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Glossary

Complex metal hydride: solid-state compound containing
homoleptic, anionic metal—hydrogen complexes

d', d°, & etc: electron configuration of transition element
AH: enthalpy of hydride formation as determined from
pressure—composition isotherms during desorption by using
van’t Hoff’s method
Homoleptic hydride complexes:
ligands only

Hydrido complexes: structural units formed by central metal
atoms and terminal hydrogen ligands

complexes having hydrogen

Abbreviations

APW = Augmented plane wave; HT = High temperature;
INS = Inelastic neutron scattering, IR = Infrared; lif =
Limiting ionic formula; lin = Linear; LCAO-MO = Linear
combination of atomic orbitals-molecular orbitals; LT = Low
temperature; M = Alkali (Li, Na, K, Rb, Cs), alkaline
earth (Mg, Ca, Sr, Ba), divalent (Yb, Eu) or trivalent
(La, Nd) lanthanide; NMR = Nuclear magnetic resonance;
Weff = Magnetic moment in units of Bohr magneton, ug;
npd = Neutron powder diffraction; oct = Octahedral; pbp =
Pentagonal bipyramidal; sad = Saddle-like; spl = Square
planar; spy = Square pyramidal; SQUID = Superconducting
quantum interference device; T-metal = Transition metal
(Mn, Fe, Co, Ni, Cu, Zn, Tc, Ru, Rh, Pd, Cd, Re, Os, Ir, Pt);
Tc = Curie temperature; dis = Disordered; tet = Tetrahedral,
tri = Triangular; ts = T-shaped; ttp = Tricapped trigonal

prismatic; Z = Number of formula units per crystallographic
unit cell.

1 INTRODUCTION

This article is an update of a review written! some
10 years ago. It covers the currently known solid-state complex
homoleptic transition (T) metal hydrido complexes and some
of their properties of interest for science and technology. The
complexes occur in a wide variety of solid-state compounds.
Historically, the first fully characterized example is K;ReHo.
Its structure was reported in 1964 by Abrahams, Ginsberg,
and Knox,? and found to contain tricapped trigonal prismatic
[ReHo]>~ complex anions. The second member is Sr,RuHg,
which was reported in the 1970s by Moyer and collaborators,3
was found to contain octahedral [RuHg]*~ complexes. Wider
interest in this type of hydride started only in the 1980s
after the discovery of ternary transition metal hydrides such
as LaNisHg and FeTiH,, which were suitable media for
reversible hydrogen storage (for useful reviews see books
and journal issues edited by Schlapbach).* The compounds
showed metallic properties and had a large homogeneity range
with respect to hydrogen. One of them, however, Mg, NiH,4,
was nonmetallic and had a fixed hydrogen content. Originally
reported in 1968 by Reilly and Wiswall,® it was classified
as a hydride containing a T-metal hydrido complex only
18 years later, after its structure was fully characterized by
Zolliker et al.® and found to contain tetrahedral [NiH4]*~
units called ‘complexes’. In the meantime, other homoleptic
hydrido complexes were discovered, such as square-pyramidal
[CoHs]*~, square-planar [PtH4]>~, and linear [PdH,]*>~, and
also hydrides that contained both complex bonded hydrogen
and ionic hydrogen not bonded to the transition metal. In 1991,
some 13 ternary hydride structure types were known. Some
of them were reviewed and named ‘complex transition metal
hydrides’ by Bronger,” a term now widely accepted. The first
comprehensive review as written in 1993 by Yvon! covered
25 different transition metal hydride complexes in some 69
compounds, including quaternary hydrides. Over the years,
the number of complex metal hydrides increased continuously
and reviews appeared on various of their aspects such
as synthetics,®? diffraction methodology,'®!! bonding,'*~4
crystal chemistry,!>!6 complex formation in hydrogenated
intermetallic compounds,!” and materials science.!®!® The
hydrides were also incorporated into a public online
database.?’ At present, over 127 complex T-metal hydrides
covering 47 structure types are known, that is, since the
1993 review their number has almost doubled. In this
update, both mononuclear (terminal hydrogen ligands only)
and polynuclear (terminal and bridging hydrogen ligands)
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complexes are covered. Only those hydrides are treated whose
structures are fully characterized. Most contain well-defined
T-metal hydride complexes and show nonmetallic behavior.
Some, however, do not, and their classification as ‘complex’
hydrides is debatable. They are, nevertheless, included here
because they illustrate the continuous transition that exists
between complex and interstitial (metallic) hydrides. Among
the aspects discussed are factors that govern the formation of
complex hydrides, hydrogen contents, and thermal stability.
These factors are not only of fundamental interest but also of
practical relevance, because they determine the potential of
metal hydrides for hydrogen storage applications.

2 EXPERIMENTAL DETAILS

2.1 Compositions and Structures

The presently known complex transition metal hydrides
are based on late 3d, 4d, and 5d transition elements of
groups 7—10, and on monovalent, divalent, and trivalent
metals (M) belonging to the alkali, alkaline earth, and/or
lanthanide series, respectively. For completeness, complexes
based on closed-shell elements of group 11 (Cu, etc.) and 12
(Zn, etc.) are also included. Most hydrides are true ternary (or
quaternary) compounds in the sense that they do not derive
from stable intermetallic compounds, but form only in the
presence of hydrogen. Some hydrides, however, do and show
interesting physical phenomena. The metal ratios are usually
situated in the range M/T = 1—4, and the hydrogen contents
in the range H/(M + T) = 1—-4.5. The compounds crystallize
with 47 different, mostly new, structure types and represent
over 127 hydrides. The first representative of each hydride
structure type and the isostructural compounds known are
listed in chronological order in Table 1 (year of publication in
parentheses).

There exist two broad families of complex transition metal
hydrides. The first contains hydrogen bonded to transition
elements only and has the general composition

M,,*T[TH, I~ (m,n,8 =1,2,3...) 1))

where [TH, ]°~ are complexes that are stabilized by charge
transfer from the surrounding metal cations M®*. The second
family contains hydrogen bonded to T elements and hydride
anions H~ bonded to metal cations M®* only, corresponding
to the general composition

M, " [TH,*"M*"H™ ), (m,n, 0, p,8 =1,2,3...) )

These ‘composite’ hydrides are of particular interest
because they combine different types of metal—hydrogen
bonding in the same structure.

Table 1 Complex transition metal hydride structure types and

representatives

Structure Complex transition

types Representatives metal hydrides

I K,ReHy (1964) K,THy (T = Tc, Re)

I Sr,RuHg (1971) M,FeHs (M = Mg, Ca, Sr, Eu,

11 SrIrHs (1971)
v Na,PtH, (1984)
% Mg, NiH, (1986)
VI K,PtH, (1986)
VII Na,PdH, (1988)
VIII K3PtHs (1988)
IX KsPdH; (1990)
X CaPdH, (1990)
XI LisRuH; (1991)
XII NasRhHg (1991)
XIII Li;RhH, (1991)

XIV MgRhH,_, (1992)
XV MgzRuH; (1992)

XVI SrMg,FeHg (1992)
XVII MgeCo,Hy; (1992)
XVIII Mg,RuHy (1992)
XIX CaMgNiH, (1992)
XX Ca4Mg4Fe3H22
(1992)
XXI Ba,PtHg (1993)
XXII LiSr,PdHs (1993)
XXIII MgsReH; (1993)
XXIV Mg,IrHs (1993)
XXV MgsRuHg (1993)
XXVI SrgRhsHos (1994)
XXVII  LiMg,RuH; (1994)
XXVIII  BaReH, (1994)
XXIX K,ZnH, (1994)
XXX K3ZnHs (1994)
XXXI Ba31r2H12 (1994)
XXXII Ca4Mg4C03H19
(1995)
XXXIII KNaReHy (1995)
XXXIV  LisPt,Hy (1995)
XXXV Ba7Cu3H17 (1996)
XXXVI Lng4OSZH13
(1996)
XXXVII  LiyPtH; (1996)
XXXVIII BaMg,RuHg
(1997)
XXXIX  NaBaPdH; (1998)

Yb)
M;RuHs (M = Mg, Ca, Sr, Ba,
Eu, Yb)
M,0sHg¢ (M = Mg, Ca, Sr, Ba)
M,PtH¢ (M = Na, K, Rb, Cs)
Mg, CoHs
M;,RhHs,, (M = Ca, Sr, Eu)
MIrHs,, (M = Mg, Ca, Sr, Eu)
MdeH4 (M = Na, K)
NathH4
MgzNiH4
M,PdHs (M = Rb, Cs)
M,PtH4 (M =K, Rb, CS)
M,PdH, (M = Li, Na)
M;3;THs (M = K, Rb, Cs and
T = Pd, Pt)
M3PdH3 (M =K, Rb, CS)
MPdH;_, (M = Ca, Sr, Eu, Yb)
MNidH;_, (M = Ca, Yb)
MsRuHg (M = Li, Na)
Li4OSH6
M;THg (M = Li, Na and
T = Rh, Ir)
Li;RhHy
MgRhHy 94
Mg3RuH3
MMg,FeHg (M = Sr, Ba, Eu)
MgsCorHy;
MnguH4
MMgNiH, (M = Ca, Sr, Eu,
Yb)
M4Mg4Fe3H22 (M = Ca, Yb)

M,PtHg (M = Sr, Ba)

LiSr,PdH5

Mg;TH; (T = Mn, Re)

MgylIrHs

Mg3RuH6

Mth5H23 (M = Ca, SI')

LiMg,TH7 (T = Ru, Os)

BaReHy

M2Z1’1H4 (M = K, Rb, CS)

M,PdH; (M = Sr, Ba, Eu)

M;THs (M = K, Rb, Cs and
T = Mn, Zn)

CS}CdH5

Ba3Ir2H12

M4Mg4CO3H19 (M = Ca, Yb)

KNaReHy

LisPt,Hg

Ba7Cu3H17

Lng4T2H13 (T = Ru, OS)

Li,PtH,
BaMg, THg (T = Ru, Os)

NaBaPdHj;




HYDRIDES: SOLID STATE TRANSITION METAL COMPLEXES 3

Table 1 cont’d

Structure Complex transition

types Representatives metal hydrides

XL K3ReHg (1998) K;3ReHg

XLI Cath6H24 (1998) Cath6H24

XLIT RbsReH o (1998) MsReH; o (M = K, Rb, Cs)

XLIII Na3;OsH7 (2002) Na3;TH7 (T = Ru, Os)

XLIV Cs30sHy (2002) M30sHy (M = Rb, Cs)

XLV MgélrzH” (2002) Mg(,IrzH”

XLVI NdMgNisHy MMgNi,H-4 (M = La, Nd)
(2003)

XLVII LaMg,NiH7 (2003) LaMg,NiH;

2.2 Synthesis

The most common route of synthesis is by solid-state
reaction, such as sintering powder mixtures of the elements,
binary alloys, and/or binary metal hydrides at relatively
high pressures (up to 160bar) and moderate temperatures
(<1000 K). Synthesis from binary metal compounds is rarely
possible because such compounds either do not exist, such
as in the Mg—Fe and Mg—Os systems, or form at metal
ratios that differ significantly from those of the ternary
(or quaternary) complex metal hydrides, such as Mg,CoHjs
(MgCo, MgCo,) or Mg,RuHg (MgzRu;). Some hydrides
derive from two-phase mixtures such as Ba;CuzH;; (Ba—Cu
alloy with compositional ratio Ba/Cu~7/3) while others
can be prepared by inexpensive ball milling (Mg,FeHg)
and combustion synthesis (Mg;NiHg). Solution methods,
such as those employed to synthesize K;ReHy and related
hydrides, are not yet fully explored. The only other soluble T-
metal hydride complex known is [FeHg]*~.2! The solid-state
reaction products are mostly polycrystalline and often colored.
They usually contain impurity phases (nonreacted T and/or
binary M metal hydrides), but rarely contain single crystals
of sufficient size and quality for diffraction measurements or
measurements of physical properties. Those based on alkali
and heavy alkaline earth metals are often sensitive to air
and moisture.

A decisive parameter for hydride formation is pressure. The
synthesis of hydrides based on light transition elements usually
requires higher hydrogen pressures than those based on heavier
congeners. Examples are the palladium compounds M,PdH,
and M3PdHs, which form at 20 and 70 bar, respectively, in
contrast to their platinum congeners, that form already at 1 bar.
For a given transition metal, an increase of hydrogen pressure
usually allows the stabilization of higher formal oxidation
states. Examples are found for palladium in M3;Pd’H; and
M,Pd"H,, which form at 1 and 20bar, respectively, for
platinum in K,Pt"H, and K,Pt'"VHs, which form at 1 and
1800 bar respectively, and for ruthenium in Mg,Ru’H, and
Mg,Ru""Hg, which form at 20 and 90bar, respectively.
However, the inverse situation prevails for manganese based
Mgz;Mn'H;, which forms under a mechanical pressure of

20 kbar, while K3Mn!"H; forms under a hydrogen gas pressure
of only 3 kbar.

2.3 Structure Analysis

Owing to the low X-ray scattering power of hydrogen,
neutron diffraction experiments on deuterides are necessary.
Most atomic arrangements are determined on powders, and
this may cause difficulties owing to poor crystallinity, the
presence of impurity phases (often not detected by X rays),
structural complexity (Mgglr, D11, e.g., has 126 free positional
parameters), heavy absorption (Eu, Cd), microtwinning
owing to temperature induced phase transitions, and disorder
in the hydrogen complex ligand spheres. High-resolution
measurements (e.g. with synchrotron radiation) are rare.
The data are usually analyzed by the Rietveld method.
For better convergence, the number of refined parameters,
in particular, those of the atomic displacement amplitudes,
are reduced by constraints. For all these reasons, hydride
structures are generally less well characterized than other
solid-state structures.

2.4 Properties

Most compounds are nonmetallic. Only few other
properties are known. The main reason for this is the lack
of single crystals, the presence of impurity phases in the
samples, and the sensitivity of many compounds to air
and moisture. Data on magnetic, electric, and spectroscopic
(NMR, Méssbauer, IR) properties are scarce. Enthalpies of
hydride formation as measured from pressure—composition
isotherms are known for hydrides based on 3d elements only.
Theoretical band structure calculations are available only
on relatively simple crystal structures. Structural dynamics
are investigated by spectroscopic methods (INS, Raman, IR,
NMR) and magnetic properties on SQUID magnetometers.
Owing to the absence of single crystals of suitable size,
reliable measurements of the electric conductivity are rare.
Enthalpies of hydride formation, A H, are usually determined
from pressure-composition isotherms as measured on Sievert’s
apparatus or on a thermobalance, by using the relation

AH

ln(peq) = 7R7T

+ A?;g Van’t Hoff equation 3)
where peq is the hydrogen equilibrium pressure and T
the absolute temperature. Given that the entropy term,
AS, does not much change from one system to another
(AS ~ 130 JK~'mol~! H,) the hydrogen decomposition
temperatures at a given pressure scale roughly with enthalpy
(293K: AH ~ 30kJ/H; for p.q = 1bar). Finally, the reaction
products ought to be handled with care because many are
air sensitive and some are extremely pyrophoric. For these
reasons, quite a few complex metal hydrides are known to
exist but have not yet been fully characterized.
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3 HYDRIDE STRUCTURE TYPES AND
PROPERTIES

Complex transition metal hydrides combine structural
features typical for coordination compounds and ionic solids.
They display covalently bonded hydrogen such as in molecular
transition metal complexes?*? (see Hydride Complexes of
the Transition Metals), and hydride anions (H™) bonded
to electropositive metals (M*, M2+, M3*) only, such as
in saline hydrides. In metal-rich systems, hydrogen has
interstitial character, as in typically metallic transition metal
hydrides.?®> The structural and physical properties of the 47
known hydride structure types and of their representatives
(stated in parentheses) are summarized below. Limiting ionic
formulas (lif) and the corresponding formal oxidation states
and electron configurations of the transition elements are
indicated whenever possible. Such formulas do not provide
an adequate description of the bonding but allow one to
rationalize the H content (see below). For each structure, T-D
bond distances and shortest M—D (complex D), M—D~ (anionic
D7) and D-D distances are stated. For all structure types,
illustrations are given (see Figures 1-47; TH, complexes are
drawn by heavy lines, disordered ligands by double lines,
M-M contacts surrounding TH,, complexes by single lines, M
atoms as large circles, and H™ ions as small isolated circles).

3.1 KzReHg (KzTCHg)

From reaction of KReO, with K metal in ethylenedi-
amine—water solution;? colorless crystals, unstable in moist
air;, NMR and IR data, optical absorption spectra and
LCAO-MO calculations; ordered structure (Figure 1) from
single-crystal neutron diffraction on hydride and later on
deuteride:* P62m, Z = 3; two different Re sites, occur-
ring at the ratio Rel:Re2 = 1:2, both forming ttp-[ReHq]*~
18-electron complexes with T site symmetries 62m and 6,
respectively; surrounded by two types of K cations; four
H sites; lif: 2K+ [ReHo]?>; ReV™, d°; no structure data on
Tc compound.

Figure 1 Structure of K;ReHy

Distances (A):2* Re-H (3x) = 1.68 (Rel); 1.67 (Re2);
Re-H (6x) = 1.69 (Rel); 1.70 (Re2); K-H = 2.69; H-H =
1.90.

3.2 Sr,RuHg M,FeHg, M = Mg, Ca, Sr, Yb, Eu;
M,RuHg, M = any; M,0sHg, M = Mg, Ca, Sr, Ba;
M2PtH6, M= Na, K, Rb, CS)

Sr,RuHjg and isostructural hydrides M; THg, from elemental
T (Fe, Ru, Os) and binary hydrides MH, or Mg by sintering
at various temperatures and hydrogen pressures;>*5-3" or
by mechanical alloying followed by sintering (T = Fe);313
powders either colored (MgyFeHg, green; Eu,RuHg, red),
or white-gray (Ca,RuHg, Mg,OsHg), or black (Yb,RuHg);
moisture sensitive and partly pyrophoric (Mg, OsHg); M,FeHg
(M = Ca, Sr, Eu), M;0sHg (M = Mg, Ca), Mg,RuH¢ and
various solid solutions;?* M,PtHs (M = Na, K, Rb, Cs)33-3%
by reaction of alkaline hydride with platinum sponge at
770 K under high hydrogen pressure (between 2 and 4 kbar);
M,PtHg are colorless and very sensitive to moisture and
air; IR stretching frequencies of T-H (T = Fe, Ru, Os)
bonds range between 1450 and 1850cm™!, and increase
in the sequence Fe, Ru, Os, and decrease as the ionic
size of M?* increases;?® Eu,RuHg and solid solution series
(Ca,Eu);RuHg¢ and (Sr,Eu);RuHg are paramagnetic with
Mot = 7.7ug, and magnetic order below Tc = 29 K;? low-
temperature magnetic properties of Eu—Ru, (Ca,Eu)-Ru, and
(Sr,Eu)-Ru hydrides® show ferromagnetic behavior; electric
resistivities of Mg,FeHs, Ca;RuHg, Sr,RuHg, Yb,RuHg,
and Eu,RuHg indicate nonmetallic behavior; band structure
calculations®’ predict band gaps that range from 1.3eV
(SrpFeHg) to 4.0 eV (Mg,0sHg) and increase in the sequence
Mg,TH¢ (T = Fe, Ru, Os) and decrease in the sequence
M,FeHs (M = Mg, Ca, Sr); Mg,FeHs, CayRuHg, SroRuHg
are diamagnetic, or weakly paramagnetic; other properties
of Mg,FeHs: Méssbauer spectra?® consistent with low-spin
Fe!'; hydrogen density 5.4 wt%; 9.0 x 10*> H atoms cm™>;
desorption enthalpy?® AH = 98kJmol~! H,; INS, infrared,
and Raman spectroscopies;3® has potential for thermochemical
thermal energy storage;* IR of Ru based hydrides;*® ordered
structures (Figure 2) by npd on deuterides;»*2 Fm3m,
Z =4; KyPtClg type structure; octahedral [THe]*~ 18-
electron complexes having T site symmetry m3m; surrounded
by M in eightfold cubic configuration corresponding to a CaF,
type metal substructure; lif: 2M>*.[THg]*"; T = Fe'l, Ru",
Os'!; d°. Interatomic distances are given in Table 2.

33 Sl'zII'HS (MngOHs, Mgzll‘Hs, Cazers, CathH5,4,
Sl'thHs‘:;, Ellzll'Hs)

SrpIrHs from Ir and SrH, powder at 1033 K under
hydrogen;*! Eu,IrDs from '>3Eu isotope enriched intermetallic
Eulr, at 673K under deuterium,** or by reaction of binary
europium hydride (natural isotope mixture) with iridium metal
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Table 2 Interatomic distances (A) in Sr;RuDg and analogs

T = Fe T=Ru T = Os T =Pt
M = Mg T-D 1.56 1.67 1.68 M = Na T-D 1.62
T-Mg 2.79 2.87 2.89 T-Na 3.18
Mg-D 2.28 2.34 236 Na-D 2.60
Mg-Mg 322 331 334 Na-Na 3.67
D-D 2.20 2.32 2.34 D-D 2.28
M= Ca T-D 1.62 1.73 M=K T-D 1.64
T-Ca 3.05 3.14 T-K 3.62
Ca-D 2.49 2.57 K-D 2.90
Ca—Ca 3.52 3.63 K-K 4.07
D-D 2.29 245 D-D 2.32
M = Sr T-D 1.69 M = Rb T-D 1.63
T-Sr 3.29 T-Rb 3.70
Sr-D 2.69 Rb-D 3.06
Sr-Sr 3.80 Rb-Rb 427
D-D 2.40 D-D 2.30
M= Ba T-D 1.72 1.78 M = Cs T-D 1.64
T-Ba 3.47 3.48 T-Cs 3.88
Ba-D 2.85 2.85 Cs-D 3.23
Ba-Ba 4.01 4.02 Cs—Cs 4.48
D-D 244 2.51 D-D 2.32

Figure 2 Structure of SrpRuDyg

at 970 K under deuterium pressure;*> Mg,CoHs by sintering
metal powder mixtures at 620—770K under 40-60 bar
hydrogen pressure;* or by mechanical alloying followed
by sintering;*! properties of Mg,CoHs: black powder;
electric resistivity consistent with nonmetallic behavior;
band structure calculations’” predict band gap of 1.9eV,
magnetization measurements indicate weak paramagnetism
(possibly diamagnetism); ordered structure (Figure 3) from
npd:*  Pd/nmm, c/a =1.477; Z =1; square-pyramidal
[CoHs]*~ 18-electron complex with T site symmetry 4mm;
surrounded by two Mg sites in eightfold nearly cubic
configuration; two D sites, both ordered; transforms at 488 K
into disordered cubic HT (high temperature) modification

Figure 3 Structure of Mg,CoDs

similar to II; lif: 2Mg2+-[C0H5]4’; Co'; d®; H distribution
in presumably isostructural Mg,IrHs not yet confirmed,
hydrogen density: 4.5wt%, 7.5 x 10°*H atoms cm™>;
desorption enthalpy AH = 86 kJmol~! H,; decomposes into
8-MgCo and MgH,;*® Sr,IrDs: partially disordered structure
from npd¥ at 42K: I4/mmm, c/a=1465 Z=2; Ir
surrounded by five D in a partially disordered average
octahedral configuration having 4/mmm site symmetry;
equatorial D sites fully and apical D sites half occupied,;
transforms between 140 and 200K into disordered cubic
HT modification similar to II; CaRhDs4 and Sr,RhDs3
with higher occupancy factor 0.89(2),*¢47 disordered cubic
structure by npd: Fm3m, Z = 4, no phase transition; Eu,IrDs,
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Table 3 Interatomic distances (A) in Sr,IrDs and analogs

Cubic HT-phases

Tetragonal LT-phases

T =Co T =Rh T=1Ir T =Co T =Rh T=1Ir
M = Mg T-D 1.53 (4x)1.51
(1x)1.59
T-Mg 2.79 2.75
Mg-D 2.28 2.23
Mg-Mg 3.23 3.16
D-D 2.16 2.12
M=_Ca T-D 1.75 1.70 (4x)1.68
(2x, dis.?) 1.81
T-Ca 3.14 3.14 3.13
Ca-D 2.57 2.56 2.52
Ca—Ca 3.63 3.62 3.56
D-D 2.48 2.41 2.38
M = Sr T-D 1.73 1.71 (4x) 1.69
(2%, dis.) 1.82
T-Sr 3.28 3.31 3.30
Sr-D 2.69 2.71 2.66
Sr-Sr 3.79 3.82 3.76
D-D 2.45 2.42 2.39
M = Eu T-D 1.69 (4x) 1.70
(2x%,dis.) 1.75
T-Eu 3.28 3.27
Eu-D 2.68 2.64
Eu-Eu 3.78 3.73
D-D 2.39 2.40
2Disordered.

CayIrDs, and solid solutions (Ca,Eu),IrDs, (Sr,Eu),IrDs:
disordered structure by npd at room temperature:*> Fm3m,
Z =4; Ir surrounded by five D atoms in a disordered
average octahedral configuration similar to II; transition
occurs between 200 and 275K to partially ordered tetragonal
modification I4/mmm similar to SryIrDs;* paramagnetic
with pegr = 7.3up; ferromagnetic below Tc = 20 K; rhodium-
based ‘Mg, RhH5’ analog not obtained, presumably because of
the formation of competing hydride Mg,RhH; ; (filled Ti,Ni
type structure) and binary Mg;Rh (Ti,Pd type structure).*®
Other Rh compounds known:*’ Eu,RhH; and solid solutions
(Sr,Eu),RhHs. Interatomic distances are given in Table 3.

34 NathH4 (KdeH4, NadeH4)

Na,PtH; by sintering NaH and Pt at about 573K
under hydrogen;> red-violet powder; diamagnetic from
susceptibility measurements; K,PdH4 by heating KH with
Pd at 610K under 16 bar hydrogen pressure;*! yellow-green
powder, nonmetallic; band gap of 1.2eV predicted from
theoretical band structure calculations;> decomposes before
melting; Na,PdH, from NaH and Pd at up to 2500 bar and
770 K;33 ordered structures (Figure 4) from npd on deuterides:
I14/mmm, Z = 2; square-planar [PtH4]>~ (or [PdH4]*") 16-
electron complexes with T site symmetry 4/mmm; surrounded
by Na (K)in eightfold cubic configuration; one D site;
Na,PtH,; transforms at about 573 K into disordered cubic

Figure 4 Structure of Na,PtDy

HT modification similar to II; Na,PdH,4 does not transform up
to 600 K and decomposes into Na,PdH,;33 lif: 2M*-[TH4]*~;
T = Pd", Pt", d®. Interatomic distances are given in Table 4.

35 Mg2N1H4

From binary alloy Mg, Ni by hydrogenation at temperatures
above 623 K,5 or by sintering powder mixtures of the elements
at 723—773 K under 90 bar hydrogen pressure; fine powder
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Table 4 Interatomic distances (A) in Na, PtD4 and

analogs
T=Pd T=Pt
M =Na T-D 1.61 1.64
T-Na 3.14 3.12
Na-D 2.52 2.52
Na—Na 3.31 3.38
D-D 227 2.32
M=K T-D 1.62
T-K 3.49
K-D 2.85
K-K 3.84
D-D 2.30

Figure 5 Structure of Mg;NiDy

of dark-red (fully hydrided) or brownish (partially hydrided)
color; stable in air; diamagnetic, nonmetallic; theoretical band
structure calculations®’ on disordered structure model predict
band gap of 1.8eV; vibrational spectroscopy;** bonding
and stability investigated by ab initio density functional
calculations;'*55 H density: 3.6wt%, 5.8 x 102 H atoms
cm™3; desorption enthalpy AH = 64kImol~! H,; ordered
structure (Figure 5) by high-resolution npd on deuteride:®
C2/c, Z =8; tetrahedral [NiH4]*~ 18-electron complex
having symmetry 1; surrounded by three Mg sites in eightfold,
strongly distorted cubic configuration; four D sites; X-
ray and electron microscopy evidence for microtwinning>®
parallel to bc plane; transforms between 483 and 513 K into
disordered cubic HT modification similar to II;%’ influenced
by mechanical grinding;® 1if: 2Mg?*.[NiH4]*~; Ni°, d'°.

Distances (A) and angles: Ni-D = 1.52—1.57; D-Ni-D =
104—119°; Mg—Ni = 2.65; Ni-Ni = 4.30; Mg-Mg = 3.10;
Mg-D = 1.97; D-D = 2.42.

3.6 KthH4 (szPtH4, CSthH4, szPdH4, CSzl)dH4)

From binary hydrides and Pt(Pd) sponge at 593—693 K
under 0.8bar (Pd compounds 20 bar) hydrogen pressure;>

Figure 6 Structure of K,PtDy

pyrophoric, colorless powders; sensitive to moisture and
air; KoPtHy: diamagnetic; NMR data at room temperature
consistent with rotational disorder of PtH4 groups; structures
from npd on deuterides at 295 and 15K (K;PtD4, Rby,PdDy,
Cs,PdDy), 16 K (RbyPtDy), and 12K (Cs,PtDy); disordered
room temperature structure: cubic, F m3m, Z =4, CaF,
type metal substructure similar to II; transforms at 250K
(Rb,PdDy), 225K (CspPdDy4), 195K (K,PtDg), 170K
(Rb,PtDy4), and 150K (Cs,PtDy), into ordered tetragonal
low-temperature (LT) structure (Figure 6): P4,/mnm, Z = 2;
planar [PtH4]>~ (or [PdH4]*7) 16-electron complexes with T
site symmetry m.mm; unlike Na,PtH,, these complexes are
oriented perpendicular to the tetragonal base; surrounded by
M in eightfold, nearly cubic configuration; two D sites; lif:
2M*. [TH4?~; T = Pd", Pt", d®. Interatomic distances are
given in Table 5.

3.7 Na,PdH, (Li,PdH;)

Na,PdH, from NaH with Pd at 643 K under 50 bar hydrogen
pressure;® brittle solid; single crystals show metallic luster;
melts at 681 K without decomposing; metallic conductivity
measured on single crystals and semiconducting behavior
on powder; Li,PdH,5! from LiH and Pd at 680K; melts
at 773 K; electronic band structure calculations3*®! predict
filled d bands and metallic properties in two dimensions (ab
plane), originating from overlap between Pd d-block bands
and alkali metal s- and p-block bands; Na,PdH; found to be
metallic;%! ordered structure of Na,PdH, (Figure 7) from X-
ray single-crystal diffraction on hydride and npd on deuteride:
I14/mmm, Z = 2; Na,HgO, type structure; linear [PdH, %~ 14-
electron complexes centered on site having 4/mmm symmetry;
surrounded by Na in 10-fold bicapped cubic configuration; one
D site; lif: 2Nat-[PdH,]>~; Pd°, d'°; structure of Li, PdH, from
npd;>! evidence for linear [PtH,]>~ complexes in quaternary
Na,PdH,—Na,PtH, system.%?
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Table 5 Interatomic distances (A) in K,PtD, and analogs

Cubic HT-phases Tetragonal LT-phases

T=Pd T=Pt T=Pd T="Pt

M=K TD 1.62 (2x) 1.58
(2x) 1.59

T-K 3.47 3.45

K-D 2.86 2.83

K-K 4.01 3.95

D-D 2.29 2.24
M=Rb T-D 1.63 163 (2x)1.67 (2x) 1.60
(2x)1.67 (2x)1.69

T-Rb 3.64 3.63 3.61 3.60

Rb-D 3.01 3.00 2.95 2.95

Rb-Rb 421 4.19 4.12 4.14

D-D 231 231 2.36 233
M=Cs TD 1.60 161  (2x)1.59 (2x)1.58
(2x)1.64 (2x)1.61

T-Cs 3.84 3.80 3.80 375

Cs-D 3.20 3.15 3.14 3.12

Cs-Cs  4.44 438 436 432

D-D 2.26 2.28 2.28 2.25

Figure 7 Structure of Na,PdD,

Distances (A): Pd-D = (2x) 1.68 (Na), (2x) 1.67 (Li);
Pd-Na(Li) = 3.13 (2.64); Pd-Pd =3.60 (Na), 3.11 (Li);
Na(Li)-D = 2.42 (2.03); D-D = 3.35 (Na), 2.85 (L1i).

3.8 K;PtHs (RbsPtHs, Cs;PtHs, K3PdHs, RbsPdHs,
Cs;PdHs)

From binary alkali hydrides and platinum (palladium)
sponge at 573—623 K under 0.8 bar (Pd compounds 70 bar)
hydrogen;® colorless powders, sensitive to air and moisture;
ordered structures (Figure 8) by npd on deuterides: P4/mbm,
Z =2; isostructural to RbsPdFs; planar [PtH;]*~ (or

Figure 8 Structure of K3PtDs

[PdH4]?>7) 16-electron complexes with T site symmetry
m.mm; surrounded by two M sites in irregular ninefold
configuration; two D sites, of which the twofold is octahedral
surrounded by MT only; lif: 3M*+.[TH4]*~-H™; T = Pd",
Pt'l, d®; K;PtHs decomposes at 673 K into K,PtH4 and KH;
Rb;PtHs and Cs;PtHs transform reversibly above 615 and
465K, respectively, into disordered cubic HT modifications
with CusAu type metal substructure (Pm3m, Z =1; H
positions not refined); no evidence for such transitions in Pd
compounds; ordered substitution on M sites leads to quaternary
hydrides K;RbPtH5 and K,CsPtHs (H positions not refined).
Interatomic distances are given in Table 6.

3.9 K;PdH; (Rb;PdH;, Cs;PdH;)

From KH and Pd sponge at 623 K under hydrogen; yellow
powder at room temperature, orange-red at high temperature, %
ordered structure (Figure 9) from npd on deuteride: P4,/mnm,
Z = 8; three Pd sites with ratios Pd1:Pd2:Pd3 = 1:1:2,
each forming a linear [PdH,]>~ 14-electron complex having

Table 6 Interatomic distances (A) in K3PtDs and analogs

M=K M =Rb M = Cs
T="Pd Pd-D 1.63 1.61 1.64
Pd-M 3.46 3.62 3.67
M-D 2.84 2.99 3.04
M-D~ 2.73 2.85 3.01
M-M 3.74 4.03 420
Pd-Pd 5.26 5.52 5.87
D-D 220 2.17 230
T =Pt Pt-D 1.63 1.58 1.64
Pt-M 3.47 3.57 3.68
M-D 2.74 2.98 3.03
M-D- 272 2.86 2.96
M-M 3.85 4.05 425
PPt 5.28 5.54 5.90
D-D 223 2.14 225
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Figure 9 Structure of K;PdDs

respectively m.mm, m.mm, and 2/m environments; surrounded
by three K sites in 12-fold configurations; four D sites, of
which one eightfold is coordinated by K™ in oct configuration;
lif: 3K*.[PdH,]>"-H™; Pd’, d'% X-ray evidence®® for
isostructural Cs;PdH; and Rbs;PdH3; KsPdH; transforms at
~473 K into disordered HT modification (Pm3m) with cubic
CusAu type metal substructure while Rb;PdH; transforms
into /m3 HT modification.

Distances (A): Pd-D = (2x) 1.68 (Pdl), (2x) 1.68 (Pd2),
(2x) 1.69 (Pd3); Pd-K = 3.04; K-D = 2.64, K-D~ = 2.74,
D-D = 3.37.

3.10 CaPdH, (SrPdH,,, EuPdH;, YbPdH, ;, CaNiH;,
YbNiH;.7)

CaPdH, from CaH, and Pd sponge at 1123 K under hydro-
gen pressures up to 300 bar;% disordered structure (Figure 10)
from npd on deuteride at 295 and 10 K: Pm3m,Z = 1;Pd and
Ca form CsCl-type metal substructure as in binary CaPd; dis-
ordered D site near anion positions of perovskite-type structure
with 2/3 occupancy and large displacement amplitudes; struc-
ture model consistent with orientationally disordered linear
[PdH,]?>~ 14-electron complexes; no evidence for D ordering
down to 10K; lif: Ca>*-[PdH,],>~; Pd’, d'°; X-ray evidence
for rhombohedral distortion at room temperature;% copper-
red SrPdH, 7 by hydrogenation of Sr—Pd alloy;®7 structure of
deuteride from npd: D site occupancy 0.91; black EuPdHj3
by hydrogenation of intermetallic EuPd (with CrB type struc-
ture) at 15bar hydrogen pressure at 500 K;%® structure of
deuteride from npd: full D site occupancy; metallic conductor;
orders ferromagnetic at 21 K; X-ray evidence for presumably
isostructural YbPdH, 7,9 YbNiH,-% and CaNiH;.”® Elec-
tronic band structure calculations on stoichiometric APdHj;
(A = Sr, Eu, Yb) predict metallic properties.”! Interatomic
distances are given in Table 7.

Figure 10 Structure of CaPdD,

Table 7 Interatomic distances (A) in CaPdD; and

analogs

M =Ca M = Sr M =Eu
Pd-D 1.84 1.92 1.90
Pd-M 3.19 3.33 3.29
M-D 2.61 2.72 2.69
M-M 3.69 3.84 3.80
D-D 2.61 2.72 2.69

3.11 Li4RllH6 (Na4RuH6, Li4OSH6)

From reactions of binary hydrides MH with T at 753 K
and 10 bar hydrogen pressure;”? no compound formation with
KH and Fe up to 1073K and 100bar; Ru does not react
with KH, and Os not with NaH and KH under experimental
conditions; powders either white (Li) or green (Na); all air
sensitive; ordered structures (Figure 11) from npd at room
temperature on deuterides: R3¢, Z = 6 (hex setting), K4CdCls
type structure; octahedral [THg]*~ 18-electron complex with
T site symmetry 3; surrounded by two M sites in nearly cubic
configuration; one D site; lif: 4M*.[THg]*~; T = Ru'l, Os'!,
d®. Interatomic distances are given in Table 8.

3.12 Na3RhH6 (Ll3RhH6, Na3IrH6, Li3Il‘H6)

From powder mixtures of binary MH and Ir(Rh) at
630—770 K under hydrogen;’ colorless powders, sensitive to
air and humidity; Li;RhHg forms either during decomposition
of Li3RhH,;™ in hydrogen atmosphere or by sintering powder
mixtures of LiH and Rh under 80bar hydrogen pressure
at 823K;7™ ordered structures (Figure 12) from npd on
deuterides’75 at 295 K (Na—Rh, Na—Ir, Li-Rh, Li-Ir)and 11 K
(Na—Rh, Na-Ir); Pnma, Z = 4; isolated octahedral [THg]>~
18-electron complex with T site symmetry m; surrounded by
three M sites in irregular 11-fold coordination; four D sites;
no evidence for structural phase transition in Naz;RhHg and
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Figure 11 Structure of LisRuDg

Table 8 Interatomic distances (A) in LisjRuDg and

analogs
T=Ru T=0s
M=1Li T-D 1.71 1.71
T-Li 2.49 2.52
Li-D 2.05 2.13
Li-Li 3.03 3.014
D-D 241 2.27
M = Na T-D 1.79
T-Na 2.84
Na-D 2.35
Na—Na 3.40
D-D 2.50

Figure 12 Structure of Na;RhDg

Na3IrHg down to 11K and up to 670K; lif: 3M*+.[THs]*~;
T = Ir'", Rh'™; d°. Interatomic distances are given in Table 9.
3.13 Liz;RhH,

From LiH and Rh powder at 870K under hydrogen;™*
powder of metallic appearance; oxygen and moisture sensitive;

Table 9 Interatomic distances (A) in Na;RhDs and

analogs
T =Rh T=1Ir

M=Li T-D 1.56—1.64 1.61-1.70
T-Li 2.66 2.72
Li-D 1.81 1.88
Li-Li 2.59 2.59
D-D 2.07 221

M = Na T-D 1.63-1.68 1.64-1.70
T-Na 2.98 2.94
Na-D 2.17 2.08
Na—Na 322 3.18
D-D 2.28 2.26

Figure 13 Structure of Li;RhD4

corresponds to previously reported ‘LisRhHs’ as characterized
by X-ray diffraction on single crystals;’® decomposes at high
temperature under 80bar hydrogen pressure into LizRhHg
(XII); ordered structure (Figure 13) by npd on deuteride:
Cmem; Z = 4; planar [RhH4]*~ 16-electron complexes with
T site symmetry m2m; surrounded by two Li sites in irregular
11-fold coordination; two D sites; lif: 3Li*-[RhH,4]>~; Rh!,
dd.

Distances (A): Rh-D = 1.79(2x), 1.75(2x); Rh-Li =
2.31; Rh-Rh=3.87(2x); Li-Li=2.35; Li-D=2.15;
D-D =2.21.

3.14 MgRhH,_,

From binary alloy MgRh (CsCl-type structure) at 748 K
and 130 bar hydrogen pressure;’’ powder of gray color and
metallic appearance; partially disordered structure (Figure 14)
by in situ npd at 39 bar, 2.5bar and 10~2 mbar deuterium
pressure: P4/mmm, Z = 4; one Rh and two Mg sites forming
a tetragonal distorted CsCl-type structure with doubled a
parameter (2c/a = 1.012 at 39 bar); one D site connecting
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Figure 14 Structure of MgRhD, _,

Rh into cyclic tetramer RhysD4 having 4/mmm symmetry
with nearly linear Rh—D-Rh and rectangular D-Rh—D bonds;
occupancy of D site increasing as a function of D pressure
(94% at 39 bar, 86% at 2.5bar, 61% at 1072 mbar), metal
substructure resembles CaPdH, (X); likely phase limit near
stoichiometric composition MgRhH; lif (border case) at that
composition: 4Mg?*-[RhyH4]%~; X-ray evidence for cubic
MglrH, phase (a = 3.23 A) at high pressure with CsCl-type
metal substructure.

Distances (A) at 39 bar (MgRhDg4): Rh-D (2x) = 1.71;
Mg-Rh = 2.66; Mg-D = 2.23; Rh-Rh =2.98; Mg-Mg =
3.20; D-D = 2.36.

3.15 Mg3RllH3

From elements by sintering at 883 K under 9 bar hydrogen
pressure;’8 dark gray powder, stable in air; partially disordered
structure (Figure 15) by npd on deuteride: P4,/mnm,
Z =4; Ru at center of orientationally disordered ts-RuHj;
units (m.2m site symmetry) containing two D sites, one
ordered and the other disordered (split atom position
with D-D = 0.87 A); surrounded by two Mg sites forming
an eightfold bicapped prismatic coordination; joined to
dimers of m.mm site symmetry by possible Ru—Ru bond;
lif: 3Mg**-[RuH;]®~ (monomer without Ru-Ru bond, 17
electrons/Ru); 6Mg>*-[RuyHg]'?~ (dimer with Ru—Ru bond,
18 electrons/Ru); Ru—Ru bond formation not supported by
extended Hiickel calculations.!?

Distances (A): Ru-D = 1.71 (split atom), 1.71 (2x);
Mg—Ru = 2.73; Ru—Ru =3.31; Mg-D =2.01; Mg-Mg =
3.03; D-D = 0.87 (split atom), 2.52.

3.16 SrMg,FeHg (BaMg,FeHg, EuMg,FeHs)

From binary alloys SrMg,, (BaMg,, EuMg,) and Fe
powder at 763—783 K under 140 bar hydrogen pressure;%6:7°
green (Sr) or brownish (Ba) powder; sensitive to air; ordered
structure (Figure 16) by npd on deuterides of Sr and Ba

Figure 16 Structure of StMg,FeDg

compounds: P3m1, Z = 1; octahedral [FeHq]*~ 18-electron
units having T site symmetry 3m, surrounded by eight M2 in
nearly cubic configuration; one Mg and one Sr(Ba) site; two
D sites, of which the twofold is tetrahedrally coordinated by
M?+ with one short Mg-D and three long Sr(Ba)-D bonds; lif:
M?+.2Mg?*.[FeHg]*~-2H~; Fe', d°. Ru analog BaMg,RuDg
(XXXVIII) crystallizes with tetragonal symmetry. Interatomic
distances are given in Table 10.

3.17 Mg6C02H]]

From elements by sintering at 753—773 K under 40—50 bar
hydrogen pressure;® black powder, stable in air; nonmetal-
lic; pressure—composition isotherms show two plateaus of
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Table 10 Interatomic distances (A)
in StMg,FeDg and barium analog

M = Sr M =Ba
Fe-D 1.58 1.58
Fe-Mg 2.72 2.75
Fe-M 3.28 3.46
Mg-D 2.20 2.22
Mg-D~ 1.92 1.92
M-D 2.65 2.81
M-D~ 2.66 2.74
Mg-Mg 3.06 3.08
Mg-M 3.60 3.75
D-D 2.19 2.18

Figure 17 Structure of MggCo,Dy;

which that at low pressure is attributed to decomposition of
MgsCoH 1 (AH =79k] mol~! H,) and that at high pressure
to decomposition of tetragonal Mg, CoHs (AH = 79 kI mol~!
H,);3! partially disordered structure (Figure 17) from joint
synchrotron X-ray and high-resolution npd:3® Pnma, Z = 8,
63 positional parameters; two eightfold Co sites, one (Col)
forming an ordered sad-[CoH4]’~ 18-electron complex of
symmetry 1, and the other (Co2) a partially disordered spy
configuration with one half-occupied ligand; interpreted as a
1:1 mixture of spy-[CoHs]*~ and sad-[CoH4]°~ 18-electron
complexes; surrounded by eight Mg sites in distorted cubic
configurations; 14 D sites, of which five are surrounded
by Mg in tri and sad configurations; metal substructure
derives from trigonal SrMg,FeHg (XVI) by orthorhom-
bic distortion; short Mg-Mg bonds; lif: 2Mg,Co,H;; =
12Mg**-[CoHs]ay*-2[CoH4 1P -[CoH4]o’~-5H™;  mono-

clinic distorted Ir analog Mgelr,Hy; (XLV) has differ-
ent T-H complex ordering; other hydrides with similar
metal substructure: MgzRuHg (XXV), MgizReH; (XXIII),
and LiMg,RuH; (XXVII).

Distances (A): Col-D= 1.52—1.57, Co2-D= 1.51-1.62;
Co—Co = 4.58; Co-Mg =2.52; Mg-Mg = 2.78; Mg-D =
1.94; Mg-D™ = 1.82; D-D = 2.09.

3.18 Mg,RuH,

From the elements, by sintering at 723 K under 20 bar,
or at 1050K under 160 bar hydrogen pressure;3? powder of
reddish-brown to dark-red color, sensitive to moisture and
air; ordered structure (Figure 18) from npd on deuteride:
Cmem, Z = 4; sad-[RuH4]*~ 16-electron complex with T site
symmetry m2m, derives from the oct-[RuHg]*~ complex in
Mg,RuHg by removal of two cis D ligands; two D sites;
surrounded by Mg in eightfold distorted cubic configuration,
neighboring cubes share faces; possible Ru—Ru interactions
across these faces (Ru—Ru = 3.24 A) could lead to polyanionic
[RuH,],*"~ zig-zag chains running along c¢; magnetic
measurements consistent with d® low-spin configuration; lif:
2Mg**-[RuH4]*~ (monomer); Ru®, d®; 2nMg?*-[Ru, Hy, ]*"~
(polymer); Ru—Ru bonds not supported by extended Hiickel
calculations.!?

Distances (A) and angles: Ru-D = 1.67(2x), 1.68 (2x);
D—Ru-D = 84.2°,93.6° (cis), 170.3° (trans); Ru—Mg = 2.69;
Ru-Ru = 3.24(2x); Mg-D = 2.10; Mg-Mg = 2.93; D-D =
2.23.

3.19 CaMgNiH4 (SrMgNiH,, YbMgNiH,, EuMgNiHy)

From mixtures of arc-melted binary alloys (CaNi,, CaMg,,
SrNi, YbNi, EuNi) or Mg sintered at 723-763 K under

Figure 18 Structure of Mg,RuDy
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Figure 19 Structure of CaMgNiDy

Table 11 Interatomic distances (A) in CaMgNiD,; and

analogs

M =Ca M=Sr M=Yb
Ni-D 1.59-1.61 1.54-1.64 1.57-1.62
Ni-Mg 2.54 2.55 2.53
Ni-M 3.03 3.21 3.03
Mg-D 2.08 2.15 2.09
M-D 2.45 2.53 2.43
Mg-Mg 4.18 4.24 4.15
Mg-M 3.48 3.54 3.50
D-D 2.59 2.54 2.60
D-Ni-D 108°, 111° 108°, 111° 109°, 110°

130140 bar hydrogen pressure;®* greenish (Ca, Sr) or black
(Yb) powders; translucent single crystals of CaMgNiH,
having yellow—brownish color obtained by sintering binary
hydrides with LiH flux in Ni crucible at 737 K under 95 bar
hydrogen pressure;3 desorption enthalpy AH = 129(3) (Ca),
111(3) (Yb) kimol™! H,; ordered structures (Figure 19)
from npd on deuterides (Ca, Sr, and Yb®): P2,3, Z = 4;
tetrahedral [NiH4]*~ 18-electron complex having T site
symmetry 3, surrounded by one Ca (Sr, Yb) site, and one
Mg site in ordered distorted cubic configuration; two D
sites; derived from Mg;NiD, (V) by partial substitution of
Mg; lif: M?+.Mg?+.[NiH4]*~; Ni°, d'°; X-ray evidence for
isostructural EuMgNiH,.83 Interatomic distances are given in
Table 11.

3.20 Ca4Mg4Fe3H22 (Yb4Mg4Fe3H22)

From mixtures of arc-melted binary alloys (CaMg, YbMg)
and Fe powder, by adding LiH as a flux, at about 773-793
K under 100—150bar hydrogen pressure;% Ca;Mg,Fe;H,):
brownish powder containing brownish translucent single
crystals; YbsMgsFesHy,: black powder; both stable in air
for several weeks; desorption enthalpies AH = 122(4) (Ca),
137(3) (Yb) kIimol~! H,; decomposition of Ca compound

Figure 20 Structure of CayMgsFe; Do)

Table 12 Interatomic distances (A) in
CasMg4Fes; Dy, and ytterbium analog

M = Ca M = Yb
Fe-D 1.56-1.58 1.55-1.59
Fe-Mg 2.79 278
Fe-M 3.09 3.06
Mg-D 2.07 2.02
Mg-D~ 1.81 1.91
M-D 243 241
M-D- 2.39 2.41
Mg-Mg 4.08 3.98
Mg-M 339 3.40
D-D 222 222

shows two plateaus: formation of Ca,FeHg, Mg, Fe, and
H; (upper plateau), and of CaH,, Fe, and H; (lower plateau);
decomposition of Yb compound shows one plateau: formation
of YbH,, Mg, Fe, and H;; ordered structures (Figure 20) from
single-crystal X-ray (CasMgsFe3;H;,) and npd on deuterides;
P43m, Z = 1; octahedral [FeHg]*~ 18-electron complexes
with T site symmetry 42.m, surrounded by one M and one Mg
site in deformed cubic configuration; three D sites, of which
the fourfold is tetrahedrally surrounded by one Mg?* and
three M?*; derived from Mg,FeH, (II) by partial substitution
of Mg by Ca, and of every fourth [FeHg]*~ by 4H™; lif:
4AM?+.4Mg**-3[FeHg]*~-4H™; Fe!!, d°. Interatomic distances
are given in Table 12.

3.21 BathH6 (Sl‘thHﬁ)

From BaH, (SrH;) and Pt powder in hydrogen;® ordered
Ba,CuFg type structure (Figure 21) from npd on deuteride:
Cmca, Z = 4; planar [PtD4]>~ 16-electron complexes with
T site symmetry 2/m, surrounded by M in 10-fold bicapped
cubic configuration; three D sites, of which one eightfold is
tetrahedrally surrounded by M?*; lif: 2M?*.[PtH4]>~-2H";
pt'l, d8.
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Figure 21 Structure of Ba,PtDg

Distances (A): Pt-D = 1.66(2x) and 1.67 (2x); Pt-Ba =
3.63; Pt—Pt = 4.24; Ba—Ba = 4.09; Ba-D = 2.97; Ba-D™ =
2.62; D-D = 2.36.

3.22 LiSl‘deHs

From reaction of arc-melted ternary alloy Li;sSr,Pd
at 793-803K under 155bar hydrogen pressure;¥’ dark-
green powder, sensitive to air; partially disordered structure
(Figure 22) from npd on deuteride at 14 K: P4/mmm, Z = 1;
metals form ordered superstructure of CsCl; contains ordered
SrLiD; type slabs having inverse perovskite-type structure;
Pd surrounded by three D, on average, in partially disordered
octahedral configuration with four half occupied equatorial
D sites forming linear Pd-D—-Pd bridges similar to those in
CaPdH,; (X), and two fully occupied axial sites belonging to the
SrLiDj type slabs; both have large displacement amplitudes;
three D sites, of which a twofold is octahedral surrounded

Figure 22 Structure of LiSr,PdDs

by four Sr and two Li; lif: Lit-2Sr?*.[PdH3],,3~-2H™; Pd’,
d'® (average).

Distances (A): Pd-D = 1.69(2x), 1.95 (4x, disordered);
Pd-Sr = 3.34; Pd-Li = 3.70; Pd—Pd = 3.90; Li-D = 2.01;
Li-D™ = 1.95; Li-Sr = 3.30; Sr—D = 2.71; Sr—-D~ = 2.66;
D-D = 2.58.

3.23 Mg;ReH; (Mgz;MnH~)

From elements by sintering powder mixtures at 783—793 K
under 120 bar hydrogen pressure;®® gray powder; sensitive to
air; orange-red Mn analog MgzMnH; from powder mixtures
of MgH; and Mn at 20 kbar pressure and 1073 K in multianvil
device;® ordered structures (Figure 23) by npd on deuterides:
P63/mmc, Z = 2; octahedral [TH¢]>~ 18-electron complexes
with T site symmetry 3m, surrounded by two Mg sites in
eightfold distorted cubic configuration similar to that of
StMg,FeHs (XVI); two D sites, of which the twofold is
surrounded by Mg in trigonal bipyramidal configuration with
two short collinear and three long triangular Mg—D bonds;
lif: 3Mg?*.[THg]>"-H™; T!, d°; electronic band structure
calculation on Mn compound.®® Interatomic distances are
given in Table 13.

Figure 23 Structure of MgzReD~

Table 13 Interatomic distances (A)
in Mgz;ReD; and manganese analog

T = Mn T =Re
T-D 1.63 1.72
T-Mg 2.56 2.64
T-T 4.70 4.85
Mg-D 2.08 2.14
Mg-D~ 1.87 1.90
Mg-Mg 3.05 3.17
D-D 2.29 2.41
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Figure 24 Structure of Mg4IrDs

3.24 Mg4ll'H5

From elements by sintering powder mixtures at 783 K
and 41bar hydrogen pressure;”! dark gray powder, stable
in air; presumably metallic; partially disordered structure
(Figure 24) from npd on deuteride at room temperature and
9K: Imma, Z = 4; Ir surrounded by three D atoms, on
the average, in disordered planar configuration with 75%
occupancy (average T site symmetry mm?2); surrounded by
three Mg sites in irregular ninefold coordination; two D
sites, of which the eightfold is coordinated by Mg in saddle-
like configuration; short Mg-Mg bonds along backbone of
[MgolrD3] units; no apparent homogeneity range; lif (border
case): 4Mg?* [IrH3],, >~ -2H".

Distances (A): Ir-D = 1.70(4x, dis); Ir-Mg = 2.75;
Ir-Ir = 4.62; Mg-Mg =2.76; Mg-D =2.15; Mg-D™ =
1.88; D-D = 2.34.

3.25 Mg3 RHHG

From elements by sintering powder mixtures at 1053 K
under 90bar hydrogen pressure;** powder of rusty-brown
color, sensitive to moisture and air; partially disordered
structure (Figure 25) from npd on deuteride at room
temperature and 15K: Cmcm, Z = 4; Ru surrounded by
five D, on average, in disordered octahedral configuration
(average T site symmetry 2/m); equatorial sites have 75%
and axial sites full occupancy; surrounded by two Mg
sites in eightfold cubic configuration similar to Mgz;ReH;
(XXIII); three D sites, of which the fourfold is coordinated
by two Mg in linear configuration; no indication for D
ordering down to 15K; lif: 3Mg?*-[RuHs],,°> -H™; Ru’,
d® (average).

Figure 25 Structure of Mgz;RuDg

Distances (A): Ru-D = 1.66 (4x, dis), 1.73 (2x);
Ru-Mg = 2.67; Ru—Ru =4.79; Mg-Mg = 3.04; Mg-D =
1.91; Mg-D™ = 1.87; D-D = 2.29.

3.26 Sl’sRhs H23 (CasRh5H23)

From alkaline earth hydrides and rhodium metal by
sintering powder mixtures at 1073 K under 5bar hydrogen
pressure;*4793 powder of black-red (Sr) and black (Ca)
color, sensitive to moisture and air; partially disordered,
structure intermediate to anion deficient K,PtClg type (II)
and perovskite type (Figure 26); from npd on deuterides
(Sr, Ca)*** at room temperature and 10K: Pm3m, Z = 1;
three D sites of which two are terminal to Rh with full
occupancies and one sixfold is bridging two Rh with
partial occupancy (5/6); 3 Rh sites surrounded in octahedral
configurations (site symmetries m3m and 4/mm.m) by six
ordered terminal (Rhl), six disordered (5/6 occupancy)
bridging (Rh3), and four ordered terminal plus two disordered
bridging (Rh2) deuterium sites, the two latter forming a quasi-
infinite polynuclear [RhyH;7],'¥"~ complex; one Sr (Ca) site
surrounds Rh in eightfold cubic configuration; no indication
for D ordering down to 10K; lif: 8#M?**.n[RhHg]>~-
[RhyH;7],"*"~ mixed valence Rh' (d®) and Rh!" (d°).
Interatomic distances are given in Table 14.

3.27 LiMg,RuH; (LiMg,0sH~)

From LiH, Mg, and Ru (Os) powders at up to 823K
under hydrogen pressure of up to 155bar;**% light yellow
powder; sensitive to air; ordered derivative of Mgz;ReHy
type (XXII) structure (Figure 27) by npd on deuteride of
Ru compound: P63/mmc, Z = 2; octahedral [RuHg]*~ 18-
electron units having T site symmetry 3m, surrounded by six
Mg?* and two LiT in nearly cubic configuration; one Mg
and one Li site; two D sites, of which the twofold is trigonal
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Figure 26 Structure of SrgRhsDy;3

Table 14 Interatomic distances (A) in SrgRhsDay3
and calcium analog

M=_Ca M =Sr
Rh1-D 1.69(6%) 1.69(6%)
Rh2-D 1.70(4x) 1.70(4x)
1.772 %, dis) 1.89(2, dis)
Rh3-D 1.87(6, dis) 1.92(6, dis)
Rh-M 3.14 3.29
Rh-Rh 3.64 3.81
M-D 2.56 2.69
M-M 3.62 3.80
D-D 2.39 2.38

Figure 27 Structure of LiMg;RuD;

bipyramidal coordinated with two short linear Mg—D and three
long triangular Li-D bonds; lif: Lit-2Mg?*-[RuHg]*~-H;
Ru'l, d°.

Distances (A): Ru-D = 1.69(6x); Ru-Mg = 2.83;
Ru-Li = 2.67; Ru-Ru =4.70; Mg-Li =3.29; Mg-Mg =

Figure 28 Structure of BaReHy

3.17;Li-D = 2.14; Li-D™ = 2.71;Mg-D = 2.27;Mg-D™ =
1.85; D-D = 2.34.

3.28 BaReHy

From di-sodium salt Na,ReHg (obtained from reaction of
KReO4 with K metal in ethylene diamine—water solution)
converted to the di-potassium salt by way of the Ba
salt;’® white powder, transparent crystals, unstable in moist
air; ordered structure (Figure 28) from single-crystal X-ray
diffraction, and IR and NMR data on hydride:*” P63/mmc,
Z = 2; Re site forming ttp-[ReHy]>~ 18-electron complexes
with site symmetry 6m2; surrounded by Ba cations in
NiAs type configuration; two H sites (not refined); lif:
Ba?*.[ReHy]*~; Re"", d°; electronic band structure by APW
calculations.”®

Interatomic distances (A): Re-H ~ 1.69* (3x and
6x); Re—Ba = 3.84; Re—Re = 5.29; Ba-Ba = 4.66; Ba—H =
2.712,2.86; H-H ~ 1.97? (distances not refined).

3.29 KzZnH4 (szZnH4, CS2ZIIH4, SrdeH4, BadeH4,
ElldeH4)

M,ZnHy (M =K, Rb, Cs) from elements by sintering
powder mixtures at 783—793 K under 120bar hydrogen
pressure;”’100 M,PdH,; (M = Sr, Ba,!®! Eu'®?), from elements
gray powder; sensitive to air; ordered structure (Figure 29) by
npd on deuteride: Pnma, Z =2; B-K,SO4 type structure,
tetrahedral [ZnH4]>~ 18-electron complexes with T site
symmetry m surrounded by two M sites in eightfold distorted
square antiprismatic configuration; three D sites; evidence
for nonconducting behavior of Sr,PdH; and Ba,PdH4
(measurement on powdered hydrides);!’! electronic band
structure on Eu,PdH4;'% 1if: 2K*.[ZnH;]*—; Zn", d';
2M?+.[TH4]*~, Pd°, d'°. Interatomic distances are given in
Table 15.
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Figure 29 Structure of K,ZnDy

Table 15 Interatomic distances (A) in K,ZnDy4 and analogs

M=K M =Rb M =Cs
T=7Zn Zn-D 1.63—-1.66 1.66—1.68 1.67-1.69
Zn-M 3.31 3.49 3.59
M-D 2.72 2.89 2.97
Zn—7n 497 5.24 5.56
M-M 3.86 3.94 4.12
D-D 2.69 2.72 2.73
M = Sr M =Ba M = Eu
T=Pd Pd-D 1.76-1.81 1.78-1.81 1.67—-1.83
Pd-M 3.09 3.23 3.07
M-D 2.49 2.72 2.54
Pd-Pd 4.83 5.07 4.78
M-M 3.65 3.78 3.57
D-D 2.58 2.80 2.69

3.30 K3ZnH5 (Rb3ZnH5, CS3ZHH5, CS3CdH5, K3MIIH5,
Rb3MnH5, CS3MnH5)

M;3;ZnHs (M =K, Rb, Cs) from elements by sintering
powder mixtures at 783-793 K under 120bar hydrogen
pressure; 19195 M;MnHs (M = Sr, Ba) from alkali metal
hydrides and Mn powder at 875K and 3kbar H, gas
pressure,'%6197 Cs;CdH;5'%® from elements, gray (Zn, Cd)
and rose colored (Mn) powders; sensitive to air; ordered
structure (Figure 30) by npd on deuteride: /4/mcm, Z = 4;
Cs3CoCls type structure, tetrahedral [TH4]>~ 18-electron
complexes with T site symmetry 42m surrounded by two
M sites in an eightfold configuration; two D sites, of which
the fourfold is surrounded by M in octahedral configuration;
arrangement of H™ and [TH4]>~ complexes similar to that
in K3PtHs (VIII); vibrational spectroscopy of Rbs3ZnHs;3*
lif: 3MT.[TH;]*".H~; Zn", d'%; cd", d'°; Mn", d°; Mn
compounds order magnetically below 50K.° Interatomic
distances are given in Table 16.

3.31 Ba3Ir2H12

From powder mixtures of BaH, and Ir at 837K and

80 bar hydrogen pressure;!'?’ white powder, sensitive to air;

Figure 30 Structure of K3ZnDs

Table 16 Interatomic distances (A) in K3ZnDs and analogs

M=K  M=Rb  M=Cs
T=7n Zn-D 1.66 1.66 1.68
Zn-M 3.41 3.56 3.72
M-D 2.75 2.94 3.15
M-D- 2.78 2.91 3.04
Zn-Zn 5.36 5.61 5.87
M-M 3.92 4.10 426
D-D 2.66 2.69 2.72
T=cd Cd-D 1.82
Cd-M 3.83
M-D 3.11
M-D- 3.08
cd-Cd 5.96
M-M 435
D-D 2.93
T=Mn  MnD 175 176 1.79
Mn-M 3.55 3.69 3.82
M-D 2.73 2.88 3.11
M-D- 2.80 2.92 3.07
Mn-Mn 5.43 5.66 5.94
M-M 3.96 4.12 434
D-D 2.78 2.85 2.87

ordered structure (Figure 31) from npd on deuteride at room
temperature; Pgml, Z = 1; octahedral [IrH6]3‘ 18-electron
complex with Ir site symmetry 3m; surrounded by two Ba
sites in irregular sevenfold coordination; two D sites; lif:
3Ba’*t-2[IrHe ], Ir'!!, d°.

Distances (A): Ir-D = 1.60(3x) and 1.76 (3x); Ir-Ba =
3.30; Ir-Ir = 5.43; Ba-D = 2.72; D-D = 2.25.

3.32 Ca4Mg4C03H19 (Yb4Mg4C03H19)

From mixtures of arc-melted binary alloys (CaMg, YbMg)
and Co rods, by adding LiH as a flux, at up to 800K and
155 bar hydrogen pressure;'!® black powders, Ca compound
containing brownish translucent single crystals; partially
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Figure 32 Structure of Cay4Mg4Co3D9

disordered structures (Figure 32) from npd on deuterides
and single-crystal X ray on CasMg4CosHo; P43m, Z = 1;
derives from Fe analog CasMgsFe;Hy, (XX) by substitution of
oct [FeHg]*~ by spy [CoHs]*~ 18-electron complexes; apical
Co ligands disordered (half occupancy), Co site symmetry
42.m, surrounded by Mg and Ca (Yb) sites in deformed
cubic configuration; three D sites, of which one anionic D™
tetrahedral surrounded by one Mg?* and three M?*; derives
from Mg,CoHs (III) by partial substitution of Mg by Ca,
and of every fourth [CoHs]*~ by 4H™; lif: 4M?*. 4Mg>*.
3[CoHs]a*~-4H™; Co', d3. Interatomic distances are given in
Table 17.

3.33 KNaReHy

Translucent crystals obtained from di-sodium salt
Na,ReHo? by slow evaporation of a solution in KOH;
unstable in moist air; ordered structure (Figure 33) from
single-crystal X-ray diffraction at 193 K, and IR data:!'"! Pnma,
Z = 4; Re site forming ttp-[ReHy]>~ 18-electron complexes
with site symmetry m; surrounded by K and Na cations in

Table 17 Interatomic distances (A) in
CasMg4Co3Dj9 and ytterbium analog

M = Ca M =Yb
Co-D 1.55-1.59 1.55-1.58
Co-Mg 2.75 2.74
Co-M 3.11 3.10
Mg-D 1.91 1.89
Mg-D~ 1.96 1.94
M-D 2.44 2.43
M-D~ 2.35 2.36
Co—Co 4.72 4.71
Mg-Mg 3.72 3.67
Mg-M 342 3.40
D-D 2.19 2.19

Figure 33 Structure of KNaReHg

TiNiSi type metal configuration; six H sites (not refined); lif:
K+ Na*-[ReHo]*~; ReV!, d°.

Interatomic distances (A): Re-H = 1.69—1.71%; Re-Na =
3.35; Re-K = 3.69; Re—Re = 5.33; Na-Na = 4.00; Na-K =
4.01; K-K =4.49; Na-H =2.33%, K-H =2.61*; H-H =
1.73% (not refined).

3.34 LisPt;Hy

From reaction of LiH and Pt at 1250bar H, pressure
and 820K;"? anthracite colored caked solid, sensitive to
air and moisture; ordered structure (Figure 34) from npd
on deuteride: I4/mcm, Z =4; contains [Pt,Ho]’~ dimer
with m.mm symmetry in which four D surround each Pt
in spl configuration and one D bridges two Pt; 2 Li sites;
diamagnetic; lif: SM*-[T,Hy]>~; Pt!l, d3.

Distances (A): Pt=D = 1.64(4x), 1.85; Pt - Li = 2.64;
Pt-Pt = 3.71; Li-D = 2.13; D-D = 2.28.
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Figure 34 Structure of LisPt;Dg
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Figure 35 Structure of Ba;Cu3; D17

3.35 Ba7Cu3H17

By hydrogenation of Ba—Cu alloys at 10 bar H, pressure
and room temperature, followed by annealing at 643 K under
160 bar H, plressure;113 dark brownish powder sensitive to
air and moisture; ordered structure (Figure 35) from npd on
deuteride: P31c¢, Z = 2; contains distorted 18-electron tet-
[CuD4]*~ complexes (symmetry 1) surrounded by nine Ba
(three sites) in ttp configuration; seven D sites, of which
three anionic D~ tetrahedral surrounded by four M?*; lif:
7Ba?t.3[CuH4]?~.5H~; Cu!, d'°.

Distances (A): Cu-D = 1.64—1.75; Cu-Ba=3.19;
Cu—Cu = 5.07; Ba-D = 2.36; Ba-D™ = 2.59; D-D = 1.94.

3.36 Lng4082H]3 (Lng4Rll2H13)

By sintering of mixtures of LiH, Mg, and Os (Ru)
powders at up to 833 K under hydrogen pressure between
70 and 155 bar;>> powders having light green (low pressure)
and grey (high pressure) color; sensitive to air; Os sample
pyrophoric; ordered structure (Figure 36) by npd on deuteride
of Os compound: P63/mmc, Z = 2; octahedral [OsHg]*~
18-electron units having T site symmetry 3m surrounded
by six Mg?>* and two Li* in nearly cubic configuration;
one Mg and one Li site; three D sites, of which an
anionic D™ in trigonal bipyramidal coordination with two

Figure 36 Structure of LiMg4Os,D 3

short linear Mg-D and three long triangular Li-D bonds;
structure derives from Mg,OsHg by intercalation of LiH
sheets; intermediate between Mg,OsHg (I11) and LiMg,OsH;
(XXVID); lif: Lit-4Mg?*-2[THg]*~-H~; Os'!, d°.

Distances (A): Os-D =1.693x) and 1.70 (3x);
Os-Li = 2.69; Os-Mg = 2.85; Mg-Li =3.31; Mg-Mg =
3.26;Li-D =2.13; Li-D™ = 2.73; Mg-D = 2.24;Mg-D™ =
1.87; D-D = 2.31.

3.37 Li,PtH,

By thermal decomposition of LisPt;Hg (XXXIV) at 493 K
under argon;'!'* ordered structure (Figure 37) from npd on
deuteride: Immm, Z = 2; contains linear [PtD,]*>~ 14-electron
complexes with mmm symmetry; orthorhombic distortion of
tetragonal Pd analog Li,PdH, (VII); lif: 2Li*-[PtH,]?>~; Pt°,
do.

Distances (A): Pt-D = 1.64(2x); Pt-Pt = 2.99; Pt—-Li =
2.61; Li-Li = 2.75; Li-D = 2.01; D-D = 2.82.

3.38 BaMg,RuHg (BaMg,0OsHg)

By sintering powder mixtures of BaMg, alloy, BaH,,
and Ru with LiH flux at temperatures of up to 803K

and H, pressures of up to 150bar;'!S greenish powder;

Figure 37 Structure of Li, PtD,
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Figure 38 Structure of BaMg,RuDg

Table 18 Interatomic distances (A) in
BaMg;RuDg and osmium analog

T =Ru T =0s
T-D 1.68—1.72 1.70—-1.72
T-Mg 274 2.75
T-Ba 3.67 3.67
Mg-D 2.10 2.12
Mg-D~ 1.99 1.97
Ba-D 2.68 2.68
Ba-D~ 2.77 2.77
T-T 4.96 4.97
Mg-Mg 3.08 3.03
Mg-Ba 3.83 3.82
D-D 2.04 2.02

ordered structure (Figure 38) by npd on deuterides of Ru
and Os compounds at room temperature: P4,/mmc, Z = 2,
octahedral [THg]*~ 18-electron units having T site symmetry
4m2 surrounded by four Mg?* and four Ba?* forming
two interpenetrating tetrahedral; similarity to iron analog
BaMg,FeHg (XVI); three D sites, of which one hydridic
D~ is tetrahedral coordinated by two Ba and two Mg; lif:
Ba?*.2Mg?*.[THg¢]*~-2H~; T!, d°. Interatomic distances are
given in Table 18.

3.39 NaBaPdH;

By sintering of compacted powder mixtures of NaH, BaHj,
and Pd at temperatures of up to 783 K under H, pressures
of 90 bar;!® solid having metallic luster, sensitive to air and
moisture, contains ruby-red single crystals; ordered structure
(Figure 39) from single-crystal X-ray diffraction on hydride
and npd on deuteride: P63/mmc, Z = 2; contains trigonal
planar [PdH;]>~ 16-electron complexes with 6m2 symmetry;
surrounded by five Ba in trigonal bipyramidal configuration;
one Pd site, one Na site, one Ba site and one D site;

Figure 40 Structure of KzReDg

lif: Nat.Ba?*.[PdH3]*~; Pd°, d'° (supported by ac-magnetic
susceptibility measurements).

Distances (A): Pd-D = 1.72(3x); Pd-Ba = 3.04;
Pd-Na = 3.81; Pd-Pd =4.63; Ba—Na=3.81; Na-Na=
3.04; Na-D = 2.33; Ba-D = 3.03; D-D = 2.98.

3.40 K3ReH6

By hydrogenation of powder mixtures of KH and Re at
850 K and H, pressures of up to 3500 bar.!!” Reaction product
has olive green color, is unstable in air and moisture, and
decomposes under vacuum; ordered structure (Figure 40) from
npd on deuteride: cubic variant of cryolite type (K;NaAlF),
Fm3m, Z = 4; Re site forming oct-[ReHg ]~ 16-clectron
complexes with site symmetry m3m; surrounded by 14K*
forming a bicapped cuboctahedron (of which the closest KT,
site K1, in eightfold cubic configuration); lif: 3K+ [ReHs]’~;
Re", d* (consistent with experimentally measured weak
temperature independent paramagnetism).

Distances (A): Re-D = 1.71(6x);Re-D = 3.73;Re—Re =
6.10; K-D = 2.60; K-K = 3.73; D-D = 2.41.

3.41 Cath6H24

From calcium hydride and rhodium metal by sintering
powder mixtures at temperatures of up to 1133 K under
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Figure 41 Structure of CagRhgDy4

Sbar hydrogen pressure;”* powder of metallic brass-like

appearance, sensitive to moisture and air; ordered structure
(Figure 41) closely related to partially disordered more Rh
poor CagRhsHp3 (XXVI), intermediate to anion deficient
K,PtClg type (II) and perovskite type; from npd on
deuteride: Im3m, Z = 1; three-dimensional network of Rh
centered, corner-sharing D octahedra (site symmetry 4/mm.m)
consisting of four bridging (D2) and two terminal (D1);
Ca surrounds octahedra in eightfold cubic configuration; lif:
4nCa®t.[Rh3H,],%"~, mixed valence Rh'!-3

Distances (A): Rh-D = 1.73(2x) and 1.82 (4x); Rh—Ca =
3.15; Rh—Rh = 3.64; Ca-D = 2.58; Ca—Ca = 3.64; D-D =
2.51.

3.42 Rb3ReH10 (K3R6H10, CS3ReH10)

By hydrogenation of powder mixtures of alkali hydrides
and Re up to 870K and H, pressures of up to 3500 bar
(K,>118 Rb, 118 Cs11%); reaction products are light grey and
unstable in air and moisture; disordered structure (Figure 42)
from npd on Rb deuteride: cubic room temperature variant:

Pm3m, Z = 1; described as ReOj5 type framework containing
strongly disordered [ReHy]?>~ 18-electron complexes (average
site symmetry m3m) with two 24-fold disordered D sites
(occupancies 0.187 and 0.194), and hydride anions H™ in
octahedral M™ environment; transforms below 110K into
presumably ordered ttp-[ReHo]>~ complexes (described as
‘monocapped square antiprisms’®!1%) having rhombohedral
symmetry; lif: 3M*-[ReHo]>~-H™; ReV!, d° (consistent with
experimentally measured diamagnetism on Rb compound).

Distances for disordered structure (A): Re-D = 1.70 (24 x,
dis) and 1.71 (24x, disordered); Re—-Rb = 4.18; Rb—Rb =
4.18; Re—Re = 6.10; Rb-D = 2.83; Rb-D™ = 2.96; D-D =
0.58 (dis).

3.43 Na3zOsH; (NazRuH~)

By sintering powder mixtures of NaH and Os (Ru) at
temperatures of up to 870 K and H; pressures of up to 1500
(Os) and 6000 (Ru)bar.'?® ordered structure (Figure 43) by
npd on deuteride of Os compounds at room temperature:
P4y/mnm, Z =4; contains isolated distorted pentagonal
bipyramid [OsH;]*~ 18-electron units having Os site
symmetry m.2m surrounded by eight Na™ (from two Na sites)
forming a distorted cube; four D sites; transforms into a HT
modification at 459 K; lif: 3Na*-[TH;]3~, TV, d* (supported
by experimentally measured weak temperature independent
paramagnetism on Os compound). Diffraction evidence!? for
the existence of cubic phases M3;_s TH7_s (M = K, Rb, Cs;
T = Ru, Os; § ~ 0.12 for the K—Ru compound).

Distances (A): Os-D = 1.62—1.70; Na-Os = 3.15;
Os—0s = 5.35; Na-D = 2.21; Na—Na = 3.12; D-D = 1.84.

3.44 CS3OSH9 (Rb3OSH9)

By sintering powder mixtures of alkali hydrides and Os
under conditions similar to Na;OsH; (XLIII).!?® Partially
disordered structure (Figure 44) by npd on deuteride of Cs
compound at room temperature: Pmﬁm, Z = 1; contains

Figure 42 Structure of RbsReDg

Figure 43 Structure of Na;OsD;
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Figure 44 Structure of Cs30sDg

isolated [OsHg]*>~ 18-electron units having strongly disordered
D ligands at room temperature as described by two partially
occupied 24-fold D sites (occupancy = 1/6, not refined), and
one D~ site in octahedral M* surrounding; Os (average
site symmetry m3m) surrounded by eight M* in cubic
configuration; lif: 3M*-[OsHgl., 2~ .H—; OsV!, d2.

Distances (A): Os—D = 1.59 (24 x, dis) —1.70 (24 x, dis);
Os—Cs = 4.33;0s—0s = 6.13; Cs—D = 2.91;Cs-D~ = 3.06;
Cs—Cs = 4.33; D-D = 0.70 (dis).

3.45 Mg6Il'2H11

From either hydrogenated binary MgsIr alloy or by
sintering powder mixtures of the elements at up to 773K
under a H, pressure of up to 150bar.'?! Red colored
hydride; partially disordered structure (Figure 45) from
npd on deuteride,: P2;/c, Z = 8; contains four symmetry
independent Ir hydride complexes: a spy [IrHs]*~ and
three sad [IrH4]°~ complexes of which two are disordered,
and five hydride anions are exclusively bonded to Mg;
all complexes are surrounded by Mg in distorted cubic

configurations; metal substructure represents a monoclinic
distortion of orthorhombic Co analog MgCo,Dy; (XVII); lif:
12Mg?*-[IrHs]*-[IrH4 1>~ -2[IrH4],y>~-5H™; mixed valence
Ir', d® and Ir/, 419,

Distances (A): Ir1-D = 1.67-2.07, Ir2—-D = 1.66—1.74,
Irla-D = 1.67-1.99, Ir2a—D = 1.64—-1.90; Ir-Mg = 2.65;
Ir-Ir = 4.62; Mg—Mg =2.79; Mg-D =1.79; Mg-D™ =
1.74; D-D = 2.11.

3.46 NdMgNi4H3.6 (LaMgNi4H~3.6)

From hydrogenation of intermetallic compounds NdMgNi,
and LaMgNiy at 323K under H, pressure of up to
7-8bar;'?? metallic powders decompose in air by catalytic
water formation; nearly ordered structure of NdMgNisHj ¢
(Figure 46) from npd on deuteride; Pnm2,, Z = 4; contains
three Ni sites and three almost fully occupied D sites
(occupancies 0.89—0.92) forming [NizH-4]°~ tetramers in
which three edges and one face of the Ni tetrahedron is bridged
by hydrogen; tetramers are surrounded by monocapped
trigonal prisms formed by four Nd and three Mg; lif:
M3+.Mg?+ . [NigH, .

Distances (10\): Ni-D = 1.64-1.72; Ni-Ni = 2.44;
Ni—-Mg = 2.83; Ni-Nd = 2.90; Mg—Mg = 4.92; Mg-Nd =
3.14; Mg-D = 2.17; Nd-Nd = 4.98; Nd-D = 2.34; D-D =
2.47.

3.47 LaMg2N1H7

From hydrogenation of ternary metal compound LaMg,Ni
below 473 K under H; pressure of up to 8 bar;'?* dark grey
colored powder sable in air; ordered structure (Figure 47)
from npd on deuteride: P2,/c, Z = §; contains two symme-
try independent tet-[NiH4]*~ 18-electron complexes having
eight terminal D atoms, and six hydride anions bonded
to two Mg and two La only; Ni (site symmetry 1)
surrounded by three La (two sites) and six Mg (four
sites) in monocapped square antiprismatic configuration;

Figure 45 Structure of Mgglr, Dy

Figure 46 Structure of NdMgNiyD-4
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Figure 47 Structure of LaMg,;NiD;

lif: La’t-2Mg?*-[NiH4]*~-3H~; Ni°, d'%; hydride is non-
metallic; provides example for hydrogation induced metal
(LaMg;Ni) — to — nonmetal (LaMg,;NiH7) transition.
Distances (A): Nil-D = 1.49—1.63, Ni2-D = 1.48—1.63;
Ni-Mg = 2.59; Ni—La =3.36; Ni-Ni =4.14; Mg-Mg =
3.02; Mg-La=342; La-La=4.06; Mg-D=1.94;
Mg-D™ = 1.82; La-D = 2.39; La-D™ = 2.33; D-D = 2.12.

4 CRYSTAL CHEMISTRY

4.1 Hydride Complexes

Occurrence. At present, some 50 different homoleptic
hydride complexes have been identified in over 127
compounds that cover 47 structure types. Their occurrence
across the 3d, 4d, and 5d transition metal series is summarized
in Table 19. The complexes form with transition elements
from group seven (Mn), eight (Fe), nine (Co) and ten (Ni),
to closed d-shell elements of group eleven (Cu) and twelve
(Zn). Hydride complexes have not been characterized as yet
for elements of group four (Ti), five (V) and six (Cr), and none
for Ag, Au, and Hg. Interestingly, most complexes contain
T-metals that do not form stable binary hydrides such as iron,
cobalt, and congeners, or form relatively unstable hydrides
such as nickel and congeners. While the great majority of
complexes are centred by one T-metal atom (‘mononuclear’
complexes) and display terminal hydrogen ligands only, some
are centred by two (Ru, Pt), four (Rh, Ni) or more (Ru, Rh) and
display both terminal and bridging hydrogen ligands, and/or
T-T metal—metal bonds (‘polynuclear’ complexes).

Mononuclear Complexes. They show at least 10 dif-
ferent geometries that are represented in Table 20. They
range from tricapped trigonal prismatic (e.g. [ReHo]*7),
pentagonal bipyramidal (e.g. [OsH;]*~), octahedral (e.g.

[FeHg]*, [ReHg]>™), square pyramidal (e.g. [CoHs]*"), pla-
nar (e.g. [RhH4]>7), tetrahedral (e.g. [NiH4]*"), saddle-like
(e.g. [IrtH4]°7), triangular (e.g. [PdH3]*7), T-shaped (e.g.
[RuH3]%7) to linear (e.g. [PdH,]*7). Generally speaking,
the ligand geometries resemble those of transition metals
in ‘inorganic molecules'?*’and coordination compounds such
as metal carbonyls and cyanides, and are consistent with con-
ventional electron counts, that is, they are octahedral (usually
18 electrons and d®), such as Mo(CO); square planar (usu-
ally 16 electrons, d®), such as Ni(CN),>~; square pyramidal
(18 electrons, d®), such as [Ni(CN)s]*~; saddle-like, such
as the binuclear nonbridged structure of Co,(CO)g (formally
17 electrons, d°) or the trinuclear structure of Ruz(CO);,
(formally 16 electrons, d®); tetrahedral (usually 18 electrons,
d'9), such as Ni(CO)y; or linear (usually 14 electrons, d'?),
such as the usual ligand geometry of Ag' (d'°) and con-
geners. Complexes having less than 13 electrons or more
than 18 electrons have not yet been reported. The tetrahedral
13-electron [MnH,4]>~ complex in KsMnH;s (XXX) is remark-
able because it displays a half-filled d shell and leads to a
pink colored hydride that orders magnetically. Other inter-
esting cases are the T-shaped formally 17-electron [RuH3]%~
complex in Mgz;RuH; (XV) and the saddle-like formally 16-
electron [RuH4]*~ complex in Mg,RuH,; (XVIII), because
they provides possible links to polynuclear complexes (see
below). Some complex geometries represent only averages
such as [CoHylay> ", [RuHs]av®~, [OsHglay>™ (not included
in Table 20), [PdH3].,>", and [IrH3]..*~ (not included in
Table 20), because of structural disorder. A five-coordinate
trigonal bipyramidal hydrogen configuration similar to the
ligand geometry in Fe(CO)s has not yet been reported. The
presumably square antiprismatic configuration in Cs3;OsHg
(XLIV) has not yet been ascertained.

Some T-metals adopt one type of ligand geometry only,
such as Fe that forms exclusively oct-[FeHg]*~ complexes
(occurring in three hydride structure types, see Table 19),
while others adopt two geometries, such as Co that forms
sad-[CoH4]°~ and spy-[CoHs]*~ complexes (either ordered
or disordered), or three or more geometries, such as Ru that
forms five: ts-[RuH3]%~, sad-[RuH4]*~, spy-[RuHs].,*~, oct-
[RuHg]*~, and pbp-[RuH;]*>~. Each hydride structure usually
contains one crystallographic T-metal site. Exceptions are
KzReHg (I), Mg6C02H1| (XVH), and LaMg2N1H7 (XLVH)
that contain two, K3PdH; (IX), SrgRhsH,; (XXVI), and
LaMgNisHy (XLVI) that contain three, and Mgglr, Hy; (XLV)
that contains four independent T-metal sites. Among these
MgsCoHy; (XVII) and Mgglr,Hy; (XLV) are remarkable
because the T-metal sites display different complex geometries
in the same structure: one sad-[TH4]°~ and three spy-
[THs]*~ of which two are disordered (T = Co, Ir). T-metal
complexes having a given geometry usually occurs in
different structure types such as oct-[FeHs]*~ in Mg,FeHg
(I), StMg,FeHg (XVI) and CasMg4FesHy, (XX), and tet-
[NiH4]*~ in Mg, NiHy4 (V) CaMgNiH, (XIX) and LaMg,NiH;
(XLVII). Complexes centred by different T-metals in the
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Table 19 Homonuclear and polynuclear complex anions as found in various hydride structure types

Mn Fe Co Ni Cu Zn
[MnH,J>~ XXX [FeHe]*~ I, XVI, XX [CoH4]*, XVII  [NiH4]* V, XIX, [CuH4P~ XXXV [ZnH4]*~ XXIX,
[MnHg]°~ XXIII [CoHyla>~ XLVII XXX

[CoHs]* 111 [NigH4]P~  XLVI
[CoHsla*™  XVII, [NiHs_,J2", X
XXXII
Te Ru Rh Pd Ag Cd
[TcHo]?~ 1 [RuyHg]'?~ XV [RhyH, XIV  [PdH,*~  VILIX [CdH4]*~ XXX
[RuH4], %"~ XVIII [RhH,]*~ XII  [PdHy 2 X
[RuHs]o,>~ XXV [Rh;Hi2], XLI [PAH;P~  XXXIX
[RuHg*~ 11, XI, [RhyHy7], %"~ XXVI  [pdH;], 3~ XX
XXVII, [RhHs], 4~ 100 [PdH >~ IV, VI,
XXXVI, [RhH]?~ XII, VIII
XXXVIII XXVI  [pdH,*~  XXIX
[RuH,]?~  XLIII

Re Os Ir Pt Au Hg
[ReHs]?~ XL [OsHe]*~ 11, XI, [IrH3]ay ™ XXIV  [PtH]*~ XXXVII
[ReHs]’~  XXIII XXVII, [TIrH4]3~ XLV  [PtH4]*~ IV, VI,

[ReHo>~ I, XXXVI, [IrHy] >~ XLV VIIL, XXI
XXVIII, XXXVII  [IrHs]* XLV  [PLHo~  XXXIV
XXXII [OsH;)P~  XLII [IrHs]av*~ 111 [PtHe]?~ II
[ReHy]ay>~ XLII [OsHgla>~ XLIV [IrHe ]~ X1I,
XXXI

same structure have not yet been reported. ‘Composite’
hydride structures made up by covalent bonded hydride
complexes and ionic bonded hydrogen occur with StMg,FeHg
(XVI), Ba,PtH, (XXI), LiSr, PdHs (XXII), Mgz ReH; (XXIII),
Mg3RllH6 (XXV), LlMnguH7 (XXVH), LlMg4OS2H13
(XXXVI), LaMg;NiH; (XLVII), and can be studied on
Figures 16, 21, 22, 23, 25, 27, 36, and 47, respectively.
Those belonging to the series LiH-nMg, THy (T = Ru, Os;
n=1,2, 00, groups XXVII, XXXVI, and II, respectively)
are made up by slabs of [TH¢]*~ complexes and sheets of
ionic LiTH™. Finally, only relatively few 3d analogs exist
to the more numerous 4d and 5d hydrides, that is, four Mn
versus eight Re compounds, five Co versus twelve Rh and
ten Ir compounds, and ten Ni versus twenty-one Pd and
seventeen Pt compounds. In particular, no iron analog exists
for the ruthenium (osmium) series of composite structures,
and no nickel analogs exist for any of the palladium and
platinum compounds.

Polynuclear Complexes. Dinuclear complexes occur in
nonmetallic LisPt;Hg (XXXIV) and metallic Mgz;RuHj3 (XV).
The former displays planar PtH4 units that are connected via
Pt—H—Pt bridges to [Pt;Hy]>~ complexes, and the latter display
T-shaped RuHj3 units that are possibly connected via Ru—Ru
bonds to [RuyHg]'?~ dimers. Tetranuclear complexes occur
in metallic MgRhHj 94 (XIV) and NdMgNisH~4 (XLVI).
The former displays cyclic tetramers [RhyH- 413~ having
nearly linear T-H-T bridges, and the latter tetrahedron shaped
[NizgH4]>~ units in which three edges and one face of

the Ni tetrahedron are bridged by hydrogen. Quasi one-
dimensional [Ru,,Hy, ]**~ polymers displaying T-T bonds can
be formulated in Mg;RuH, (XVII), and a two-dimensional
disordered [RhyH;7],'3"~ network of corner-sharing RhHg
octahedra occurs in CagRhsH,; (XXVI). Three-dimensional
ordered networks of corner-sharing TH¢ octahedra occur in
brass colored CagRhgHys (XLI; [Rh3H;»], % anion), and
the perovskite structure of metallic EuPdH; (X; [PdH3],%"~
anion). Polynuclear complexes with mixed T-metals such as
in metal carbonyls have not been reported as yet.

Complex Formation In Intermetallic (‘Interstitial’)
Hydrides. The historically first example for a hydrogenation
induced complex formation is Mg;NiHy (V). The brownish
colored hydride derives by hydrogenation of the intermetallic
compound Mg, Ni and was originally classified as an ‘inter-
stitial’ hydride. It contains an ordered array of [NiH4]*~
complexes, is stoichiometric and nonmetallic, and shows a
relatively important but reversible rearrangement of its metal
atom substructure. Complex formation also occurs in other
metal-rich metal framework structures such as the palladium
compounds CaPdH, (X and analogs) and LiSr,PdH5 (XXII).
The hydrides have CsCl-type metal substructures and can be
described in terms of isolated, partially disordered [PdH;Jay >~
and [PdH3],,>~ groups, respectively, but the data are also com-
patible with 3-dimensional networks of Pd—H—Pd bridges as in
‘interstitial” hydrides.?> More palladium rich hydrides based
on close-packed metal atom arrangements are NaPd;H,!%3
and LiPdH, ;1?6 (not included in this review). While the for-
mer shows an ordered array of well-defined linear H-Pd-H
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Table 20 Homonuclear transition metal hydride complexes® and formal electron configurations

CN Geometry Complex Structure types T #e-
9 Tricapped [ReHy]*~ I, XX VIII, XXXIII, XLII d° 18
trigonal [TcHo?~ I d° 18
prismatic
7 pentagonal [OsH;]3~ XLIII d° 18
bipyramidal [RuH;]*~ XLIII d° 18
6 octahedral [MnHg]>~ XXIII dé 18
[ReHg]>~ XXIII d° 18
[ReHe]*~ XL d 16
[FeH¢]*~ 11, XX, XVI dé 18
[RuHg]*~ I1, X1, XX VII, XXX VI XXXVIII de 18
[OsHe]*~ I1, XI, XXVII, XXX VI XXX VIII dé 18
[RhH ]~ XII, XX VI de 18
[IrH¢]*~ XII, XXXI d° 18
[PtHg]>~ Il de 18
5 square pyramidal [RuHs]a~ XXV d® av 18
[CoHs]*~ I d? 18
[CoHs]a*™ XVII, XXXII d®av 18
[IrHs]*~ XLV d? 18
e [IrHs]av 111, XLV d®av 18
_.J--“l : .
L
4 square planar [RhH, 3~ X1 d? 16
. [PdH, >~ IV, VII, VIII s 16
. [PtH4]>~ VII, VIII, XXI d? 16
L=
. J
O 4 tetrahedral [MnH4]>~ XXX & 13
NiH,]*~ V, XIX, XLVI d'o 18
[
[PdH4]*~ XXIX d'e 18
[CuH4]?~ XXXV d'o 18
[ZnH41>~ XXIX, XXX d'e 18
[CdH4]> XXX d'o 18
!’j 7
o )
C 4 saddle-like [CoH4*~ XVII do 18
[RuH4]*~ XVIII d? 16
[IrH4]>~ XLV d'e 18

(cont’d overleaf)
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Table 20 cont’d

CN Geometry Complex Structure types T #e-
C '®) 3 triangular [PdH;]*~ XXXIX do 16
8
r 1
3 T-shaped [RuH3]6~ XV Dimer 17
[PdH3],,%~ XXII d!® av 16
=
E 4
P 2 linear [PdH,]*>~ VI, IX do 14
. 4 [PdH;]ay*~ X d'%av 14
[PtH,]?~ XXXVII do 14

In decreasing coordination number, CN; only structurally characterized, essentially ordered monomers having terminal H ligands are included;

av: average due to disorder.

groups, the latter is disordered and shows only a weak tendency
for complex formation. As to the above mentioned metallic
hydrides MgRhH. ¢ (XIV) and NdMgNisH4 (XLVI), their
hydrogen distributions can be described as ‘interstitial’, but
the stereochemical activity of the tetramers [RhyH;]®~ and
[NisH4]>~, respectively, is evident. These findings suggest that
hydride complex formation could be a general phenomenon
in interstitial hydrides, at least on a local level. Some strik-
ing examples for hydrogenation induced complex formations
and metal-insulator transitions have been recently reported in
the systems Mg;Ir—H,"?! and LaMg,Ni-H,.!?* The former
contains the intensely red colored hydride Mgglr,Hy; (XLV)
the structure of which can be rationalized in terms of pyr-
[IrHs]*~ and sad-[IrH4]°~ 18-electron complexes and hydride
anions H™, in agreement with the limiting ionic formula
4MgIrHyp = 5SMgH,-19Mg?*-2[IrHs]*~-6[IrH,4]°~. The lat-
ter contains the grey colored hydride LaMg, NiH; (XL VII) that
is nonmetallic. Its structure contains tetrahedral [NiH4]*~ com-
plexes and hydride anions H™ corresponding to the limiting
ionic formula LaHs3-2Mg*2-[NiH4]*. Thus both compounds
can be considered as ‘complex’ hydrides for which the ‘inter-
stitial” concept fails.

Order—Disorder Transitions. The mobility of the hydro-
gen ligands (or of the entire complexes) at room temperature
is generally high. Well-characterized order—disorder transi-
tions within the complexes near room temperature occur in
Mg,CoHs (1II), Mg;NiHy (V), K3PdH; (IX), NayPtHy (IV),
M;PtHs (M = Rb, Cs; VIII), and MpPtHs (M = K, Rb, Cs;
VI). Complexes that are partially disordered at room temper-
ature and do not readily order at low temperature occur in
CaPdH, (X), LiSr,PdHs (XXII), Mg4IrDs (XXIV), MgzRuHg

(XXV), M;TH;5 (T = Rh, Ir; M = Mg, Ca, Sr, Eu; III) and
MgsT,H,; (T = Co; XVII, and Ir; XLV). In some structures,
the hydride complexes undergo rigid motions, such as in
K,PtH,4 for which LT-NMR data suggest rotational jumps of
the spl-PtH, units in the plane of the square.?

4.2 Cation Configurations

The cations M (alkali, alkaline earth, lanthanide) sur-
rounding the complexes have various configurations, of
which the eightfold cubic (or approximately cubic) is by
far the most common. Depending on the metal ratios M/T
the cubes are joined via corners, edges, or faces. Edge
sharing occurs in SryRuHg (II), SrpIrHs (III), Na,PtH,
(IV), MgNiH; (V), KoPtHy (VI), and KsReHg (XL)
that adopt one arrangement, and CasMgsFesH,, (XX) and
CasMgsCosH 9 (XXXII) that adopt another. Corner sharing
occurs in LigJRuHg (XI). Corner and edge sharing occurs in
MgzReH; (XXII), MgsCo,H;; (XVII), MgzRuHg (XXV),
LiMgoRuH; (XXVII), and Mgelr,Hy; (XLV) that adopt
one arrangement, and SryMgFeHg (XVI), LiMgsOs,H;3
(XXXVI), and LiMg4Os,H;3 (XXXVI) that adopt another.
Sheets of face-sharing cubes occur in MgyRuH, (XVIII)
and Baslr,H;; (XXXI) for which the sheets are con-
nected via edges, and in LiSr,PdHs (XXII) for which
the sheets are connected via additional M atoms, and in
Na,PdH, (VII), Ba,PtHs (XXI), and Li,PtH, (XXXVII)
that have other arrangements. Three-dimensional arrays of
face-sharing cubes occur in CaPdH, (X)and MgRhH,_,
(XIV) where all faces are shared, in SrgRhsHp; (XXVI)
where edges, edges and faces, or faces are shared,
and in CagRhgHys (XLI) where edges and faces are
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shared. Face-sharing configurations are of particular inter-
est because they favor interactions between neighboring
hydride complexes.

The distortion of the M cube depends mainly on the
symmetry and dynamics of the hydrido complex. This can
be seen in Mg, CoHs (I1I) and Mg, NiHy4 (V), whose T-metal
centered Mg cubes are regular in the disordered cubic HT
structure (such as in Mg;FeHg; II), and strongly distorted
in the tetragonal (Mg,CoHs) and monoclinic (Mg;NiH4) LT
structures owing to ordering of the spy-CoHs and tet-NiH,
units, respectively. Another example is MgyRuH, (XVIII)
whose Mg cubes surrounding the sad-RuH, units are strongly
distorted compared to the regular Mg cubes surrounding
the oct-RuHg units in MgyRuHg (II). The influence of
the complex geometry on the metal atom array is also
apparent in Mg¢CoH;; (XVII), Mge¢lr,Hy; (XLV), and
MgzRuHg (XXV). They contain various nonoctahedral THy4
and THs units, and their metal substructure derives from
that of trigonal Mg;ReH; (XXIII) containing octahedral
ReHg units by an orthorhombic (or monoclinic) distortion.
Finally, the atomic size difference between alkaline earths
also plays a role, as can be seen from the severe
distortions of the partially substituted M cubes in the
quaternary hydrides CasMgsFesHy, (XX) and CaMgNiHy
(XIX) that derive from Mg,FeHs (II) and MgyNiH, (V),
respectively.

4.3 Bond Distances

Metal—Hydrogen Bonds. The T—H bond distances of the
complexes can be rationalized in terms of covalent radii and
a fixed hydrogen radius of 0.28 A. The distances range from
1.50-1.60 A for 3d metals, to 1.70-1.80 A for 4d and 5d
metals, except for Pd (1.60—1.70 A) and Pt (1.58—1.67 A), the
T—H bonds of which are shortened owing to low-coordination
numbers. Apparent bond shortening may also occur as a
result of partial hydrogen site occupancy in disordered HT
structures. On the other hand, the relatively long Pd-D
distances in disordered CaPdD, (X) (Pd-D = 1.84 A) and
LiSr,PdDs (XXII) (Pd-D = 1.95A) are only averages, and
are presumably shortened locally owing to the formation
of linear PdD, groups. Owing to matrix effects,'?’ the
T-D bond lengths generally increase with the size of the
M cations.

The M—H distances are consistent with tabulated ionic
radii. Those involving hydride anions H™ surrounded
by cations M only (occurring in some 25 compounds
from 19 different structure types) are generally shorter
than those involving hydrogen ligands of the complex.
Exceptions are found in K;PdH; (IX), KsZnHs and
K3MHH5 (XXX), Ba7Cu3H17 (XXXV), Rb3ReH10 (XLH),
and Cs3OsHy (XLIV). Unlike the complex hydrogen ligands,
the hydride anions are neither mobile nor disordered. Their
metal configurations range from octahedral in LiSr,PdHs
(XXII), K5PdDs (IX), K3ZnHs (XXX), RbsReH,q (XLII),

Cs30sHy (XLIV), and LaMg;NiH; (XLVII), to trigonal
bipyramidal in LiMg,RuH; (XXVII) and LiMg4Os;H3
(XXXVI), tetrahedral in StMg,FeHg (XVI), CasMgsFe;Hy,
(XX), Ca4Mg4C03H19 (XXXH), Ba7Cu3H17 (XXXV), and
BaMg,RuHg (XXXVIID), triangular in MgsCo,H;; (XVII)
and LaMg,NiH; (XLVII), and linear in MgzReH; (XXIII)
and MgzRuHg (XXV). As expected, low-coordinate M—H
bonds are significantly shorter, for example, Mg-H = 1.74 A
in Mgelr,Hy; (XLV) and K-H = 2.73 A in K3PdH;s (VIII)
compared to higher coordinate M-H bonds such as in
binary MgH, (1.95 A), BaH, (2.57 A) and KH (2.85 A). As
in saline ternary hydrides, the Yb—D distances are close
to Ca—D distances and the Eu-D distances close to Sr—D
distances.'?8

Metal-Metal Bonds. The T- and M-metals are likely
to interact in complex hydride structures because of their
proximity. The shortest M—T distances are in the range
2.5-3.5A and give rise to metallic properties in metal-rich
compounds, such as MgRhD,_, (XIV) (Mg-Rh = 2.66 A)
and Na,PdH, (VII) (Na—Pd = 3.13 A). The shortest M—-M
distances are in the range 2.5-4.5A and come close
to the sum of covalent radii, such as Mg-Mg =2.75A
in MgylrHs (XXIV), 278 A in MgsCoH;; (XVII) or
2.79 A in Mgglr,Hy; (XLV). Clearly, these M—T and M—M
interactions are not taken into account by a limiting ionic
bond description and require more sophisticated electron
counting schemes (see 4.4). Interactions between T-atoms
are less common, because the T-T distances usually
exceed 3.5A. However, T-T interactions do occur in
metallic Li;PdH, (VII) (Pd-Pd = 3.11 A) and Na,PdH, (VII)
(Pd—Pd = 3.60 A), and possibly also in Mg,RuH,; (XVIII)
(Ru—Ru = 3.24 A) and MgzRuH; (XV) (Ru-Ru = 3.314)
as suggested by their stereochemistry and the existence
of carbonyls displaying such interactions across similar
long distances.

Hydrogen—Hydrogen Contacts. The H-H contacts in
ordered hydride structures usually exceed 2.1 A, and thus
indicate nonbonding (or repulsive) H-H interactions. In
disordered structures, H sites closer than 2.1 A are always
half (or less) occupied. The shortest H-H contact occurs in
K;ReDg (I) for which the most recently reported value is
D-D = 1.90 A.2* Thus, there is no evidence for hydrogen
pairing in homoleptic solid-state T-metal hydrides, unlike
in molecular T-metal hydride complexes for which di-
hydrogen groups with H-H distances as short as 0.82 A do
occur. 10129

4.4 Bonding
The compositions and ligand geometries of most mononu-

clear T-metal hydride complexes can be rationalized in
terms of conventional electron counts based on full charge



28 HYDRIDES: SOLID STATE TRANSITION METAL COMPLEXES

transfer from the surrounding cation matrix M, and s-p-
d hybridization schemes that involve two-center-two-electron
(2c—2e) bonds, such as (d°)d’sp? for 18-electron ttp-[ReHq]*~,
(d®)d?sp® for octahedral 18-electron [FeHg]*~, [MnHg]>~,
and [ReHg]’~, (d®)dsp® for square-pyramidal 18-electron
[CoHs]*~, (d'%)sp® for 18-electron tetrahedral [NiH4]*~
and [PdH;]*~, (d®)dsp? for planar 16-electron [PdH;]>~
and [RhH4]*~, (d'%)sp? for triangular 16-electron [PdH;]*~,
and (d'%)sp for linear 14-electron [PdH,]*~. However,
for some hydrides, in particular those containing early
T-metals and/or showing metal—metal interactions, more elab-
orate electron counting schemes evoking s-d hybridization
only, three-center-four-electron (3c—4e) bonds, and partial
charge transfer from the cation matrix M are also pos-
sible, as was shown by Firman and Landis.!> Mg,CoHjs
(III), for example, can be formulated in terms of uni-
valent Mg* and sd® hybridized 16-electron [CoH; 2H]
complexes having two 3c—4e bonds. The merits and lim-
itations of this bonding model have been discussed by
King.'® For polynuclear hydride complexes, the bonding
situation is more difficult to describe. Some can be ratio-
nalized by mixtures between two-center-two-electron and
three-center-two-electron (3c—2e) bonds, such as dinuclear
[HyPt-H-PtH,]>~ in LisPt;Hy (XXXIV) for which eight
2c—2e bonds (terminal H’s) and one 3c—2e bond (bridg-
ing H) can be formulated, while for others such as tetranuclear
[NigH-4]°~ in LaMgNizH~4 (XLVI) a similar bond descrip-
tion is less apparent.

As expected from its small atomic size and high-field ligand
character, hydrogen favors 18-electron complexes (about
40 representatives with groups 7, 8, 9, and 10 elements).
Complexes with 16 electrons (some 11 representatives with
Re, Ru, Rh, Pd, and Pt), or 14 electrons (4 representatives with
Pd and Pt) are less numerous. The only octahedral 16 electron
(d*)d?sp?® bonded complex is [ReHs]*~ in K3ReHg (XL), and
the only tetrahedral 13-electron (d°)sp® bonded complex is
[MnH,4J?>~ in K3MnHs (XXX) that displays a half-filled d
shell. On the other hand, the relative softness of hydrogen as a
ligand and its stability as an anion favors structural diversity.
This is illustrated by ‘composite’ hydrides such as quaternary
CasMgyFesHy, (XX) that derives from ternary Mg, FeHg (1)
by partial substitution of a fourfold negative [FeH¢]*~ by
four H™, and MgzReH; (XXIII), Mg¢Co,H;; (XVII), and
Mg;RuHg (XXV) that have a common metal substructure and
are capable of accommodating various complex geometries
and H™ ions.

The formal oxidation numbers of the T-metal in most
hydride structures range between —I (Co, Rh), zero (Ru,
Ni, Pd), I (Mn, Re, Co, Ir, Rh, Cu), II (Fe, Ru, Os, Pd,
Pt, Zn), 1II (Ir, Rh), IV (Ru, Os, Pt), VI (Os) and VII
(Re). They are consistent with configurational differences as
found, for example, in palladates that change from tetrahedral
as in [Pd°H4]*~ to planar as in [Pd"H,]>~. As expected,
high formal oxidation numbers occur mainly with heavier
T elements such as ReV" in [ReHo]*~, OsV! in [OsHg]*~,

and PtV in [PtHg¢]?>~, for which no 3d analogs exist. As the
H/M ratios decrease, the systems tend to become metallic and
electron counting becomes less obvious. Illustrative examples
are MgzRuH; (XV) and MguIrHs (XXIV) for which the
neglect of Mg—Mg bonding leads to unreasonable electron
configurations and formal oxidation numbers (—III for Ru
and Ir). Clearly, limiting ionic formulas for such hydrides
are misleading, at least from a bonding point of view, but
they are still useful for rationalizing hydrogen contents,
which is generally not possible with ‘interstitial’ (metallic)
metal hydrides.

Finally, an important bonding feature of complex metal
hydrides are the interactions between the complex hydrogen
ligands and the surrounding cation matrix. As can be seen from
the isoelectronic series Mg,FeHs — Mg,CoHs — Mg,NiHy,,
the cations adopt cubic —or nearly cubic — configurations
that maximize the Mg—H interactions. Clearly such M—H
interactions not only help stabilizing the complexes but also
contribute to the thermal stability of the overall structure, as
shown by the desorption enthalpies of substitution pairs such
as Mg2N1H4fCaMgN1H4 and MngeH6fCa4Mg4Fe3H22
(see Section 5). On the other hand, T-H interactions do
not much contribute to thermal stability as suggested
by the relatively weak force constants as measured in
metal hydrides such as Mg,FeHs (Fe—-H stretching mode
~1.9 mdyne A~'; Fe-H = 1.56A),*® and the significant
elongation of the T-H bonds in the thermally more stable
analog Ca,FeHy (Fe-H = 1.62 A). Theoretical band structure
calculations are available for some of these systems, for
example, MgzMnH; (XXIII),”® Na,PdH; (IV), Na,PdH,
(VII), Li,PdH, (VII), NaBaPdH; (XXXIX), and Ba,PdH,
(XXIX)," Mg,NiH; (V), MgCoHs (III), Mg, THe (II;
T = Fe, Ru, Os), MyFeHy (II; M = Mg, Ca, Sr 37 APdH;
(X; A = Sr, Eu, Yb),”! BaReHy (XXVIII),”® and Eu,PdH,4
(XXIX),! but have not yet addressed the issue of
thermal stability.

5 PROPERTIES

In contrast to their ‘interstitial’ counterparts, complex
metal hydrides have no apparent homogeneity range and
are usually nonmetallic. Many are colored (greenish:
Mg,FeHs, NasRuHg, SrMg,FeHg, LiSr,PdHs; reddish:
Eu,RuHg, MgyRuHy; red-violet: Na,PtHy4; yellow: K3PdHs;
yellow-green: K,;PdH,4; brownish: Mg;RuHg, Mg;NiHy,
MggRuHﬁ, Ca4Mg4Fe3H22, BaMngeHg), while some are
colorless (K,PtH4, K3PtHs, NasRhHg), or appear as white
(Mg,OsHg, LisRuHg) or gray powders (Ca,RuHg, Mgz;RuH3,
MgszReHy). Only few are black (Yb,RuHg, MgeCosHyy,
Mg,CoHs, YbMgNiHs, YbsMgsFesH,,) or have metallic
luster (Li;RhH4, Na,PdH;). Relatively well-characterized
complex hydrides having metallic properties are Li,PdH, and
Na,PdH, that are considered to be two-dimensional metals.
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Among complex hydrides that derive from intermetallic
compounds, some show hydrogenation induced metal
to nonmetal transitions such as brownish-red Mg, NiHy
(Mg, Ni), red Mgelr,H (Mgslr), and dark grey LaMg,NiH;
(LaMgyNi). Such transitions are of both fundamental and
technological interest as shown for binary systems like Y-—H,
(switchable mirrors) and ternary systems like Mg,Ni-H,
(tuneable optic windows).!30

Many hydrides are diamagnetic, as expected for closed-
electron shells associated with low-spin d® (oct), d® (spl), and
d'0 (tet, lin) configurations. Others show weak temperature
independent paramagnetism such as the d* systems K3ReHg
(XL) and Na3OsH; (XLII). Finally, systems containing
magnetic ions tend to order magnetically at low temperature,
such as rose colored KsMnHs (Mn(Il), ptesr = 4.5ug, Tn =
28K) and faint violet colored Eu,PdHy (Eu(Il), peg =
SMB, TC =15 K)

Vibrational spectra as measured by INS on hydrides
such as M;THg (II, M = Mg, Ca, Sr, Ba; T = Fe, Ru,
0s),2838 Mg,NiHy4 (V) and Rb3;ZnHs (XXX)3* indicate T-H
stretching and bending modes in the expected ranges of
1600—2000cm™"! and 800—1000cm™!, respectively. These
modes correlate with bonding properties, such as the T-H
stretching frequencies in the K,PtClg type series (II) that
increase in the sequence T = Fe, Ru, Os, and decrease as
the M—H bond lengths increase. Their theoretical band gaps
show the opposite trend, that is, they increase in the sequence
Mg, THg (T = Fe, Ru, Os) owing to the increasing atomic
number of T, and that decrease in the sequence M;FeHg
(M = Mg, Ca, Sr) owing to the increased participation of M
d orbitals.

Properties of relevance for hydrogen storage applications,
such as desorption enthalpies and weight and volume
efficiencies, are summarized in Table 21.

Clearly, some compounds have outstanding properties,
such as Mg;FeHg, which shows the highest known volume
efficiency for hydrogen storage of all materials known
(120g H, L~!, that is, more than twice that of liquid

Table 21 Desorption enthalpies and hydrogen storage efficiencies

Weight
AH efficiency ~ Volume efficiency
kImol~! H, wt% gH,L~!

Complex hydrides

Mg, NiH4 64 3.6 18
Mg, CoHs 86 4.5 126
Mg, FeH 98 55 150
CaMgNiH, 129 32 87
CayMgyFe;Ha 122 5.0 121
Binary hydrides

MgH, 74 7.7 109
CaH, 1844 4.8 92
Metallic hydride

LaNisHg 31 1.4 93

aModel prediction.!3!

hydrogen), and BaReHy, which has an H/M ratio that
surpasses the hydrogen-to-carbon ratio of methane (H/C = 4).
The weight efficiencies are also remarkable as shown by
Mg,FeHs and MgzMnH;, which can store up to 5wt%
hydrogen, that is, more than currently used interstitial
hydrides such as ABsH-¢ (A = La, etc., B =Ni, etc.) and
AB,H.4 (A =Ti, etc., B=Mn, etc.), which store only
up to ~2wt% hydrogen. Unfortunately, regarding thermal
stability complex metal hydrides perform less well than their
interstitial counterparts. Only few hydrides decompose near
room temperature such as BaReHy and Ba;CuzH;; that are,
however, relatively heavy and expensive and not completely
reversible. Mg,NiHy, which is the only commercialized
hydride of this class, decomposes only above 523K,
corresponding to a desorption enthalpy of AH = 64kJmol~!
H;. Most other complex metal hydrides are more stable
(decomposition temperatures >573 K, AH > 80kJ/H;) and
must be heated to yield hydrogen at useful pressures, which
represents a penalty in energy. On the other hand, compounds
such as Mg,FeHys are of interest for high-temperature
applications®® because of their high thermal stability and
ease of cycling.

Owing to the scarcity of thermodynamic data, empirical
models such as that used to rationalize thermal stabilities
of interstitial metal hydrides’! do not exist for complex
metal hydrides. Metal-hydrogen interactions obviously
play a role, as can be seen from the substitution
pairs Mg;NiH;—CaMgNiH; and Mg,FeHs—CasMg Fe;Hp,,
whose stabilities increase strongly as one goes from the
ternary Mg compounds to the quaternary Ca compounds (see
Table 21). This trend correlates with the relatively strong
interactions between hydrogen and calcium that forms a
very stable binary hydride, compared to the relatively weak
interactions of hydrogen with magnesium that forms a less
stable binary hydride. This suggests that interactions between
hydrogen and metal cations govern to a large extent the thermal
stability of complex metal hydrides.

6 CONCLUSIONS

Solid-state transition metal hydride complexes occur
mainly with the late transition elements. The complexes are
usually mononuclear (centred by one T-metal atom only)
and contain between two and nine terminal hydrogen ligands,
while some are polynuclear (centred by more than one T-metal
atom) and display bridging hydrogen ligands. The ligands tend
to be disordered at higher temperatures and ordered at lower
temperatures. The structural and electronic configurations of
the hydrido complexes are consistent with those usually found
in coordination compounds. They are stabilized by charge
transfer from the surrounding cation matrix, are often 18-
electron, and less often 16- or 14-clectron. Some hydride
structures show evidence for metal-metal interactions, as
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in typically interstitial metal hydrides, while others contain
additional hydride anions (H™) bonded to electropositive
metals only, such as in saline hydrides. In metal-rich systems,
hydrogen has interstitial character, as in typically metallic
transition metal hydrides. No H-H bond formation is observed.
Most complex hydride systems are nonmetallic and many
are colored. Some systems, however, show hydrogenation
induced complex formation and metal-to-insulator transitions.
They generally display very high volume efficiencies for
hydrogen storage but are thermally too stable and/or too
expensive for practical applications. Thermodynamic data
suggest that their enthalpy of formation scales with the thermal
stability of the binary hydrides of the electropositive metal
constituents.
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