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Abstract 

The synthesis and structural characterization by X-ray and neutron diffraction experiments of ternary metal hydrides 
AxMyH z, in which A is an alkali metal or alkaline-earth metal and M is a transition metal, led to the discovery of anionic 
complex groups of the form [MHz] '- .  Although there are obvious structural similarities to the corresponding halides and 
oxides, the dynamic properties of the hydride ligand are somewhat unusual and are responsible for the numerous phase 
transformations. Transitions from salt-like to metallic behaviour within this range of compounds lead us to expect interesting 
physical properties and applications. 
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1. Introduction 

Metal hydrides have been of steadily increasing 
importance for a long time due to their technical 
applications. The original interest in the area of their 
practical employment  centred on the insertion of 
hydrogen into palladium and nickel which relates 
directly to the catalysis of a number  of chemical 
processes. The use of hydrides of transition-metal 
alloys in modern  applications was subsequently de- 
veloped and examples in this area include the com- 
pounds FeTiH 2 and LaNi5H 6 which can be used for 
the purpose of storing hydrogen. More recently, the 
applications of metal hydrides have been widened to 
include their use in accumulator units. In general it has 
been found that the magnetic or electrical properties 
and also the superconductivity of intermetallic com- 
pounds can be strongly influenced by the inclusion of 
interstitial hydrogen atoms. Examples of this type 
include palladium and the Ln2Fe,7 phases (Ln -~ Lan- 
thanide). Simultaneously with the development  of the 
hydrides of the transition metals and of their alloys 
relating to practical applications, new uses were also 
found for main-group metal hydrides. A major case in 
this regard is LiA1H 4 which provides the possibility of 
selective hydrogenation. 

The original research into the field of meta l -hydro-  
gen compounds was largely orientated towards their 
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practical uses and, consequently, a considerable 
amount  of work has been published concerning the 
binary and ternary metal hydrides which are of import 
in this regard whilst the hydrides of elements from 
other  regions of the periodic system were almost 
completely neglected. Only in recent times has basic 
research been undertaken in which the application of 
the resulting hydride has not been the foremost 
consideration. 

In  the following a section of research results will be 
reported that concern these latter hydrides and which 
are exclusively limited to such hydrides as have been 
synthesized and investigated at the Institute of Inor- 
ganic Chemistry of the Technische Hochschule Aachen. 
The main concept that lay behind this research was 
that, since binary metal hydrides can be broadly 
assigned as salt-like, covalent or metallic compounds, 
one of the three possible combinations of these binary 
hydrides could lead to a class of ternary hydrides of 
the general composition AxMyH z. The composites of 
these compounds include one metal (A) that originates 
from the area of salt-like hydrides whilst the other (M) 
stems from the area of metallic hydrides. This group of 
compounds can, depending upon the choice of the 
metals A and M, exhibit more salt-like or more 
metallic properties. Little was known in this region 
when the research was initiated and the programme 
appeared an attractive prospect. 
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2. General remarks on the synthesis and structure 
determination 

One reason for our incomplete knowledge about the 
class of ternary metal hydrides A~MH~ where A ~ al- 
kali metal or alkaline-earth metal and M ~ transition 
metal lies with the fact that their synthesis is, in 
general, more laborious than for other meta l -nonmet-  
al compounds. This is largely because the hydrides are 
often extremely sensitive towards air and moisture. 
However,  the difficulties that occur in the synthesis 
and subsequent handling of these hydrides can be 
avoided by working entirely within closed apparatus 
systems [1,2]. Methods of synthesizing ternary hy- 
drides A~MvH ~ include both molecular reactions in 
solvents and solid-state reactions in gaseous atmos- 
pheres. In the field of solid-state reactions referred to, 
one either employs an intermetallic compound into 
which the hydrogen is directly inserted using suitable 
pressures and temperatures,  or alternatively allows a 
hydride of an alkali metal or alkaline-earth metal to 
react with a transition metal in an atmosphere of 
hydrogen. 

A second reason why the information currently 
known about metal hydrides is so meagre has to do 
with the difficulty involved in the determination of the 
hydrogen sites in the matrix of metal atoms. In X-ray 
investigations this problem can usually only be re- 
solved, if at all, with insufficient accuracy. The custom- 
ary structure solution by means of single crystals is 
seldom possible because single crystals of metal hy- 
drides are difficult to grow. Consequently, structures 
of metal hydrides are usually determined using a 
combination of X-ray and neutron diffraction experi- 
ments on powdered samples, in which modern high- 
resolution methods are of increasing importance [3]. 

With respect to the neutron diffraction experiments it 
is necessary to use the deuterium compounds because 
the scattering by ~H atoms is not sufficiently coherent. 

3. Alkali-metal platinum hydrides 

In the L i - P t - H  system, it has been observed that 
the intermetallic phase LiPt, whose structure corre- 
sponds to an ordered, hexagonal close packing of 
metal atoms, can incorporate hydrogen atoms in 
tetrahedral holes within the lattice. The hydrogen 
uptake is reversible, and the limiting composition 
corresponds to the LiPtH0.66 formula [4]. 

In the case of sodium, however, a complex, colour- 
less hydride of the composition NazPtH 4 has been 
prepared [1]. Investigation of its structure revealed 
that it belongs to a hitherto unknown tetragonal 
structure type in which the characteristic structural 
units are planar [PtH4] 2 groups (Fig. l(a)). The 
structure is closely related to that of KzPtC14. Above 
573 K, Na2PtH 4 adopts a further modification in which 
the atomic arrangement conforms to the K2PtC16-type 
structure [2] but with the chlorine sites statistically 
occupied by hydrogen ligands with an occupancy 
factor of 2/3 (Fig. l(b)). 

Similarly, in the K - P t - H  system, a colourless hy- 
dride exists with the composition KzPtH 4 [5,6] whose 
structure at room temperature belongs to the K2PtC16- 
type (Fig. 2(b)). Neutron diffraction measurements on 
the deuterated compound enabled a complete struc- 
ture determination and showed that the deuterium 
sites have an occupancy factor of 2/3. At 195 K, 
K2PtH 4 undergoes a reversible phase transition. In 
this low temperature  modification, the four hydrogen 
ligands form the expected square-planar coordination 
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Fig. 1. The phase transformation in Na2PtD4: (a) low temperature form, showing the positions of the sodium atoms and the planar [PtD4] 2 
groups; (b) high temperature form, in which hydrogen atoms occupy the vertices of the octahedra to the extent of 2/3 on average. The structure 
of the low temperature form of Na2PtD 4 is shown from the same viewpoint as the high temperature form, although it may be decribed by a 
tetragonal unit cell that is half as large and that has the following cell parameters: a,e,r = a,,ub/'~ and c~¢~ = acu ~ 
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Fig. 2. The phase transformation in K2PtD4: (a) low temperature form, showing the positions of the potassium atoms and the planar [PtD4] 2 
groups; (b) high temperature form, in which hydrogen atoms occupy the vertices of the octahedra to the extent of 2/3 on average. The structure 
of the low temperature form of K2PtD 4 is shown from the same viewpoint as the high temperature form, although it may be described by a 
tetragonal unit cell that is half as large and that has the following cell parameters: ato,r = acub/X/2 and Got, = acub 

a r o u n d  the  d 8 P t ( I I ) ions  (Fig. 2(a)). T h e  resul ts  of  2H 
N M R  m e a s u r e m e n t s  on  a p o w d e r e d  s a m p l e  of  K 2 P t D  4 
y i e l d e d  a first ins ight  in to  the  d y n a m i c  p r o p e r t i e s  of  
the  h y d r o g e n  l igands  [7]  (see Fig. 3). B e l o w  180 K the  
spec t r a l  w id th  is v i r tua l ly  cons t an t  and  the  sp in- la t t i ce  
r e l a x a t i o n  t ime  is of  the  o r d e r  of  minu tes ,  sugges t ing  a 
r ig id  la t t ice  behav iou r .  B e t w e e n  180 and  210 K, the  
shape  of  the  s ignal  a l te r s  dras t ica l ly .  This  can be  
e x p l a i n e d  in t e rms  of  a m o d e l  in which  the  [P tD4]  

squares  u n d e r g o  r o t a t i o n a l  j u m p s  a b o u t  the  C 4 axis o f  
the  p lane .  A b o v e  the  phase  t r ans i t ion  t e m p e r a t u r e ,  an 
o c t a h e d r a l  c o o r d i n a t i o n  of  the  p l a t i n u m  a t o m s  is 
a ch i eved  via  fast  r o t a t i o n a l  j u m p s  of  the  four  
d e u t e r i u m  a t o m s  of  each  s q u a r e - p l a n a r  uni t  a r o u n d  
the  fou r fo ld  axes.  T h e  va lue  o f  T 1, at  292 K is 40 ms. 

T h e  c o m p o u n d s  R b 2 P t H  4 and  Cs2P tH 4 b o t h  crys- 
ta l l ize in the  two modi f i ca t ions  i so typ ic  to  K 2 P t H  4 [6].  

F o r  the  p r e p a r a t i o n  of  K 2 P t H  4, R b 2 P t H  4 and  

tO kHz 

T=293 K T= 210 K T= 182 K T=83K 

- -  / /%---)t~ 
o - - 6 "  

Fig. 3.2H NMR spectra of KzPtD 4 at different temperatures. Top: observed spectra. Bottom: calculated spectra for the dynamic processes 
described in the text. 
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Cs2PtH4, it was found necessary to use an excess of 
the respective alkali-metal hydride. Closer investiga- 
tion revealed this to be due to the initial formation of 
hydrides containing a higher proport ion of the alkali 
metal which were then converted into the A2PtH 4 
compounds at higher temperature.  These novel initial 
products have the formula A3PtH 5 and adopt the 
atomic arrangement shown in Fig. 4 [8]. The tetragon- 
al structure contains two types of hydrogen atoms. The 
first type forms the characteristic [PtH4] 2 units 
whereas the second type is octahedrally coordinated 
by six alkali-metal atoms, as found in the binary alkali- 
metal hydrides. The well-known structural similarity 
between complex hydrides and their corresponding 
halides can also be observed here, since the ternary 

fluorides A3PdF 5 (A -~ Rb or Cs) crystallize in the 
same structural type [9]. However,  as has commonly 
been found, the hydrides differ from the halides in 
that the hydride ligand possesses a high degree of 
mobility around the coordination sphere of the trans- 
ition-metal atom. For  example, studies of the struc- 
tures of Rb3PtH 5 and Cs3PtH 5 and the corresponding 
deuterides as a function of temperature revealed that 
their structures transform from tetragonal to cubic at 
higher temperatures [8]. Evidently, the [PtH4] 2 
groups display a dynamic behaviour in this case in 
which their average configuration maintains the cubic 
symmetry and, consequently, induces a high symmetry 
in the total atomic arrangement (see Fig. 5). 

Fig. 4. Atomic arrangement of K3PtD s, showing the vertex-shared 
potassium octahedra, which have hydride ions at their centres, and 
the planar [PtD4] 2 groups. 

4. Alkali-metal palladium hydrides 

In the area of alkali meta l -pa l lad ium-hydrogen 
compounds, the hydride Na2PdH 2 was simultaneously 
prepared in Aachen and Stockholm [10]. Its crystal 
structure is shown in Fig. 6 and the complex anions in 
this case consist of linear [PdH2] 2 groups. Assuming 
that the palladium atoms are present in the zero 
oxidation state, the ligand arrangement in this com- 
pound corresponds to that found in analogous Ag(I) 
complexes. Although no known halide exists with an 
isotypic crystal structure, there is an oxide, Na2HgO2, 
in which the central atom has the same d ~° configura- 
tion [11]. In the L i - P d - H  system, the isostructural 
compound Li2PdH 2 has been reported [12]. Hydride 
phases containing lower proportions of lithium also 
exist, as in the case of the platinum phases referred to 
earlier, and their structures can be regarded as consist- 

Fig. 5. Arrangement of the potassium octahedra and of the [PtD4] 2 groups in (a) the tetragonal, low temperature modification of K3PtD s and 
(b) its cubic, high temperature modification. 
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Fig. 6. Crystal structure of Na2PdD 2, showing the positions of the 
sodium atoms and the linear [PdD2] 2 groups. 

ing of an ordered array of metal atoms in which the 
hydrogen atoms occupy octahedral sites [13]. 

In the K - P d - H  system, a yellow compound with the 
composition K3PdH 3 has been synthesized [14]. Its 
structure is related to that of K3PtH 5 and, again, 
contains two types of hydrogen atom which are 
bonded differently. One type occurs in [PdH2] 2- 
groups that are characteristic of Pd ° and the second 
type is octahedrally coordinated by potassium atoms, 
as observed in potassium hydride (see Fig. 7). Owing 
to the space occupied by the linear groups, the 
potassium octahedra are tilted relative to each other  as 
is shown in Fig. 8. In the related structure of K3PtH 5, 
the potassium octahedra are only slightly twisted 
relative to each other  (compare Fig. 5). A phase 
transition at 500 K has been observed for K3PdH 3 and 
this, again, appears to result from dynamic behaviour 
of the hydrogen atoms in the complex units such that 
the average ligand environment around the palladium 
atoms is of cubic symmetry. The tilting of the potas- 
sium octahedra thus disappears above 500 K (Fig. 8) 
and this results in a cubic unit cell whose volume is 1/8 
that of the tetragonal cell in the low temperature  form. 
The arrangement of the potassium and palladium 
atoms in the high temperature  modification corre- 
sponds to that in the A u C u  3 s t r u c t u r e  and is identical 
with the metal atom arrangement in the corresponding 
modification of K3PtH 5. 

The discovery that, under  comparable synthesis 
conditions, platinum compounds can be prepared 
containing platinum in the +II  oxidation state and 

Fig. 7. Atomic arrangement of the tetragonal, low temperature 
modification of K3PdD 3, showing the vertex-shared potassium 
octahedra, which have hydride ions at their centres, and the linear 
rPdD2] 2 groups. 

palladium compounds with palladium in the 0 oxida- 
tion state, confirms the general observation that the 
relative stability of the higher oxidation states in- 
creases with increasing atomic mass in the transition- 
metal groups. Varying the experimental conditions 
such that higher hydrogen pressures are used in the 
syntheses resulted in an additional oxidative strength 
being observed. By these means, Pd(II)compounds 
were prepared whose structural characterization via 
neutron diffraction experiments indicated that the 
hydrides A2PdH 4 [15,16] and A3PdH 5 [17] (A ~ K, 
Rb or Cs) possess identical atomic arrangements to 
those in the analogous platinum compounds. The 
various reaction conditions for the R b - P d - H  system 
are summarized in Fig. 9. Corresponding schemes to 
that in Fig. 9 could also be determined for the K - P d -  
H and C s - P d - H  systems [17]. The dependence upon 
pressure for the formation of particular ternary hy- 
drides accords with the calculated volume increments 
for the hydride or deuteride ions in the alkali-metal 
hydrides and the ternary hydrides. Thus the volume 
decreases for the hydrogen atoms in the sequence 
A H  > A3PdH 3 > A2PdH 4 > A3PdH 5. The following 
volume increments were used for the calculations 
involving the hydrides listed in Fig. 9: Rb ÷, 20 cm3; 
Pd °, 9 cm3; Pd 2÷, 4 cm 3 [18]. 

5. Alkali-metal rhodium and iridium hydrides 

The first structurally-verified ternary alkali-metal 
hydrides of iridium and rhodium were Li3IrH 6, 
Na3IrH 6 and Na3RhH 6 [3]. The determination of 
their crystal structures, carried out by means of a 
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Fig. 8. Arrangement  of the potassium octahedra and of the [PdD2] 2 groups in (a) the tetragonal, low temperature modification of K3PdD ~ 
and (b) its cubic, high temperature modification. 

3 RbH+ Pd "~llb°~lJ3°°°c " Rb3PdH3 

Z.O0% 300% 200% 

N 2 (70 borJ/300°C 

Rb2Pd H~. + RbH ~ ,  120~o~00°c Rb3Pd H s 

Fig. 9. Experimental conditions for the synthesis of the ternary 
hydrides in the system rubidium-palladium hydrogen in a H 2- 
charged atmosphere. 

combinat ion of X-ray and neutron diffraction experi- 
ments  on powdered  samples, revealed the existence of 
complex [MHz] x structural units: in this case almost 
regular [IrH6]3 and [RhH6] 3 octahedra  that are 
embedded  in an alkali-metal matrix (Fig. 10). 

In the L i - R h - H  system, the compound  Li3RhH 4 
was obtained under  similar synthesis conditions, i.e. 1 
bar  hydrogen pressure (Fig. 11) [19]. This contains 
square-planar  [RhH4] 3 groups which correlate with 
the d s electronic configuration of the central trans- 
i t ion-metal ion. Following the observat ion that higher 
oxidation states of palladium can be stabilized in 
compounds  when increased hydrogen pressures were 
utilized, the compound Li3RhH 6 was subsequently 
p repared  at 80 bar  hydrogen pressure [20]. The 
determinat ion of its structure showed, as expected, 
that it is isotypic with the above-ment ioned hydrides 
Li3IrH 6, Na3IrH 6 and Na3RhH 6. 

Fig. 10. Crystal structure of Na3RhD 6, showing the [RhD6] ~ 
octahedra and the positions of the sodium atoms. 

v i 

Fig. 11. Crystal structure of Li3RhD 4, showing the planar [RhD4] 3 
groups and the positions of the lithium atoms. 



IV. Bronger / Journal of Alloys and Compounds 229 (1995) 1-9 7 

Investigations into the existence of ternary hydrides 
of iridium and rhodium which Contain the heavier 
alkali metals indicated that, although compounds in 
this area can be prepared,  the determination of their 
crystal structures has, as yet, been unsuccessful. 

6. Alkaline-earth transition-metal hydrides 

In this area, several compounds containing the 4d 
metals of Group VIII have been synthesized and 
structurally characterized. 

In the C a - P d - H  system, the ternary hydride 
CaPdH 2 could be obtained which crystallizes with a 
perovskite-like atomic arrangement (Fig. 12) [21]. The 
hydrogen atoms fill the available sites with an oc- 
cupancy factor of 2/3. Neutron diffraction experiments 
have revealed that no phase transition occurs down to 
10 K, which indicates an ordered distribution of atoms. 
In this case there is probably no dynamic disorder of 
the hydrogen ligands but, instead, a statistical arrange- 
ment of linear [PdH2] 2- structural units over three 
dimensions without the formation of a superlattice. In 
the corresponding system containing strontium, the 
copper-red hydride SrPdH27 has been prepared by the 
combination of an SrPd alloy with hydrogen in an 
exothermic reaction [22]. X-ray and neutron diffrac- 
tion experiments also revealed a perovskite-type struc- 
ture here in which the hydrogen atoms statistically fill 
the three-fold sites with an occupation factor of 0.91(4) 

The hydride Sr2RhH 5 has been known since 1971 
[23]. A complete structural determination of the 
corresponding deuteride has yielded an atomic ar- 
rangement  that corresponds with that in the K2PtCI 6 
type but with a statistical 5/6 occupation of the 

chlorine positions. A second strontium rhodium hy- 
dride, SrsRhsH23 crystallizes with a structure that is a 
transition state between the K2PtC16-type and the 
perovskite-type structures (see Fig. 13) [24]. 

The compound Mg2RuH 6 [25-27] also possesses an 
atomic arrangement corresponding to that in K2PtCI 6. 
This hydride was simultaneously investigated in Stock- 
holm, Genf  and Aachen. Further  compounds in this 
system which were characterized in conjunction with 
the research group in Genf  are listed in Fig. 14. The 
synthesis conditions given are those used by the 
Aachen group in which all the reactions were carried 
out at a temperature  of 780°C. Here  again, the volume 
increment of the hydrogen atoms in resulting com- 
pounds decreases with increasing reaction pressure. 
The decrease in the sequence Mg3RuD6, Mg2RuD4, 
Mg2RuD 6 is from 8.2 via 7.6 to 6.4 cm 3 mol ~. The 
orthorhombic structure of Mg3RuH 6 is shown in Fig. 
15 [28]. The atomic arrangement consists of two types 
of hydrogen atoms which are differently bonded; one 
coordinates the ruthenium atoms with a statistical, 
deficient occupation of the octahedral sites, whereas 
the other is exclusively coordinated by magnesium 
atoms. The characteristic structural units of Mg2RuH 4 
a r e  [ R u H 4 ]  4 anions that derive from the octahedral 
configuration of the [RuH6] 4 groups via the omission 
of two cis-ligands [29]. This hitherto unknown coordi- 
nation geometry for a transition-metal ion with a d ~ 
electron configuration is evidently stabilized by the 
existence of meta l -meta l  interactions between the 
ruthenium atoms in the direction of the missing cis- 
ligands (see Fig. 16). The R u - R u  atomic distance in 
this compound is 3.236(4) A. 

The above-mentioned meta l -meta l  interactions are 
noteworthy but not unique since they occur not only in 
the structure of Mg2RuH 4 but also in the previously- 
described hydrides Li3RhH 4 [19] and Na2PdH 2 [10] 
(see Figs. 6 and 11). Initial investigations into their 
physical properties showed that these compounds are 
transition states between the more salt-like hydrides 
and the more covalent-metallic hydrides. Thus, 
Na2PdH 2 has been revealed to act as a semiconductor 
[30]. This transition has not been observed with the 
analogously-composed ternary halogenides. Hydrogen 
is indeed an unusual ligand. 

Fig. 12. The perovskite-type structure. 

7. Synthesis of metal hydrides at high hydrogen 
pressures with a view towards synthesis schemes 

In the area of the ternary hydrides of palladium, 
rhodium and ruthenium, various compounds can be 
synthesized dependent  upon the hydrogen reaction 
pressure. The above-mentioned examples show that 
higher oxidation states of the transition metals can be 
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Fig. 13. (a) The K2PtC16-type structure: (b) the Sr~Rh~H2~-type structure; (c) the perovskite-type structure. 

3 MgD2 + Ru 

780°C 
310 bor ÷ 0 2 

780°C 1 90 bar Mg3Ru D6 
(rust brown} 

780% 
160 bar 

*O 2 

Mg2RuD6 * MgD2 78o°c,31o~, Mg2RuDz, + MgD2 
) l ight brown) (dork red ) 

Fig. 14. Experimental conditions for the synthesis of the ternary 
deuterides in the system magnesium-ruthenium-deuterium in a 
D2-charged atmosphere. 

stabilized with increasing hydrogen pressure; i.e. the 
oxidative power of hydrogen increases with increasing 
pressure. Nevertheless, it was evidently not sufficient 
to attain the highest oxidation states, as present, for 
example, in the corresponding chlorides and fluorides. 
Recently we have succeeded in reaching hydrogen 
reaction pressures of up to 3000 bar at a temperature 
of 700°C using our self-built high pressure autoclaves 
(see Fig. 17). Under corresponding conditions we have 
succeeded in synthesizing the ternary palladium(II) 
hydride Na2PdH 4 [31] such that the palladium is 
oxidized beyond oxidation state zero. Neutron diffrac- 
tion experiments yielded a complete structure determi- 
nation in which the atomic arrangement is isotypic to 
that in Na2PtH 4. However, the real breakthrough 
occurred with the ternary platinum compounds. Under 
higher hydrogen pressures we were able to prepare 
Na2PtH 6 [32], K2PtH 6 [33], Rb2PtH 6 [34] and 
Cs2PtH 6 [34], i.e. hydrogen has oxidized the platinum 
from oxidation state zero to oxidation state +4. All 
four compounds crystallize with the KePtC16-type 
structure. 

Fig. 15. Atomic arrangement of Mg3RuD 6, showing the vertex- 
shared magnesium trigonal-bipyramids, which have hydride ions at 
their centres and the ruthenium-deuterium octahedra with an 
occupancy factor of 3/4. 

Fig. 16. Atomic arrangement of Mg2RuD 4, showing the positions of 
the magnesium atoms and the [RuD4] 4 groups that derive from 
the octahedral configuration of the [RuD~] 4 groups via the 
omission of two cis-ligands. The lines show the Ru-Ru interactions. 



W. Bronger / Journal o f  Alloys and Compounds 229 (1995) 1 - 9  9 

W Yl 

® 

Fig. 17. High pressure autoclave: (1) reaction boat; (2) copper 
gasket; (3) inner ram cylinder; (4) high pressure valve; (5) con- 
nection for hydrogen-vacuum-pressure gauge. 

It  is r ea sonab le  to suppose  that  fur ther ,  h i ther to  

u n k n o w n  meta l  hydr ides  can be p r epa red  using these 
high pressure  syntheses,  possibly also con ta in ing  t rans-  
i t ion meta ls  that  lie fur ther  to the left in the per iodic  

table  f rom G r o u p  VIII .  
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