.20 {104]
4 T [D®Zr,Co}
LaNiD, , Cmem 3.98 11.94 4.87 5 TB [D’La,Ni,} 2.41(0.53) 1.56 (0.31) 2.28 163]
4 | T[D®LayNi)
2 L [D¥Nip]
SryRuDg Fm3m 7.60 — — ‘ 5 TP [DSr,Ru} 2.69 (0.54) 1.77(0.43) 2.50 [114]
MgNiD **+#x* Fm3m 6.49 ‘ — — I 5 TP {PMg,Ni] 2.30(0.70) 1.47(0.22) 2.07 {164]
- ! I ——
ZrVFeD, Pfiy/ minc 5.431 — $.863 4 2.02(0.42) 1.70/(0.35) wks j166)
4
4
4
i I o | . I o
ZrVCuD”. PGy/mmnc 5.468 — 8.4%40 4 T{DVZry(V, Culy) 1.81(0.21) 1.64(0.29) Fak [166]
4 T [D2Zry(V, Cuy]
4 T{D®Zr(V, Cu)y|
4 T [D9(V, Cu,]
ZrVNDBDg P63/ mme 5.690 — @288 4 T [DVZry(V, Nb)y| 1.93(0.33) 1.74(0.27) ok [166]
4 T [D®Zr,(V. NOL
4 TD®Zr,V(V, N3))
4 T{DWZrV(V, ND,|
LaNi_ ,Al, D, P6/ mmm 5.431 — 4.236 ‘ 4 T [DWLay(Ni, Ab),] | 2.49 (U.61) 1.61(0.18) hox 1170)
: 5 TB [D*®La,Niy(Ni,
\ AD]
Ti;Fe;OD, Fm3m 11.41 — - 6 | O[DYTig} 1.80 (0.34 1.51(0.24 pe 171
DR G R 4 T |D‘2)TiZFn] ) ) v
4 T [D*TiyFe)
Sr,lrDs 14/mmm 5.320 — 7.796 5 TP [DSt,Ir] 2.71 (0.56) 1.69(0.35) 2.39 [174)
5 TP [DSrylr|
5 TP [D®Sr,Ir]

*Symbols for polyhedra: O octahedron, T tetrahedron, Tr triangle, TB trigonal bipyramid,

TP tetragonal pyramid, L linear.

*¥d, = dy—yg, d. = dpr—-H, ds = dg-g- The values in parentheses after d, and d, are the
effective radius of hydrogen, calculated from rg(p) = dM(M')—H(D) ~ "M(M')
***The shortest H—H distances cannot be determined precisely from the published data because
in the structures there are statistically occupied hydrogen atom positions 1.0—2.1 A apart.

#***[ow-temperature modification.
*xxkkHigh-temperature modification.

However, from data on the absorption—desorption isotherm of
hydrogen from the same paper?’, with a rise in pressure the
composition of the B'- and B™-hydrides approaches MCozH,
and MCogH; respectively, but for B"-hydrides it does not
exceed MCosH;, which contradicts the proposed model for the
structure [This sentences does not make sense. The Russian
probably has a misprint, possibly in the primes (Ed.of
Translation)].

In the structures of the 8"- and R"-hydrides the octahe-
dral holes are filled to a lesser degree as compared to the
B'-hydride, while for the B'"-deuteride CeCo;D,, 55 ordered

filling of half of the [hCe,Co,] holes occupied in the B'~hy-
dride structure is characteristic?’.
some deformation of the metal sublattice in the structures of
the B"- and B"'-hydrides, leads to doubling of the ¢ param-
eter of their unit cells.
The orthorhombic y-hydride structure LaCogH, , has not
yet been elucidated although a neutron diffraction study has

been carried out on i

t27,

This ordering, and also

A number of publications have been devoted to an investi-

gation of the structure of LaNisDg+x.

40,118,125-128,132,134%

This

is partly because the structure of LaNigH(D)¢ has been stud-
ied independently and also simultaneously in the USSR,!®
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d125 125'1..

Switzerlan , and Norway In addition some inaccura-
cies in the earlier work gave rise to the need for new publi-
cations'?®132  All the structural models proposed for LaNi;.
.Dg+x differ rather substantially from each other in some of
their features, although each of them is quite satisfactorily
verified by the specific neutron-diffraction results of the
different authors.

R
9

l ?

e Y

Figure 2. Structure of LaNigD; ,;*
hedra of the D atoms are outlined.

OL(I @ N.L(i) O N.L(Z) ODU) . D(?)

32 the coordination poly-

(1)
)

the coordination

Figure 3. Structure of R'-PrCosD; ¢;°’
polyhedra of the D atoms are outlined.

+Although the earliest publication on the structure of
LaNiDg ; was that of Bowman and co-workers in 1973,®" their
results cannot be considered reliable because of the presence
in their structure of D—D and Ni—D interatomic distances
equal to 1.30 and 1.17 such small distances are inadmis-
sible from stereochemical considerations; the latter distance
is less than the metallic radius of nickel (1.246 & 1¢),
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In this situation only those structural results which corre-
late satisfactorily with the results of research on hydride
phases by physicochemical analysis methods can be consid-
ered sufficiently conclusive. The broad line n.m.r. method
is very informative for crystalline hydrides. The magnitudes
of the second moments M, determined by this method depend
on the H-H and La—H interatomic distances in the hydride
phase and indicate clearly the presence of short interatomic
contacts. M, has been measured experimentally and the
values, 12.7 G? for LaNisHg., **® and 13.4 G2 for LaNis ,Hg. ;" %°
do not agree with the value M, = 20.1 G? calculated theoreti~
cally by us for the model of the LaNisH(D)¢ structure pro-
posed by Fischer et al.??® Hence their hypothesis'?® that
positions 6(d) in space group P31lm are statistically occupied
by deuterium atoms, leading to H-H interatomic distances of
1.58 and 1.68 X, does not correspond to the facts and the
incorrectness of their structural model is indicated.

The same conclusion can be drawn regarding the model
proposed*?® for the LaNigDs,¢ structure.

However the model for the LaNisD¢+x structure proposedw’
*32 within the space group P321 agrees quite satisfactorily
with the experimental n.m.r. results. In considering possi-
ble versions of the LaNisH(D)¢, , structure the assumption was
made that in each unit cell the occupation of holes in the metal
sublattice by hydrogen atoms proceeds in an ordered way—
up to three hydrogen atoms are found in the [hMM};] and
[hM,M},] holes which are most remote from each other. In
this case the minimum H—H interatomic distance is 2.29 X,
which agrees well with the value calculated on the basis of
n.m.r. spectra. At the composition LaNisH; , the value
calculated for M, on this assumption (10.9 G?) is very close
to the experimental values. The n.m.r. results therefore
fully confirm the proposed model*%!3? for the LaNisD¢ , struc-
ture.

An argument in favour of this same model is that it is the
only model that allows us to explain the presence of the wide
homogeneity range in LaNisH¢,, right up to LaNigH, which
exists at —40 °C and a hydrogen pressure of 50 atm,**” or at
room temperature and 1400 atm pressure’?’. In fact the
maximum stoichiometric composition which can be achieved by
filling all the [hMM4] and [hM,M5] holes is LaNisHy whereas in
all the ottier models the composition LaNisHg , cannot be
exceeded because of the occurrence of H—H contacts of ~1.5 &.

The recently published results on the structures of LaNig.
.Dg,p and LaNis-yMy, Dy (M' = Al, Mn) 127,129 cannot apparent-
ly be considered reliable. The authors draw the conclusion
that all forms of hole present in the MM} structure including
those such as [hM|] are statistically occupied by deuterium
atoms. However the insertion of hydrogen atoms into holes
formed by atoms of elements, which are inactive towards
hydrogen and whose binary hydrides are unstable and can
be obtained only by the use of special methods, is very
improbable. In every case such a conclusion requires
careful verification and reliable confirmation by other physico-
chemical methods as well as structural.

Structural research on hydride phases based on other
members of the homologous series of structures MM{—MM} has
been conducted to a considerably lesser extent than in the
case of MM{H(D)x. The structure of the hydrides of the
Laves phases MM;H(D),. has been studied more completely
than the others. The structure of a hydride phase based
on an IMC crystallising in the MgZn, type (ZrMoFeD, () was
first investigated by Yartys' et al.*3%*%° In accordance
with the most likely models discussed above for the struc-
ture of MM}H(D), phases, in this deuteride there is ordered
insertion of deuterium atoms into two of the four types of
[hZr,(Mo, Fe),] holes.
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The structure of ZrMn,D, ;, has been investigated (as with
ZrMoFe the parent IMC has the MgZn, type structure).*?
The main results agree with those of Yartys' et al.}3%13%9;
in ZrMn,D; , all four types of [hZr,Mn,] hole are statistically
occupied.

An attempt to examine the structure of the hydride phase
based on ZrCr,, one of whose polymorphic modifications crys-
tallises in the MgZn, type, was undertaken by Irodova et al.**!
However the authors did not succeed in obtaining a single-
phase specimen of the parent IMC and so the structure of the
hydride phase was not worked out.

A richer spectrum of structures is obtained by hydrogenat-
ing IMC's which crystallise in the MgCu, type. As in the
structures of other Laves phases, there are three different
types of hole: [hM,M}], [hMM}] and [hM.,] in the parent
MgCu, structure. For the structures ZrCr,D,.s,*?® ZrCr,D
(x = 2.9, 3.1, 3.8),'*? TiCr,Dy.,5,*% CeRu,D; ,,'*® and the
low-temperature modifications HfV,D, , ** and zrV,D, ,,*°
filling of only the largest-in-volume [hM,M5] holes, when
their periphery includes the greatest number of atoms of
element M (Zr, Ti, Ce, Hf), is characteristic as in hydrides
based on IMC's with the MgZn, type structure. Besides
these, two other structural variations are known-—a mixed
filling of the [hM,M5] and [hMM4] holes in the high-tempera-
ture modifications of the hydride phases based on HfV, and
Zrv, (the Zrv,D,  ,'*® Z2rV,H, ,,'** Zrv, D, ,,'*? and HfV,.
.D,., " structures) and filling of only the [hMM}] holes
(ZrTi,D, structure'*’), as a result of which a spinel type
structure is formed§ .

It is of interest that in structures with mixed filling of
[hM,M5] and [hMM}4] holes, the degree of filling is identical
for zirconium and hafnium compounds. In contrast to ZrV,.
.H(D)x phases in which hydrogen atoms are found in approxi-
mately equal or similar quantities in the two types of hole, in
the HfV,D, , structure five times as many atoms occur in the
[hM,M%] holes as in the [hMM,] holes. The phase transition
which occurs at 298 K in HfV,D, , is accompanied by a reduc-
tion in the lattice symmetry from f.c.c. to body-centred
tetragonal (b.c.t.) and by a redistribution of deuterium
atoms in the holes in the metal matrix; the [hMM}] holes
remain vacant but the [hM,M}] holes are filled in an ordered
manner—of the three possible positions which are related by
symmetry operations in the f.c.c. unit cell but are indepen-
dent in the b.c.t. cell, only one is occupied. Similar results
were obtained for ZrvV,D,  .*"°

Neutron-diffraction studies of hydride phases based on
IMC's located in the homologous series of related compounds
between the compositions MM{ and MM, have been carried out
for only one compound, namely the deuteride HoNi;D, ; based
on an IMC with the PuNi, type structure*®!®, As was
expected, the structure of HoNi;D; 4 corresponds to one of
the most probable models for the structure—a large propor-
tion of the deuterium atoms occupy the [hHo,Ni,] holes,
which are the most preferred from the point of view of their
size and periphery, and which are similar to the holes with

X

#The stoichiometric composition corresponds to the a-solu-
tion.

§ Although ZrTi,D, is formed by the reaction of deuterium
with an alloy of composition ZrTi, which does not possess the
MgCu, type structure, in the structure of this deuteride the
metal atoms occupy crystallographic positions characteristic
of a C15 type phase and therefore the ZrTi,D, structure can
be regarded as a derivative of insertion type in the structure
of the hypothetical compound "ZrTi,".
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the same periphery and which are occupied in the MMiD,.
deuteride structures, and they are located near the boundary
of the CaCus and MgZn, type portions of the strreture (Fig.4).
However, the most distinetive feature of the HoNi;D, 4 struc-
ture is the occupation of holes with an HoNi; periphery. This
type of hole lies within the MgZn, type section of the struc-
ture and is vacant in the ZrMoFeD, ; and ZrMn,D; , strue-
tures.

Ho

H0(2]
.(1)

()
L)
)]
(2)

) o5 —€
fL\ o Pou WY -2
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\/

c e 06600

H 8 X Z Z
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Figure 4. Structure of HoNi;D; g ® (z = 0-1/3); the
coordination polyhedra of the D atoms are outlined.

The special features of the structure of HoNi,D, , permit
the unusual type of deformation of the metal matrix on the
insertion of hydrogen into it (expansion of the unit cell only
in the z axis direction) to be explained. Analysis of the
M-M interatomic distances in the HoNi; structure shows that
they vary over a fairly considerable range—some of them
exceed the sum of the corresponding metal radii while other
distances are markedly "shortened", i.e. significantly less
than the sum of the radii, with all the "shortened" distances
lying either in planes perpendicular to the z axis of the unit
cell, or at a very small angle to these planes, and the
"elongated" distances, on the other hand, lying either paral-
lel to the z axis or at some angle to this axis. It thus seems
quite natural to suppose that expansion of the unit cell must
take place most easily in that direction where resistance to
the deformation resulting from the insertion of hydrogen
atoms is least. It is evidently just this ease of deformation
of the "elongated" M—M bonds, which lie along the z axis,
that explains the expansion of the unit cell only in the [001]
direction. The holes in the metal matrix preferred for
insertion of hydrogen atoms are of course those whose
periphery contains "elongated" M—M bonds. As might have
been supposed two of just such holes are occupied in the
HoNi;D, 4 structure.



Russian Chemical Reviews, 52 (4), 1983

The choice of hydride phases based on other structural
types of IMC which have been investigated by neutron
diffraction has been to a considerable degree accidental.
Much interest has been shown for some time past in the
study of the structure of hydride phases formed on the
basis of TiFe. This is quite understandable as TiFeH, , is
one of the most promising substances for hydrogen storage'“°.
There have been neutron-diffraction studies of all the hydride
phases formed in the TiFe—H(D), system: «, B, and y with
compositions corresponding to the formulae TiFeD, ,s,,*°
TiFeD, ;—,.,,°%° and TiFeD, ,.°®

These researches showed that deuteriation is not in this
case accompanied by reorganisation of the parent metal
matrix and leads only to some deformation. In the a-phase
TiFeDg, 45, *°° there is ordered occupation by the deuterium
atoms of one of the three octahedral holes with a Ti,Fe,
periphery present in the unit cell of TiFe. The difference
between the Fe—D interatomic distances and the metallic
radius of iron (0.22 ?&) is significantly less than the corre-
sponding value for the Ti—D distances (0.65 K). The
coordination of the deuterium atom can be interpreted as
linear [DFe.] and its coordination number is as a result
decreased from 6 to 2.

Further introduction of hydrogen into the structure gives
the R-phase which has a composition close to TiFeH(D), ,.7%*%’
The orthorhombic TiFeD, ; structure was examined for the
first time by neutron diffraction by Thompson et al.*®, who
showed that the deuterium atom D(1) occupies the octahedral
[hTi,Fe,] hole. The small amount of deuterium in excess
of the composition TiFeD, , occurs in octahedral holes of a
second type, also having a Ti,Fe, periphery, but they are
somewhat displaced from the ideal centres. A second exami-
nation of this structure®’ confirmed the main results of
Thompson et al.%®, but found that the D(?) atoms are exactly
in the centres of the [hTi,Fe,] holes.

In the P—C diagram of the TiFe—H, system’*! two two-phase
regions o + 8 and B + y exist. However, on the basis of
unverified data'®? as to the existence of a subsidiary plateau
in the composition range 1 < x < 1.4 on the isotherm for
absorption—desorption of hydrogen by the hydride phase
TiFeH, at 274 K (note that these data were not confirmed in
a study of deuterated specimens!®®), Schefer et al.'*® con-
cluded that there is a hydride phase close in composition to
TiFe,D,. Examination of the structure of this phase showed
that it is isostructural with TiFeD _, and further introduction
of deuterium atoms into it takes place in the holes filled with
the D(2) atoms in the TiFeD., structure.

The y-phase TiFeD; g (Fig.5) has a monoclinic unit cell in
which the deuterium atoms occupy four different positions®®.
Three of these are octahedral holes with a Ti,Fe, periphery,
two out of the three corresponding to the positions of atoms
D) in the B-phase structure, but for atom D) the coordi-
nation polyhedron is the octahedron [D(*)Ti,Fe,]. Rather
unexpectedly the holes occupied by atoms D(2) in the R-phase
structure are vacant in the y-phase.

The TiFe—H(D), system was also studied with neutron dif-
fraction by West German authors*®*1%%, The results obtained
are on the whole in agreement with the data discussed above®%?7

A detailed discussion of all the neutron-diffraction data on
the TiFe—H(D), system has been given in a recent review>®®,

TiCuD, o, which has been examined by neutron diffrac-
tion'%”, was obtained by starting with the y-modification of
the IMC which possesses tetragonal symmetry. Unfortunate-
ly the reliability of the experimental results is reduced con-
siderably by the presence as an impurity in the IMC of
another of its allotropes, the §-phase, which also has a
tetragonal structure and whose reaction with hydrogen was
not studied by these authors. In this connection the
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exclusion of some parts of the neutron-diffraction pattern

(in which the diffraction lines of the y- and §-hydrides
TiCuD,. were superposed) from consideration was not suf-
ficiently justified. Nevertheless these results are quite rea-
sonable and correspond to the most probable model for the
deuteride structure: the holes occupied by hydrogen are
those most preferred for filling, the tetrahedral holes [hTi,]
which have a periphery of atoms of the element (titanium)
more active with respect to hydrogen.

OTi
®re
o

® D(Z)
o ¥
o ¥

Structure of y-TiFeD; q;
hedra of the D atoms are outlined.

Figure 5. the coordination poly-

The investigation of the deuterides Y Mn,,D,. (x = 8.3,
18.0, 23.0) based on an IMC with the ThMn,, type structure®’
is of considerable interest. The parent IMC crystallises with
a complex cubic structure, the unit cell of which contains 116
metal atoms and has 9 different positions which can be occu-
pied by deuterium atoms. The sequence of filling of the dif-
ferent positions as the deuterium content is increased corre-
sponds on the whole to the rules set out above for the structure
of multicomponent IMC hydrides. When the first hydride
phase Y Mn,;D; ; is formed, the deuterium atoms enter the
[hY¢] and [hY;Mn] holes whose periphery contains the larg-
est contribution of atoms of yttrium which is the element
active towards hydrogen. In the second phase Y Mn,,D g
the [hYMn;] holes are filled as well and then in the Y Mn,;.
.D;;.4 structure deuterium atoms enter the [DY,Mn] position
with trigonal planar coordination. As expected, the [hMn,]
holes formed by manganese, which is the inactive element
with respect to hydrogen, are not filled in any of the deute-
rides. From the last of the proposed models we may arrive
at the maximum stoichiometric composition for the hydride
phase of MM} H;;.

Th¢Mn,;D, , has been examined by neutron diffraction!®®,
The structure of this compound might be expected to be
analogous to that of Y Mn,;D;, described above. It was
however found that they are not isostructural—firstly, the
deuterium atoms are displaced substantially from the centres
of the [hMM}4] holes and two holes of this type are arranged
with an Mn; triangular face in common, leading to a change
in the form of the coordination polyhedron of the deuterium
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atom from a tetrahedron in Y¢Mn,;D,4 to a trigonal bipyramid
(DC*)Th,Mn,]. In addition, the degree of occupation of the
[hM,] holes in the structure of the Th compound is relatively
small, in contrast to the Y¢Mn,;D,4 structure in which they
are completely filled®’.

The intermetallic compound LiPt crystallises in the LiRh
type structure!®®, which is a superstructure to the Mg type.
In the LiPtD, ¢ structure'®®!¢! the deuterium atoms occupy
the tetrahedral holes in the hexagonal close packing. The
coordination polyhedra of the deuterium atoms are the (p(1),
.Li,Pt] and [D{?)LiPt,] tetrahedra. The LiPtD, ., structure
has no analogues among the structures of binary hydrides
with hexagonal close-packed metal atoms, for which as is
known filling of octahedral, and not tetrahedral, holes is
typical.

The intermetallic compound LiPd exists in two polymorphic
modifications, with structures of the LiRh and CsCl types!®?.
Only one of these (the LiRh type) is capable of reacting with
hydrogen, and the hydride formed has a tetragonal struc-
ture!®®. The hydrogenation process is accompanied by
reorganisation of the metal matrix from the LiRh type to a
tetragonally distorted CsCl type. If the LiPdD, , struc-
ture'®® is regarded as derived by insertion to the CsCl type,
then the deuterium atoms are found to occupy only one out of
three octahedral I..les present in the b.c.c. unit cell with
Li,Pd, periphery, evidently as a result of which there is an
anisotropic expansion of the structure.

The structure of Th,AlD, °* can be regarded as a packing
of [AlThg] tetragonal antiprisms with aluminium at the centre
and unfilled [hTh,] tetrahedra, which the hydrogen atoms
occupy on introduction into the IMC lattice. At the stoichio-
metric composition Th,AlD, all 16 of these tetrahedra are
occupied but when D/Th,Al is less than 4 the filling is dis-
ordered.

The ZrNiH; structure®® is a derivative of the insertion type
to the CrB type structure. The structure of ZrNi consists
of layers of [NiZr.] trigonal prisms with nickel at the centre
and layers of unoccupied rhombic pyramids and tetrahedra of
zirconium atoms alternating one above the other?5, In the
ZrNiH,; structure the hydrogen atoms of one sort are at the
centre of the base of the trigonal prisms; their coordination
polyhedron is the trigonal bipyramid [H(}*)Zr,Ni,]. The
hydrogen atom is displaced from the ideal position at the cen-
tre of the bipyramid in the plane passing through the nickel
atoms and one of the zirconium atoms. The coordination of
the atom H(*) can be regarded as triangular [H(I)ZrNiz].
The hydrogen atoms of the second sort occupy distorted
tetrahedra [H(?)Zr,Ni].

1

Deuteriation of the intermetailic compound ZrCo, which
possesses the CsCl type structure, gives ZrCoD;, isostruc-
tural with ZrNiH,;, with ordered Zr and Co atoms in the CrB
typel®. In contrast to the ZrNiH, structure, the atom D(1)
is only slightly displaced from the centre of the trigonal
biPyramid, so that it has a c.n. of 5, [D(l)Zr3C02]. Atom
D 2), as in the ZrNiH; structure, has a c.n. of 4 and tetra-
hedral coordination [D(?)zZr,Co].

The third representative of hydride phases based on an
IMC with the CrB type structure, whose structure is known,
is LaNiD; ,. When the D/LaNi ratio exceeds 3.0, the deute-
rium atoms have linear coordination, which is unusual for
metal hydrides, with nickel atoms as neighbours (Fig.6).}2*%?
The structure of LaNiD, ,, together with TiFeDg 457, %° is a
rare example of a metal hydride structure in which the hydro-
gen atoms have a c.n. of 2. The atoms D(*) and D(?) in
this structure occupy the same positions as in the structures
of Zr-containing compounds with trigonal bipyramids and
tetrahedra as coordination polyhedra.
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Sr,IrD; and Sr,RuD; !** are obtained by deuteriation of a
mixture of SrD, and Ir (or Ru). Their structures are cubic
with the metal atoms ordered in the antifluorite positions.

The Sr,M'D¢_, structure (M’ = Ir, Ru) can be regarded as a
packing of equal numbers of vacant and occupied cubes [hSrg]
and [M'Srg]. The deuterium atoms are centred over all the
cube faces, and their coordination polyhedron is a tetragonal
pyramid [DSr,M']. In defect structures (H/Sr,M' < 6) the
hydrogen atoms are statistically distributed in the holes.
These hydrides are isostructural with K,PtCl;.
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Figure 6. Structure of LaNiDj ;;
of the D atoms are outlined.

the coordination polyhedra

Among compounds crystallising in the K,PtClg type the
greatest defect nature of the hydrogen sublattice is shown by
the high-temperature modification of Mg,NiD, " (the phase
transition is at 483—518 K) which, in contrast to the phases
discussed above, can be obtained by starting with Mg,Ni. In
the deuteration process the hexagonal Mg,Ni structure reor-
ganises to the cubic antifluorite type. However, the defect
nature of the sublattice does not lead to a change in the c.n.
of the deuterium, which is 5, nor in its coordination ([DMg,.
.Ni] tetragonal pyramid).

The details of the crystal structures of the hydride phases
described above are given in Table 2, and the crystallo-
graphic data for the parent IMC's and hydride phases based
on them are in Table 3.

Table 2 shows the shortest M—H and H—H interatomic
distances as well as the symmetry of the structures and the
form of the coordination polyhedron of the deuterium atoms.
In the majority of the structures the mean values of the
M—H(D) distances are equal to the sum: ry + 0.4 tory +
0.6 8. They are as a rule similar in size to the analogous
distances in the structures of binary hydrides.

However, for half of the structures in Table 2 (to be pre-
cise, 17 out of 35) the minimum effective radius of the hydro-
gen atom is substantially less, lying in the ranges 0.18 to
0.26 & (10 structures) or 0.27—-0.33 Bx (7 structures), and a
comparable value occurs for only two binary hydrides (0.31 to
0.32 A in Y and Sc trihydrates®*).
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Table 3. Crystéallographlc data for hydride phases MxM&HZ Table 3 (cont'd).
and the parent intermetallic compounds.
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: T e e = s - H%g — j30.63l S0ie | 6.7
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Mg, Ni 5.9 | — [15.22 (4.0 [6.497]6.414/6.001] 33.6 | 4.3 109 o — 2157 12,2 4.2
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Lattice > Lattice £ | Em
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*The hydride phase is formed by high-temperature syn-
thesis from two binary hydrides or from metal M' and the
hydride of metal M in a hydrogen atmosphere.

**Q = 93.2°,

***¥Data for deuterated specimens.

*HkkR = 97,00,

*****Composition of hydride phase not given in original

work.
ddckokkky — 93_50,

The results presented suggest that the minimum radius for
the hydrogen atom in metal hydrides is close to 0.2 2. How-
ever, like other results suggestmg that hydrogen can have
an effective radius less than 0.2 A (0.11 & in the LiPtDy ¢
structure®®181)  this requires careful experimental verifica-
tion by carrying out more detailed and systematic structural
researches.

The minimum H—H distances are either similar to or a little
greater than the analogous distances in binary hydride struc-
tures. There is one exception, the Th,AlD, structure’®®, in
which the presence of short H—H distances of length 1.66
was confirmed by n.m.r.

While this review was in the press a whole series of new
papers on the structural chemistry of IMC hydrides®¢~202
was published. The results of the most important of them
are discussed briefly below.

The range of subjects for neutron-diffraction investigation
has been broadened mainly through the study of new repre-
sentatives of hydride phases formed on the basis of IMC's
with structures belonging to the homologous series MM{—MM/
(CaCus type—Laves phases). The deuterides ZrVFeD,,,
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ZrVCuD, ;, and ZrVNbD;g , °® based on IMC's with the
MgZn, type structure are particularly interesting as the
stoichiometric composition of the last of them is the maximum
for hydrides based on the Laves phases. The tendency for
preferential occupation of the [hM,M}] holes in the metal lat-
tice was found to be maintained also in the structures of
hydride phases richer in hydrogen than ZrMoFeD, , }3%139,1¢7
and ZrMn,D;,.*° Thus in the ZrVFeD; ( and ZrVNbD;,
structures the [hM,M}] holes are occupied by up to 97% of
the hydrogen atoms, and in the ZrVCuD, , structure 89%.

In addition a small number of hydrogen atoms are in [hZrM}]
holes, and for ZrVCuD,,, filling of the [hM/] holes is also
typical.

A comparison of all five ZrM4D, structures based on IMC's
with the MgZn, type structure which have been studied up to
now shows that an equally probable distribution of hydrogen
atoms in the [hZr,M)] holes does not occur in any of the
structures. It is of interest that all the structures with
D/ZrM) £ 4.0 are related to each other and may be regarded
as derivatives of ZrMoFeD, . which is the "poorest" in hydro-
gen: when the D/ZrM} ratio exceeds 2.6, in addition to the
two types of [hZr,M}] hole filled in ZrMoFeD, ;, hydrogen
atoms enter into two more types of hole in the metal sublattice
different for each particular structure. The way in which
the hydrogen atoms are distributed in the holes in the
ZrVNbD; , structure differs in principle from that in the
other structures. There is a redistribution of the hydro-
gen atoms between two groups of [hZr,M}] holes in six-fold
equivalent positions, as a result of which not only can the
limiting composition MM4{H, . for the alternative model be
exceeded without substantial distortion of the MgZn, type
structure, but also the maximum stoichiometric composition
MM5H¢_ 5 can be attained.

Returning to the results given in the main part of the
review, we may conclude that an almost complete analogy
exists between the structure of the hydride phases MM4H(D),,
based on IMC's with MgCu, and MgZn, type structures: at
low hydrogen concentrations only the [hM,M} ] holes are filled,
and on increasing the hydrogen content the preference for
filling these holes is retained, but hydrogen atoms are also
inserted into holes with a smaller content of metal M, in the
[hMM4] holes in the first place.

Several recent publications*®®~17% are devoted to hydrides
based on MM} compounds with the CaCu; type structure.

The structure of the mixed oxyhydride phase Ti,Fe,.
.0D,.,s ‘"' (the parent IMC Ti,Fe crystallises in the Ti,Ni
type only in the presence of oxygen) is of undoubted
interest. The presence of chemisorbed oxygen in the lat-
tice must indicate fairly definitely the choice of positions
for the introduction of hydrogen atoms. As with the
shortest H—H interatomic distances characterising the
"blocking radius" of neighbouring holes, an analogous value
can also be determined for the O—H(D) contacts. The
experimentally determined value dg-p = 1.68 R for the Ti,.
.Fe,0D, ,5 structure, as expected, substantially exceeds
the value 0.96 & typical of an O—H covalent bond in the
water molecule, and lies in the typical range for the length
of O...H hydrogen bonds, which undoubtedly indicates a
definite interaction between the oxygen and hydrogen atoms.

Three types of hydrogen atom in the structure occupy
two different types of hole, their coordination polyhedra
being the octahedron [D(l)Tls] and the tetrahedra [D (2)

.Ti,Fe] and [D(®)Ti Fel, as atoms D(?) and D(*®) occupy
the same type of hole. The crystallographic positions,
which these atoms can occupy inside a specific hole, are
within a sphere of diameter ~0.3
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A characteristic feature of IMC hydrides is that they are,
as a rule, non-stoichiometric and that in their structures
there is a statistical distribution of hydrogen atoms in
crystallographic positions, with the number of positions
substantially exceeding the number of inserted atoms.

When the temperature is reduced, owing to the non-zero
configurational entropy, phase transitions of the order-dis-
order type!’?!7® must take place, leading to removal of the
"degeneracy" of the equivalent holes—some of them are
filled in an ordered way, and the remainder become vacant.
In addition to ZrvV,D, , ** and HfV,D, , ** discussed above,
such transitions were observed as the temperature is lowered
in Sr,IrD;.'"™ The order-disorder phase transition in the
last case is accompanied by a lowering of the lattice sym-
metry from cubic to tetragonal and a reduction in the deute-
rium atom occupation factor of each of five Sr,Ir pyramids

(n = 0.70), while the occupation factor of the remaining
[hSr,Ir] holes is close to the possible limit (n = 0.96). A
similar phase transition on reducing the temperature also
takes place in a hydride phase based on the IMC Y Mn,, 75—
here the lattice symmetry is lowered from cubic (space group
Fm3m) to tetragonal (P4,/mnm).

X-Ray diffraction studies, like neutron-diffraction work,
have been carried out mainly for hydride phases based on
IMC's with Laves phase and CaCus type structures. A study
of the process of hydrogenation and subsequent dehydroge-
nation of CaNig, carried out under conditions of equilibrium
saturation of specimens with hydrogen directly in the course
of the X-ray diffraction experiment'’®, showed the presence
of three hydride phases, a' (CaNisHj g-;.,), B (CaNisH,.5-5.¢),
and y (CaNigH¢,y), whose symmetry changes from hexagonal
to orthorhombic and again to hexagonal (trigonal) as the
hydrogen content in the hydride is increased. Data on the
existence of CaNigH; with an orthorhombic structure had been
obtained independently and previously®”’.

For hydrides based on the alloys LaNis_,Fe, *7° the hexag-
onal symmetry of the IMC is retained.

Among Laves phase hydrides studied in the most detail are
alloys, whose composition corresponds to the quasi-binary
section MM4,—MMY, namely Zr(Cr, Fe),, Zr(Cr, Co),,'"®
Tb(Co, Fe),, Dy(Co, Fe),,*®® Zr(Mn, Fe),'®* Zr(V, Fe),,
Zr(V, Cr),, %2 Ti(Be, Cu),,'% Ho(Co, Fe), and Er(Co, Fe),. "
The systematic investigation of the hydrides MMjHy (M =lan-
thanide, M' = Fe, Co, Ni) has also been continued®>~1%7,

It was found that the original symmetry of the unit cells of
the IMC structures is retained and their volume increases by
AV ~ 2.5 &? for each H atom.

Systematic researches on the hydrides MMtHy (M = Y, Gd,
Dy, Ho; M' = Ni, Co0),'® 12 based on IMC's with the PuNi,
type structure, and also MgM,:Hy (M =Y, Sm, Gd, Ho, Er;
M' = Mn, Fe) 1°%1%2 (parent IMC's of the ThyMn,; type) have
been continued. The results confirmed earlier conclusions
as to the crystallographic characteristics of the hydride
phases in the related systems MM4{—H, 7°~72 and MeMbs—H,.57%°
Similar conclusions can be drawn for the hydrides based on
the alloys TiFe, yMj, where M' = Al, Cr, Mn, Co, Ni.}9%1%
The structure and properties of hydrides based on IMC's of
titanium have been investigated'®®'®®., A re-examination of
the structural phase transitions in Mg,NiH, 197 is in agree-
ment with earlier results!®?:1%3,

The reaction of the compounds UNiAl and ThNiAl with
hydrogen has been investigated!®®. These compounds belong
to the Fe,P structure type, which can be regarded as a pack-
ing of trigonal prisms and is in this sense similar to one of
the structure types whose reaction with hydrogen was stud-
ied previously, namely CrB. The hexagonal unit cells of
the parent intermetallic compounds behave differently on
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hydrogenation: in ThNiAl the expansion is practically iso-
tropic and fairly small (Aa/a, ~ Ac/cy ~ 0.04), whereas the
UNiAl structure is "compressed" in the z axis direction and
substantially expanded in the basal plane (Aa/a, ~ 0.07).

In addition to neutron and X-ray diffraction experimental
researches, work has been published in which, by identifying
all possible types of hole in the metal matrix, the most prob-
able models for the structure of hydride phases based on
IMC's crystallising in the Th¢Mn,, 1°® and CrB types?’® have
been considered. The most probable models for the struc-
ture of the hydrides MM'H, (CrB parent type) and MM}H,
(PuNi; parent type) have been discussed in connection with
elucidation of the structure of HoNisD; 4. 2%?

There is also a review in the field of binary hydride
structural chemistry?’? giving results on the synthesis of
transition-metal hydrides by direct reaction of the metals with
hydrogen at high hydrogen pressures and on their proper-
ties. This synthetic method has recently permitted the
range of "hydrogenated" metals to be extended to gold, which
forms a hydride of approximate composition AuH, , with an
orthorhombic structure?®®.

Thus, in the structures of complex metal hydrides studied
up till now the hydrogen atoms most frequently have a c.n.
of 4 or 6 with tetrahedral or octahedral coordination, more
rarely a c.n. of 3 or 5, but linear coordination is observed
only for two structures. In most cases there is no reorga-
nisation of the IMC structure when hydrogen atoms are
introduced into their lattices.

Of the different types of hole in the metal lattice, those
filled first in the hydrides are those surrounded by the
greatest number of atoms of the metal M. This rule is gen-
eral for metal hydride structures and can be explained by
the simultaneous effect of a number of factors: (1) the
activity of metal M on reaction with hydrogen; (2) the
greatest effective size of these holes of all those present in
the metal lattice; (3) the M—M distances in the periphery of
the holes occupied by hydrogen atoms exceed the sum of
the corresponding metal radii, so that these holes are the
most easily deformed when the hydride phases are formed.
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