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a b s t r a c t

Of the challenges that are still to be met to enable the widespread use of H2 as a fuel for automotive appli-
cations, a safe, reliable and cheap method for its storage and transportation is paramount. This need has
prompted a massive effort in the synthesis and characterisation of novel hydrides and a better understand-
ing of existing materials. In this review the vibrational spectroscopy and the bonding of a wide range of
ternary metal hydride complexes are discussed. The spectroscopic techniques used include transmission
and photoacoustic infrared spectroscopy, Raman spectroscopy with excitation wavelengths ranging from
1064 to 515 nm, inelastic neutron scattering spectroscopy and nuclear resonant inelastic X-ray scattering
spectroscopy. The systems studied are: the octahedral transition metal hydrides, other geometry’s of tran-
sition metal hydrides, alkali metal, alkaline earth and aluminium compounds with the borohydride ion,
the alkali metal and alkaline earth alanates and the alkali metal gallates. In all cases, while the central atom
is the most important determinant of the properties, it has become increasingly clear that the counter-ion
is much more than just a spectator; it often plays a key role in determining the stability of the material.
As such, varying the counter-ion provides an important mechanism for optimising the desired proper-
ties and these are reflected in the spectra. In addition to its use in characterising materials, vibrational
spectroscopy is used to investigate reactions and processes. The advantages of vibrational spectroscopy

lie in its flexibility: it is not restricted to crystalline systems, amorphous or nanocrystalline materials are
readily observable, it is amenable to in situ studies, it is democratic; infrared and Raman spectroscopy are
not element specific and uniquely among probes they are able to follow a reaction across a change of state.

and a
Vibrational spectroscopy

experimental spectra provides
biguous assignments of the spe
most reliable test since only th
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b initio calculations are a synergistic pairing. Comparison of computed and

a stringent test of the calculation, while the calculation provides unam-
ctra. Generation of the inelastic neutron scattering spectrum provides the
e amplitude of motion of the atoms in each mode is required.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Of the challenges that are still to be met to enable the widespread
se of H2 as a fuel for automotive applications [1], a safe, reli-
ble and cheap method for its transportation is paramount. The
S Department of Energy (DOE) has set targets [2] for a number
f parameters that must be met for a commercially viable stor-
ge material. These include: the wt% hydrogen, the reversibility of
he system, the minimum temperature and H2 pressure needed for
bsorption/desorption, the H2 charging and discharging rate, the
umber of times the system can be cycled from one quarter full
o completely full and the purity of the released H2. All of these
argets are important but the first that must be met is a material
hat contains sufficient hydrogen. For 2010 the target is 4.5 wt%
ydrogen for the complete system, including tank, valves, regula-
ors, piping, mounting brackets, insulation and any added cooling
apacity. Thus the storage material needs to contain substantially
ore than 4.5 wt% hydrogen. For 2015 the target is 5.5 wt% hydro-

en and the ultimate aim is 7.5 wt% hydrogen (in each case the other
argets reversibility, etc. . . . also become more stringent). The press-
ng need for new compounds that meet these criteria has initiated
esearch worldwide in hydrogen storage materials.

A variety of methods have been proposed [3], which can be
roadly divided into three categories: (i) storage as gaseous H2 (ii)
torage as liquid H2 and (iii) storage in solid form. The last category
an be divided into physisorption or adsorption in or on a porous
aterial, where the interactions are largely Van der Waals forces,

nd absorption or chemisorption of H2 leading to the reversible for-
ation of a hydride, where there is chemical bonding between the

ydrogen and other atoms.
Gaseous H2 can be compressed to 800 bar [3,4] (a standard lab-

ratory H2 cylinder has a maximum pressure of 200 bar) in order
o reach the gravimetric target for on-board utilization, although
he containment systems developed to date are expensive. In addi-
ion, the very high pressure utilised leads to severe safety problems
hich are compounded by the safety problems of gaseous H2 itself.

iquid H2 requires cryogenic containment, with its concomitant
eight penalty. A wide range of adsorbents are being investigated,

hese include carbon nanotubes and derivatives [5], clathrates [6]
nd metal organic framework (MOF) materials [7,8]. Most of these
o not meet the DOE target, because a large amount of ‘chemical
caffolding’ is required in order to trap and retain the H2 which leads
o a low gravimetric capacity. Low temperature (77 K) and elevated
ressure are also often needed to achieve even modest adsorption
apacities.

Hydrogen-in-metal systems (where the hydrogen atom occu-
ies an interstitial site in the metal lattice and is not bonded to a
articular atom) [9] such as PdH [10] or LaNi5H6 [11] are attrac-
ive because they are stable and readily reversible, unfortunately,
hey do not meet the DOE target because of the mass of metal. In
ternary metal hydride, Ax[THy] or Ax(MHy) (A = alkali or alkaline

arth metal, T = transition metal, M = B, Al or Ga) the use of a lighter
roup I or II element increases the gravimetric density, this can
e further increased by the use of B or Al as the atom to which
ydrogen is bonded. Most metallic hydrides absorb hydrogen up to a
ydrogen-to-metal ratio of 2. Compounds with a hydrogen to metal
atio of >2 (up to 4.5 in Ba[ReH9] is known) are all ionic or cova-
ent complex hydrides, as opposed to hydrogen-in-metal systems.
his has prompted an intense effort in the synthesis and character-

sation of novel ternary hydrides [12–15]. The hydrides offer ways
f tailoring the properties of the material by changing either (or

oth) the central metal atom or the counter-ion. The current view
16] is that the best candidates for hydrogen storage materials are
he borohydrides and alanates. The most important reasons are
llustrated in Fig. 1 that compares the volumetric and gravimet-
ic H2 density for a variety of systems and methods. The highest
Reviews 254 (2010) 215–234

volumetric hydrogen density known today is 150 kg m−3 found in
Mg2[FeH6] and Al(BH4)3, which is more than double that of liquid
hydrogen, while Li(BH4) has the highest gravimetric hydrogen den-
sity of 18 wt%. Other benefits of the use of metal hydride complexes
include the absence of elements, such as halides, that can lead to
undesirable side reactions that both reduce the amount of H2 avail-
able to use and may be corrosive or toxic; the formation of ammonia
from amides or imides is a case in point (although borohydrides can
give diborane as a highly undesirable by-product).

Another reason for interest in these materials is the possibility
of new chemistry with the compounds as exemplified by the large
number of derivatives of the [ReH9]2− ion [17] and the extensive
use of Li(AlH4) and Na(BH4) as reducing agents in organic chemistry
[18].

The syntheses and structures of the compounds have been
extensively reviewed [12–15]. The focus of this review is the vibra-
tional spectroscopy of the materials. In this review we will first
consider the vibrational spectroscopy of the A2[TH6] complexes,
since these form the most extensively studied hydrides and show
the effect of varying both the alkali or alkaline earth metal, A,
and the transition metal, T. Transition metal complexes of other
stoichiometries will then be considered. The spectroscopy of the
ternary borohydrides, alanates and gallates is then discussed.

2. Survey of ternary metal hydride complexes

Fig. 2 shows the transition elements for which ternary metal
hydrides are known (coloured red or blue). For some elements,
several complexes are known, thus ruthenium forms octahedral
complexes A2[RuH6] where A = Ca, Sr, Ba, Eu, Yb as well as quater-
nary complexes CaEu[RuH6] [19–21]. Palladium forms complexes
with different formal oxidation states and structures: A2[PdH2]
(A = Li, Na) with linear [PdH2]2− ions [22,23], BaNa[PdH3] with
trigonal planar [PdH3]3− ions [24] and Ba2[PdH4] with tetrahedral
[PdH4]4− ions [25], which are all contain formally zero valent Pd, in
addition there are A2[PdH4] complexes [26,27] (A = Na, K, Rb) with
square planar [PdH4]2− ions, which contain formally divalent Pd.
Those elements for which at least one complex has been studied by
vibrational spectroscopy are shown in red.

What is striking about Fig. 2 is the apparent dividing line at
the (Mn, Tc, Re) triad. Transition elements to the left do not form
complexes, instead hydrogen-in-metal systems are found, while
elements to the right form an extensive array of complexes of differ-
ent stoichiometries, geometries and oxidation states. This division
may be artificial; recent work [28] has produced evidence that
a Mg3[CrH6] complex is formed at 8 GPa, although the hydrides
were not located. Many of the elements to the right of the (Mn,
Tc, Re) triad form hydrogen-in-metal compounds depending on
the hydrogen to metal ratio. Thus Mg2Ni initially reacts with H2
to give Mg2NiH0.3 while it forms Mg2[NiH4] with excess H2 [29].
Similarly, YMn2 forms a series of solid solutions [30] YMn2Hx

(0.1 ≤ x ≤ 0.43) at a few bar H2 pressure at room temperature but
forms (YMn)[MnH6] at 0.2 GPa and 473 K [31]. Together, these
observations suggest that compound formation to the left of (Mn,
Tc, Re) may be possible but that it requires much more forcing con-
ditions than for the elements to the right of, and including (Mn, Tc,
Re).

3. Vibrational spectroscopy and ab initio methods
A variety of vibrational spectroscopies have been used to study
the compounds. These include infrared, Raman, inelastic neutron
scattering (INS) and nuclear resonant inelastic X-ray scattering
(NRIXS) spectroscopies. Infrared spectra are usually obtained from
mulls or KBr discs, although special precautions to exclude air



S.F. Parker / Coordination Chemistry Reviews 254 (2010) 215–234 217

F ssuriz
a g m−3

a
t
a
t
t
(
s
c
t
o
e
p

S

w
f
a
a
t
e
p
s
a
T
1

f
l
h
d

F
b
a

ig. 1. Volumetric and gravimetric hydrogen density of some selected hydrides. Pre
nd a hypothetical composite material (tensile strength = 1500 MPa, density 3000 k

nd moisture are often needed [32]. A recent development was
he use of photoacoustic infrared spectroscopy [33] which has the
dvantage of using the pure compound, so allowing weak bands
o be observed. Raman spectra have been recorded with conven-
ional dispersive instruments using green (514.5 nm) [34] or red
785 nm) excitation [35] as well as by Fourier transform Raman
pectroscopy with 1064 nm excitation [32,34] to reduce fluores-
ence backgrounds. INS spectroscopy [36] has several advantages
hat make it ideal for the study of ternary metal hydrides. The
bserved intensity of an INS spectral band, S, is a function of both the
nergy, ω, and the momentum, Q, exchanged during the scattering
rocess and is given by [36]:

(Q, nωi) ∝ (QUi)
2n

n!
exp(−(QUTot)2)� (1)

here ωi is the ith mode at wavenumber ω, n = 1, 2, 3, 4, . . ., ∞ (n = 1
or a fundamental, 2 for a first overtone or binary combination, 3 for

second overtone or ternary combination, etc. . . . in practice the
pproximation that n = 10 = ∞ is usually made since higher order
ransitions contribute little intensity in the 0–4000 cm−1 region for
xperimentally accessible Q values), Ui is the root mean square dis-
lacement of the atoms in the mode, UTot is the total root mean
quare displacement of all the atoms in all the modes, both internal
nd external, � is the inelastic scattering cross section of the atom.
he cross section is both element and isotope dependent [37]; for

H it is 82.02 barn (1 barn = 1 × 10−28 m2), for 2H it is 7.64 barn and
or most other elements it is 5–12 barn. Since hydrogen is both the
ightest element (hence has the largest amplitude of vibration) and
as the largest cross section, motions that involve hydrogen will
ominate the spectrum. Further, Eq. (1) is purely dynamic, thus the

ig. 2. Part of the periodic table showing the transition elements: those that form ternar
een studied by vibrational spectroscopy are shown in red. (For interpretation of the refe
rticle.)
ed gas storage is shown for steel (tensile strength = 460 MPa, density 6500 kg m−3)
). Reproduced from Ref. [16] with permission of Springer-Verlag.

symmetry requirements that give rise to selection rules for infrared
and Raman spectroscopies are absent and all modes are allowed. In
INS spectroscopy, overtones and combination bands are allowed
transitions in the harmonic approximation.

Infrared and Raman bands are observed at the Brillouin zone
centre and since acoustic modes have zero wavenumber at the
Brillouin zone centre they are unobservable by these methods. In
contrast, INS spectroscopy is sensitive to modes at all wavevectors
across the Brillouin zone and acoustic modes may be observed.
The INS spectrum is the amplitude-of-motion and cross section
weighted vibrational density of states. To a first approximation,
this is given by the projection of the dispersion curves onto
the energy axis. This has the result that undispersed modes, of
which internal vibrations are typical, give sharp lines, whereas dis-
persed features give broader, structured features, potentially giving
insight into the long range interactions present in the material.
Some of the INS spectra of ternary metal hydrides are available at
http://www.isis.rl.ac.uk/insdatabase.

NRIXS combines nuclear excitation and vibrational motion [39].
When a Mössbauer nucleus is excited by a suitable energy photon,
it can also excite a vibrational mode. The requirement for a tunable
X-ray source and high resolution (a mode at 1000 cm−1 coupled to
the 14.4 keV excitation of 57Fe results in a shift of only 0.0017% in
energy) means that such experiments are only feasible at a syn-
chrotron. The measurement provides isotope selective vibrational

spectra; only modes with movement of the resonant nucleus couple
to the excitation. In practice, this means that most measurements
to date have used 57Fe as the Mössbauer isotope.

One of the advantages of vibrational spectroscopy is that it
offers insights into the bonding present in materials. While the

y metal hydrides are coloured red or blue, those where at least one compound has
rences to color in this figure legend, the reader is referred to the web version of the

http://www.isis.rl.ac.uk/insdatabase
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compounds have also been the subject of many theoretical investi-
gations, e.g. [38,40–45], the most stringent test of a calculation is to
compare the predicted and observed vibrational spectrum. Indeed,
this is the best method to demonstrate that the calculation has con-
verged to a genuine energy minimum rather than to a saddle point
on the potential energy surface. This approach is synergistic: it pro-
vides unambiguous assignments of the spectra and validates the ab
initio calculation, giving confidence in the conclusions drawn from
both.

Any ab initio calculation that provides vibrational frequencies
will also give the atomic displacements of the atoms in each mode.
This enables the modes to be visualised and also provides the Ui
needed to compute the INS spectrum via Eq. (1). Thus it is straight-
forward to generate a calculated INS spectrum from ab initio results.
Some programs are also capable of providing calculated infrared
intensities, however, the routine calculation of Raman intensities is
still awaited.

4. Ternary transition metal hydrides

4.1. Octahedral transition metal A2[TH6] complexes

The octahedral A2[TH6] complexes are the systems that have
been most extensively studied by vibrational spectroscopy, as
shown in Table 1. All of the compounds adopt the face centred cubic
K2[PtCl6] structure (space group Fm3̄m, number 225), with the tran-
sition metal on the octahedral site (4a) and the alkali or alkaline
earth metal counter-ions on the tetrahedral sites (8c). There are
four formula units in the conventional unit cell, but only one in the
primitive Bravais cell, which simplifies computational studies since
only the primitive cell needs to be considered. Fig. 3 (top) shows the
structure of the conventional unit cell. The high symmetry results
in many of the modes being degenerate and few being infrared or
Raman allowed as shown in the first row of Table 1. Note that all
modes are allowed in the INS spectrum.

Fig. 4 shows the vibrational spectra of Ca2[RuH6] [33] which
highlights the effect of the symmetry. The Raman spectrum (Fig. 4a)
and the conventional transmission (KBr pellet) infrared spectrum
(Fig. 4b) both contain only a few bands. The INS spectrum (Fig. 4d)
shows more features including the infrared and Raman forbidden
librational mode at 537 cm−1. The third bending mode, �6, that is
also infrared and Raman forbidden, is not immediately apparent in
the INS spectrum. Since it involves proton motion, it must appear in
the INS spectrum. The 858 cm−1 band, �5, is almost exactly twice as
intense as the 889 cm−1 band, �4, thus, the third internal mode of t2u
symmetry (�6) must be accidentally degenerate with the t2g mode
(�5) at 858 cm−1. (The same situation is also found for Rb2[PtH6]
[38].) The assignment is confirmed by a periodic DFT calculation
that indeed shows �5 and �6 to be accidentally degenerate (Fig. 4e).

For the octahedral [TX6]n− (X = halogen, O) complexes, the
usual order of the modes is �1 > �2 > �3 and �4 > �5 > �6 [50]. For
the stretching modes, this is not always the case and for some
complexes the order is: �2 > �1 > �3. The difference between the
hexahydrido and the hexahalo and hexaoxo complexes must lie
in the mass difference between hydrogen and the other elements.
For the hydride ligands there is at least a factor of 50 difference
between the mass of the hydride and the central metal atom; for
no other ligand is the ratio so large. This effectively decouples the
M–H vibrations from each other, and in the limit of no coupling,
all three stretching modes are coincident. The form of the a1g
and eg (�1 and �2) modes is similar in that the modes do not

involve motion of the central metal atom and adjacent M–H
bonds behave as independent oscillators, in contrast, the t1u mode
(�3) involves movement by the central metal atom providing an
efficient means of coupling between opposing oscillators. Thus the
order �1 ≈ �2 > �3 would be expected and is found. For the bending
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Fig. 4. Vibrational spectra of Ca2[RuH6]: (a) Raman, (b) transmission infrared (KBr
pellet), (c) photoacoustic infrared, (d) INS and (e) INS spectrum generated from a
ig. 3. Structures of compounds: (top) face centred cubic A2[TH6], (middle)
g2[CoH5] and (bottom) Mg2[NiH4].

odes, the hydrides follow the same order (except for Mg2[FeH6],
ee later) as for the [MX6]n− (X = halogen, O) complexes. I note
hat the empirical relation �6 = �5/

√
2 [51] is not followed by the

ydrides (and not always by the halides [52]), generally �5 ≈ �6.
One of the features of Table 1 is the scarcity of entries. Only those

or which INS spectra [33,38,46] have been recorded have complete,
r nearly so, data. However, the infrared spectra of the complexes
32,33,46,53] often show more bands (indicated by asterisks in

ig. 4b) in the region of the antisymmetric M–H stretch than would
e predicted by group theory. While there are a number of possible
easons for the splitting: e.g. LOTO splitting, reduction of symme-
ry, several authors [33,38,46] have shown that the ‘extra’ bands
re observable because of Fermi resonance [54] between the t1u
periodic DFT calculation. The asterisks in (b) and (c) indicate combination bands that
are visible because of Fermi resonance between the t1u infrared active fundamental
and a binary or ternary combination mode involving the bending modes. Reproduced
from Ref. [33] with permission of the American Chemical Society.

infrared active fundamental and a binary or ternary combination
mode involving the bending modes. For Fermi resonance to occur
the direct product of the symmetries of the modes contributing to
the combination must include a T1u contribution. (This is why it
must be a combination since g ⊗ g → g and u ⊗ u → g but g ⊗ u → u.)
Of the six possible binary combinations of the lower energy modes
that occur in the region of the antisymmetric stretch: (�4 + �5),
(�4 + �6), (�5 + �6), (�lib + �4), (�lib + �5), (�lib + �6), only (�4 + �5),
(�5 + �6), (�6 + �lib) have T1u components. Thus a maximum of three
additional modes would be predicted. For the A2[RuH6] (A = Ca, Sr,
Eu) salts all three modes are observed [33] and for A2[PtH6] (A = Na,
K, Rb) two modes are observed [32]. This allows estimates of the
forbidden �6 and �lib modes to be made for the Ru salts and of �6
for the Pt salts and these are shown in curly brackets in Table 1.
This analysis ignores the effects of anharmonicity, an indication of
its magnitude can be obtained by comparison of the observed and
predicted wavenumbers of the bands for the systems where all the
transition energies are known from the INS spectra. Table 2 shows
the comparison. It can be seen that the difference between observed
and calculated frequencies is generally small, indicating that anhar-
monicity is not large in these systems so the calculated values are
reliable to a few percent. This is supported by the shifts on deuter-
ation that are close to the 1/

√
2 expected for a harmonic system.

The mode that shows the largest anharmonicity is the librational
mode and this has consequences for ab initio calculations that will
be discussed in Section 4.2.

Better estimates of the infrared and Raman forbidden modes
and of the anharmonicity can be obtained if more combinations
are observed. Recent work [33] obtained infrared spectra by pho-
toacoustic infrared spectroscopy, in addition to the KBr pellet
technique, and the results are remarkable. Fig. 4b and c shows the
infrared spectra of Ca2[RuH6] by the two different methods. It can be
seen that there are many more modes visible in the photoacoustic

infrared spectrum. This presumably results from the use of the pure
powder, so resulting in a much increased pathlength. If this proves
to be generally the case for non-conducting ternary metal hydrides,
this will provide a very useful technique for gaining considerable
additional information with little additional effort.
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Table 2
Comparison of observed and calculated overtones and combinations of A2[MH6] complexes.

Mode (cm−1) Mg2[FeH6] [46] Ca2[RuH6] [33] Sr2[RuH6] [33] Rb2[PtH6] [38]

(�4 + �5)
Obs. 1912 1769 1737 1708
Calc. 1918 1747 1746 1705
(Obs. − Calc.) −6 +22 −9 +3

(�5 + �6)
Obs. 1843 1728 1700 1640
Calc. 1855 1734 1712 1656
(Obs. − Calc.) −12 -6 −12 −16

(�6 + �lib)
Obs. 1395 1371
Calc. 1386 1417
(Obs. − Calc.) +9 −46

(2 × �lib)
Obs. 1022 1075 726
Calc. 1056 1122 732
(Obs. − Calc.) −34 −47 −6

�6 obs. 836 858 856 828
�
�
�
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6 calc. 824 870
lib obs. 460 528
lib calc. 525

A number of trends are immediately apparent from Table 1.
or a given counter-ion, the wavenumbers of the stretching modes
ncrease as the atomic number of the transition metal increases: e.g.
or A = Mg, the antisymmetric stretching mode is at 1746, 1783 and
849 cm−1 for T = Fe, Ru and Os respectively. This is not the case for
he bending modes and, except for one mode of Mg2[FeH6], all of
he modes fall in the range 830–900 cm−1. For an individual metal,
here is a marked dependence on the counter-ion; the stretching
requencies fall as the atomic number increases, although this is

uch more marked for Fe, Ru and Os than for Pt. For a given tran-
ition metal, there is a rough correlation with the M–H distance,
lthough this is not true when different transition metals are com-
ared.

As shown by Kritikos and Noréus [21], there is a reason-

ble correlation between the antisymmetric stretching mode’s
avenumber and the lattice parameter (see Fig. 5). These authors

ttributed this to the size of the counter-ion and not its elec-
ropositivity since the values for Eu2[RuH6] and Yb2[RuH6] fell on
he same curve as the alkaline earth salts of [RuH6]4−. They sug-

ig. 5. Antisymmetric stretching mode transition energy of the cubic A2[MH6], com-
lexes as a function of unit cell length. The solid lines are a guide to the eye. Adapted

rom Ref. [21] with permission of Elsevier.
844 812
561 366
540 363

gested that this was evidence for the hydride ligand having some
electron-accepting properties due to the large polarizability of the
metal–hydrogen bond which enables hydrogen to distribute elec-
tron density away from the proximity of the central atom by means
of its potential to adopt a large radius [21]. This idea finds support
in a periodic density functional theory (DFT) study of the A2[PtH6]
(A = Li, Na, K, Rb, Cs) [38] complexes. From Table 3 it can be seen
that the DFT results mirror the experimental trends. The Pt–H and
M–H bond distances increase with increasing cation size. As may
be expected, as the Pt–H distance increases, the Pt–H stretching
mode’s transition energy falls. The Pt–H bonding is largely cova-
lent in the salts since the distances are close to the sum of the
covalent radii (1.65 Å) and fall in the range typically found for plat-
inum hydride complexes [55]. This is confirmed by inspection of
the Mulliken charges which shows that the Pt carries a sizable neg-
ative charge and the hydrogen only a small positive charge in the
salts which decreases with increasing atomic number of the alkali
metal ion, i.e. the hydrogen is accepting negative charge as sug-
gested by Kritikos and Noréus [21]. Note the distinction from the
hypothetical gas phase ion (last column of Table 3) where there are
no interactions with other ions for which the hydrogen carries a
negative charge. However, the larger effect is due to the alkali metal
ion whose role is to reduce the charge on the Pt and H, thus stabilis-
ing the complex. As the alkali metal becomes more electropositive
it has an increasing charge. This would also explain the empirical
observation that it is generally easier to make the complexes with
K and Rb than Li or Na. Surprisingly, the calculations indicate that
the trend is apparently not continued with Cs.

The role of the cation to stabilise the complex by reducing the
positive charge on the metal and hydrogen has been observed
before in Mg2[NiH4] [43] (which contains Ni(0)) and also in a series
of Pd(0) hydrides [56]. Thus the same mechanism applies to both
high, Pt(IV), and low valent hydrides. While in Ref. [38] was the first
time it had been shown in a formally high valent complex, it sug-
gests that this is the general case. Moyer et al. [57] extended the
argument further by noting that a high electropositivity is equiv-
alent to a low ionization energy. They plotted the antisymmetric

stretching mode’s wavenumber of the Ru and Os complexes against
the second ionization energy of the alkaline earth or lanthanide,
which was used as a measure of the electropositivity of the ion.
They found a linear relation that was dependent on the central
metal. They also found that the complexes lay on a common line
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Table 3
Comparison of observed and calculated properties of A2PtH6 (A = Li, Na, K, Rb, Cs). Experimental values in parentheses. Reproduced from Ref. [38] with permission of the
American Chemical Society.

Property Li Na K Rb Cs Gas phasea

Lattice parameter (Å) 6.564 (6.5549)b 7.1716 (7.3410) 8.2002 (8.1399) 8.6222 (8.5369) 8.9503 (8.9681)
Pauling ionic radius A (Å) (0.60) (0.95) (1.33) (1.48) (1.69)
Lattice energy (kJ mol−1) 2223 1966 1755 1665 1577
Pt–H (Å) 1.639 1.641 (1.615) 1.644 (1.640) 1.646 (1.629) 1.647 (1.641) 1.678
A· · ·H (Å) 2.354 2.540 (2.74) 2.927 (3.12) 3.091 (3.06) 3.219 (3.52)
�1 Pt–D stretch a1g (cm−1) 1673 1651 (1491) 1604 (1471) 1588 (1466) 1577 1387
Charge on Pt (e−)c −1.718 −1.777 −1.601 −1.511 −1.422 −1.860
Charge on A (e−) +0.370 +0.598 +0.698 +0.703 +0.536
Charge on H (e−) +0.163 +0.097 +0.034 +0.018 +0.058 −0.232

a Average of isolated molecule calculation using the B3LYP functional and the SDD and
b By extrapolation of the Na, K, Rb and Cs salts.
c e−: electrons.

Fig. 6. Antisymmetric stretching mode transition energy of the cubic A2[MH6]
complexes versus the sum of the ionization energies of the alkaline earth or lan-
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as the counter-ion is varied. In the crystal, the Fe ion occupies a C2
site, so all the degeneracies are lifted and all the modes are formally
allowed. However, the distortion from Oh symmetry is small (the
Fe–H distances are all within 0.01 Å of each other and the adjacent
H–Fe–H angles are within 1◦ of 90◦ [59]) so the Oh selection rules
hanide and the transition metal. Squares: Ru salts; circles Os salts. Filled symbols
or metal–hydrogen stretching frequencies and empty symbols for deuterium. The
olid lines are linear least squares fits. Reproduced from Ref. [57] with permission
f Elsevier.

f the sum of the first ionization energy of the central metal atom
as added to that of the second ionization energy of the alkaline

arth or lanthanide, as shown in Fig. 6.
All of the A2[TH6] compounds studied conform to the expecta-

ions from group theory; except for Mg2[FeH6] [46]. Fig. 7 shows the
ibrational spectra of the complex. Comparison with Fig. 4 reveals
everal differences: the splitting of the t2g (�5) bending mode at
1000 cm−1 in both the Raman and INS spectra, �5 > �4, the asym-
etry of the t2u (�6) mode in the INS spectrum suggestive of a

mall splitting, the formally forbidden T1g librational mode in the
aman spectrum. The complex shape of the librational mode of the

FeH6]4− ion at 460 cm−1 in the INS spectrum is clear evidence of
trong dispersion in this mode. The latter is in marked contrast to
b2[PtH6] where the librational mode is resolution limited in the

NS spectrum [38], indicating a dispersionless mode. The presence
f the splitting in the t2g (�5) bending mode in both the room tem-
erature Raman spectrum and the 20 K INS spectrum suggests that
phase change is not responsible for the effect. The line shape of the

NS bands could be accounted for by weak dispersion in the modes,

lthough this would not account for the splitting in the Raman
pectrum. Interestingly, the vibrational spectra of Mg2[FeD6] are
ompletely consistent with group theory expectations. The crystal
tructure [58] was determined by X-ray crystallography of the pro-
onated species, which only located the Mg and Fe ions, and neutron
LANL2DZ basis sets.

powder diffraction of the deuteride which located all the atoms.
One possible explanation of the observations is that the [FeH6]4−

octahedra are slightly tilted by a few degrees, this would leave the
Mg and Fe ions in the same positions, consistent with the X-ray
results, but it would change the local symmetry that the vibrational
spectroscopy probes. The smaller zero point energy of the deuteride
stabilises the fully symmetric structure that is expected.

All of the A2[TH6] complexes considered so far were prepared
by solid-state reactions of an alkali or alkaline earth hydride with
the transition metal under a H2 atmosphere at elevated temper-
ature and pressure [12–15]. It is also possible to prepare soluble
salts of [TH6]4− (T = Fe, Ru) by the reaction of FeX2 or [Ru(�4-
1,5-COD)X2] (X = Cl or Br, COD = cyclooctadiene) with C6H5MgBr
solutions under hydrogen followed by extraction with tetrahydro-
furan (THF) [59–61]. This yields [MgBr(THF)2]4[TH6] (T = Fe, Ru)
which contains a central [TH6]4− ion with four of the eight trian-
gular faces capped by [MgX(THF)2]− ions [59], the Ru complex is
presumed to be isostructural. These materials hint at the wider
chemistry that may be available for ternary metal hydrides, for
instance the complexes have been shown to be active hydrogena-
tion catalysts [60,62].

As shown in Table 1, the Fe–H stretching wavenumber is depen-
dent on the other ligands present, although the overall variation of
∼300 cm−1 is similar to that observed for the Ru and Os complexes
Fig. 7. Vibrational spectra of Mg2[FeH6]: (a) infrared, (b) Raman, (c) Raman ×3
ordinate expanded and (d) INS. Reproduced from Ref. [46] with permission of the
American Chemical Society.
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ould be expected to be approximately obeyed. The only infrared
ode reported [60] is derived from the t1u stretch and shows some

plitting. Very unusually, [MgBr(THF)2]4[FeH6] has also been inves-
igated by NRIXS [62] which detected the bending mode derived
rom the t1u bend and two translational modes, as shown in Fig. 8.
hese are the only modes which result in motion of the iron atom
hich is a pre-requisite for observation by NRIXS [39]. The bending
ode is at much lower wavenumber than in Mg2[FeH6], this differs

rom the alkaline earth complexes of Ru and Os where the bending
odes are largely insensitive to the nature of the counter-ion.

.2. Non-octahedral transition metal Ax[THy] complexes

As may be seen from Table 4, which is only a small subset of
he known structures [12–15], there is a wide range of structures
dopted by the transition metal hydrides that are not octahe-
ral. These less symmetrical forms have the consequence that the

nfrared and Raman selection rules are relaxed and many more of
he modes are allowed. Note that a mode may be allowed but have
ittle or no intensity and this is frequently the case. This is exem-
lified by the [ReH9]2− ion: an isolated D3h [ReH9]2− ion has 24
ibrations, which are distributed as 16 modes: 9 Re–H stretches:

′ ′ ′′ ′′
A1(R) + 2E (IR, R) + A2(IR) + E (R)

nd 15 H–Re–H bends

′
1(R) + A′

2(ia) + 3E′(IR, R) + A′′
1(ia) + 2A′′

2(IR) + 2E′′(R)

Fig. 8. NRIXS for (MgBr(THF)2)4[FeH6] (green trace) and (MgBr(THF)2)4[FeD6] (red
trace). Reproduced from Hyperfine Interact. 170 (2006) 47–54 with permission of
Springer.

able 4
bserved frequencies and assignments for non-octahedral transition metal Ax[MHy]compounds.

ydride Formal oxidation state
of transition metal

Metal geometry
(symmetry)

Stretching modes
(symmetry)

Bending modes Librational
modes

Translational
modes

Interstitial
H modes

Reference

a[ReH9] +7 Face-capped
trigonal prism
(D3h)

1992, 1977, 1956,
1913, 1870, 1830

1053, 991, 920,
860, 801, 730,
680

256, 172,
136

78, 49 [67]

a2[ReH9] +7 Face-capped
trigonal prism
(D3h)

1835, 810, 745, 730,
630

[63,64]

Na[ReH9] +7 Face-capped
trigonal prism
(D3h)

1950, 1854,1750, 738 [63,66]

2[ReH9] +7 Face-capped
trigonal prism
(D3h)

1975, 1956, 1924,
1880, 1840, 1710

1025, 990, 730,
670

401, 330,
229,

[64,65]

g2[CoH5] +1 Square-based
pyramid (C4v)

1834, 1784, 1757,
1632

1032, 869, 766 574, 532,
426,

308, 208, 140 [68]

g2[NiH4] 0 Distorted
tetrahedron (C1)

1691, 1674 791, 745, 654,
620

496, 427 299, 234, 193,
96

[70]

i2[PdH2] 0 Linear (D∞h) 1767, 1554 783 615, 487 105 [56]
a2[PdH2] 0 Linear (D∞h) 1663, 1448 750,720 553, 471 [56,69]
aBa[PdH3] 0 Trigonal planar

(D3h)
1400, 1370 620, 470 410, 361 165, 130, 88 [56]

a2[PdH4] 0 Distorted
tetrahedron (Cs)

[1332,1256,1227,1184]a 620, 590, 762,
527

515, 420 [35,56]

aMg2PdH7 0 Distorted
tetrahedron (C1)

1567, 1536, 1482,
1254

725,704,438,
613, 546

527, 480,
425

176, 139, 99,
70

1158-725 [35]

2[PdH4] +2 Square planar
(D4h)

1810, 1810, 1500, 1280, 826, 820,
820

480, 430 [34,56]

a2[PtH4] +2 Square planar
(D4h)

2075, 2025,
∼1700,

911, 845 434, 341 [34]

2[PtH4] +2 Square planar
(D4h)

2051, 2001 839 [34]

3PtH5 Square planar
(D2h)

2100, 2039 810 [34]

b2[PtH4] +2 Square planar
(D4h)

2046,1990,
∼1700,

859, 839 417, 291 [34]

b3ZnH5 +2 Squashed
tetrahedron
(D2d)

1530, 1470, 1449,
1386

690, 658,
627,600

318 103, 58 745, 702 [70,71]

a Calculated by periodic DFT, see text and [35].
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Fig. 9. (a) Infrared, (b) Raman, (c) INS spectra of Ba[ReH9] and (d) INS spectrum
generated from a calculation across the complete Brillouin zone. In (a) decomposi-
tion products are marked as C (carbonate) and R (rhenate). In (b) the range 100 –
1
f

(
a
m
d
c
b

i
u
[
i
t
i
t
r
o
a
t
s
c
n
a
i
b
l
1
t
a
i
w
e
i
b

(The stretching frequencies given for Ba2[PdH4] were obtained from

T
A

S

H
H
R
B

a

350 cm−1 is 2.5 times ordinate expanded relative to 1400 – 2400 cm−1. Reproduced
rom Ref. [67] with permission of the American Chemical Society.

IR: infrared active, R: Raman active, ia: inactive in both infrared
nd Raman). As may be seen from Fig. 9a and b [67], many fewer
odes are observed in the infrared and Raman spectra than pre-

icted. Surprisingly, the INS spectrum, Fig. 9c [64,67] does not show
lear evidence for the missing modes, thus many of the modes must
e accidentally degenerate.

The isolated [ReH9]2− ion has been the subject of both empir-
cal [65] and ab initio [72] investigations, none of which provided
nambiguous assignments. Detailed investigations by periodic DFT
67] of both the full unit cell of Ba[ReH9] and the isolated [ReH9]2−

on at the same level of approximation were carried out. In the lat-
er case, the physical model was an interacting periodic array of
ons, with a homogeneous positive charge to ensure electroneu-
rality. This showed that the long range Coulombic interactions
esulted in an up shift of 100–150 cm−1. The long ranged nature
f the Coulombic interactions means that nearest-neighbour inter-
ctions are insufficient and that infinite lattice sums are required
o sum the contributions from distant periodic replicas. Fig. 9d
hows the INS spectrum (fundamentals only) generated from a
alculation across the complete Brillouin zone, including longitudi-
al optic–transverse optic (LOTO) splitting. It can be seen that the
greement is generally good and this is particularly the case for the
nternal modes of the [ReH9]2− ion. We note that the shape of the
and at 925 cm−1 is well-produced. The only mode that is miscalcu-

ated is that at 823 cm−1 (observed at 731 cm−1) and the error is only
2%, all the other internal modes are calculated with an error of less
han 5%, which is typical for DFT calculations. The librational modes
bout the a and b axes are calculated at 287 and 289 cm−1, signif-
cantly higher than the observed value of 172 cm−1. This situation
here the internal modes are calculated to good accuracy but the
xternal modes (librations and translations) are less well described,
s commonly found [38,44] and is ascribed to anharmonicity, largely
ecause there appears to be no other explanation. (The same ab ini-

able 5
tomic orbital populations, Mulliken charges and Born effective charges for Ba[ReH9]. Rep

pecies s p d Tota

cap 1.20 1.20
prism 1.21 1.21
e 0.33 0.19 6.01 6.53
a 2.03a 6.00 0.60 8.63

Includes both 5s and 6s contributions.
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tio codes are able to accurately predict external modes in molecular
crystals.)

To investigate the bonding, Mulliken charges and Born effective
charges (sometimes known as dynamical charges) were calculated.
The results are shown in Table 5. It can be seen that the hydrogen
atoms have a hydridic character (charge of −0.2) and that the cap
and prism hydrogen atoms are essentially identical. The rhenium
carries a small positive charge of +0.47 in contrast to its formal
charge of +7. The 5d-orbital occupancy of 6 electrons, is higher
than for the neutral atom configuration indicating that these are the
orbitals mainly involved in the bonding. The barium ion is closest
to its formal charge of +2, while the electrons are largely lost from
the 6s orbital as expected (the 2.03 electron occupancy for the s
orbitals in Table 5 is a sum over the 5s and 6s orbitals), it is surpris-
ing that there is some occupancy of the 5d-orbitals, indicating some
degree of covalency between the barium and the hydrogen. The
Born effective charges give a more complex picture. As is common,
the magnitudes are larger than the Mulliken static charges, and for
rhenium the sign is opposite. The large magnitudes will give rise
to significant polarization during vibration, which accounts for the
substantial long ranged interaction observed. A large anisotropy in
the charge tensors is apparent for hydrogen, but the traces are close
to the Mulliken values. The anisotropy is indicative of directional
covalent bonding to the Re atom, and the negative overall dynami-
cal charge confirms the hydridic nature of the protons. Calculation
of the shared electron counts confirms the covalent nature of the
Re–H bond but also shows a clear distinction between the cap and
prism hydrides; there is a small interaction between the barium ion
and the nearest prism hydrides. These are somewhat more electron
rich than the cap hydrides, perhaps accounting for the interac-
tion. The shared electron counts show that there is essentially zero
interaction between the hydrides, confirming the assignment as a
polyhydride, rather than as a mixed hydride dihydrogen complex.
The work clearly demonstrates that to understand the spectroscopy
and hence gain insight into the bonding, it is essential to use ab ini-
tio methods that explicitly include the intermolecular interactions;
at present, periodic DFT is the best available method.

From Table 4, some of the same trends noted for the octahe-
dral [TH6]n− complexes are also observed. For all the [ReH9]2−

complexes, the frequencies occur in the same ranges for the inter-
nal modes, for the external modes there is more variation with
counter-ion, although the limited data means that these conclu-
sions should be treated with circumspection. For A2[PdH2] (A = Li,
Na) and A2[PtH4] (A = Na, K, Rb) the frequencies decrease with the
heavier counter-ion, presumably the same effect of the alkali metal
ion accepting increased charge is operative as seen for the A2[PtH6]
complexes [38]. On going from K2[PdH4] to K2[PtH4] the frequen-
cies increase [34], as seen for Mg2[TH6] (T = Fe, Ru, Os). The opposite
trend is seen for Mg2[NiH4] and Ba2[PdH4], the decrease caused by
the heavier Ba ion outweighs that of going from Ni to Pd. This is sup-
ported by comparison with LaMg2PdH7 (which contains [PdH4]4−

ions [73]) where the decrease is much less than for the barium salt.
periodic DFT calculations [35], these are somewhat higher, ∼10%,
than the original assignments [56].)

The bonding in Mg2[NiH4] and Ba2[PdH4] has been investigated
by periodic DFT [43]. The study showed that the bonding situation

roduced from Ref. [67] with permission of the American Chemical Society.

l Mulliken charge Born effective charges

−0.20 xx = −0.647 yy = 0.260 zz = 0.156
−0.21 xx = −0.736 yy = 0.122 zz = 0.230
+0.47 xx = −1.769 yy = −1.772 zz = −1.757
+1.37 xx = 2.668 yy = 2.668 zz = 3.037



2 istry

i
d
[
m
t
M
M
N
t
t
a
D
d
i
a
d
t
t
s
s
{
N
1
t
M

w
d
B
f
o
c
i
r
t
c
t
f
p
a
t
e
u
v
s
c
c
t
l
l
c
c

h
t
t
[
t
P
a
c

(
t
l
a

24 S.F. Parker / Coordination Chem

n the two systems was quite different. For Ba2[PdH4], the electronic
ensity of states mirrors perfectly the molecular orbital states of the
PdH4]4− ion, whereas for Mg2[NiH4] a clear relation between the

olecular orbital states of [NiH4]4− ion and the density of states of
he solid state compound is absent. The differences in bonding of

g2[NiH4] and Ba2[PdH4] originate in the different strength of the
–H interactions (Pd–H interactions are considerably stronger than
i–H ones) and in the different strength of the interaction between

he alkaline earth metal component and hydrogen (Ba–H interac-
ions are substantially weaker than those of Mg–H). Mg2[NiH4] has
hydrogen capacity of 3.6 wt%, which is somewhat lower than the
OE target of 4.5 wt%, in addition the kinetics of adsorption and
esorption are too slow to make the standard material viable. The

ntroduction of defects should destabilise the Mg–H interactions
nd improve the kinetics. There has been a vast effort to intro-
uce mechanical defects by ball milling, e.g. [76] and references
herein, although chemical defects introduced by partial substitu-
ion of the magnesium should also be effective. The authors [43]
uggested that while aluminium would be a good choice, they have
uccessfully synthesised Mg2Na2NiH6 [77] (better formulated as
Mg2+}2{Na+}2{H−}2[NiH4]4−) where the average length of the
i–H bonds are considerably longer than in Mg2[NiH4]: 1.65 vs.
.54 Å respectively. The complex has yet to be investigated by vibra-
ional spectroscopy but would provide a fascinating comparison to

g2[NiH4].
Table 4 also shows what is so far a unique occurrence, complexes

ith the same formal oxidation state but different numbers of coor-
inated hydrides. The series A2[PdH2] (A = Li, Na), NaBa[PdH3] and
a2[PdH4] contains Pd(0) with 2, 3 and 4 hydrides. The stretching

requencies decrease with increasing number of hydrides and based
n force field models and ab initio calculations, the authors [43] con-
luded that this was the result of the Pd–H bond order decreasing
n the order 1/2, 1/3, 1/4. The apparent force constant also showed a
easonable correlation with 1/(dPd–H) where dPd–H is the Pd–H dis-
ance. The work emphasises that while hydride structures are often
ompared with halides, caution must be considered not too take
his analogy too far. Hydrogen is unique with its low electron affinity
rom filling the K shell. This differentiates hydrides from other com-
ounds, such as oxides or halides, where the energy gain from filling
conventional octet more strongly localizes the electrons. Although

he radii of fluoride and hydride ions are similar, there are only two
lectrons in the latter. This results in the large polarizability and the
nique softness of H−, leading to what Pearson [78] expresses as a
ery low resistance to the deformation of the electron density. The
tability, and for NaBa[PdH3] and Ba2[PdH4] also their existence,
ould be ascribed to bonding between the hydrogen atoms of the
omplexes and the cations surrounding the complexes. In homolep-
ic hydrido complexes the large polarizability of hydrogen, i.e. the
ow resistance to a deformation of its electron density, can stabilise
ow valent metals by distributing electron density away from the
entral atom [43]. The work again highlights the crucial role of the
ounter-ion in ternary metal hydrides.

Palladium and platinum are also the only elements where it
as been possible to make homoleptic hydrido complexes in more
han one oxidation state. For Pd, using the same analysis as for
he zero valent complexes [43], the Pd–H bond order in the Pd(II)
PdH4]2− ion is calculated as ½ and the frequencies are close to
hose of Li2[PdH2]. For Pt the frequencies in Pt(II) K2[PtH4] and
t(IV) K2[PtH6] are almost identical. Thus for a given metal it
ppears that the oxidation state does not greatly affect the frequen-
ies and, by implication, the bonding is very similar.
Fig. 3 shows the structures of Mg2[FeH6] (top), Mg2[CoH5]
middle) and Mg2[NiH4] (bottom). It can be seen that the struc-
ures are very similar, essentially as hydrides are removed the
attice distorts but maintains a roughly cubic form. This provides
n opportunity to examine how the frequencies change while
Reviews 254 (2010) 215–234

the heavy atom structure is kept (approximately) the same. The
similarity of the structure is indicated by the translational modes
of the Mg2+ ion. These occur at 223 cm−1 in Mg2[FeH6], 208 cm−1

in Mg2[CoH5] and 234 and 193 cm−1 in Mg2[NiH4].
The M–H bondlengths are similar (Fe–H = 1.556 Å [58],

Co–H = 1.59 Å (apical), 1.515 Å (basal) [74], Ni–H = 1.572, 1.524,
1.538, 1.519 Å [75]) in all three complexes. The stretching and
bending modes follow the pattern Fe > Co > Ni and track the
formal oxidation state: Fe (II), Co(I) and Ni(0). The librational
frequencies follow Co > Ni > Fe. This is more difficult to ratio-
nalise. The librational frequencies are inversely proportional to
the moments of inertia, which are Ia = Ib = Ic = 9.762 amu Å2 for
[FeH6]4−, Ia = Ib = 7.247 amu Å2, Ic = 12.034 amu Å2 for [CoH5]4−

and Ia = 5.87745 amu Å2, Ib = 6.517 amu Å2, Ic = 6.688 amu Å2 for
[NiH4]4−. The stiffness of the potential in which the ion rotates
will be determined by the Mg–H distances which are 2.278 Å for Fe
and range from 2.170 to 2.402 Å for Co and 1.973 to 2.331 Å for Ni.
Both effects would predict the order Ni > Co > Fe rather than that
observed: Co > Ni > Fe.

Table 4 also includes complexes that contain inter-
stitial hydrides, such as LaMg2PdH7 [73] and Rb3TH5
(T = Zn, Pt) [79,80]. These are more accurately described as
{La3+}{Mg2+}2{H−}3{[PdH4]4−} and {Rb+}3{H−}{[TH4]2−} respec-
tively. The translational modes of the interstitial hydrides are
observable by vibrational spectroscopy but are difficult to assign.
On the basis of force field calculations the interstitial hydride
motions in Rb3ZnH5 were originally assigned to a weak feature
at 561 cm−1 [70], subsequent periodic DFT calculations [71] have
shown that the modes are in the range 690–720 cm−1 and mix with
the bending modes of the [PdH4]4− ion. This again emphasises that
even sophisticated force field calculations that take into account
librational and translational motions are inadequate to describe
these systems; only periodic DFT calculations produce reliable
results. Similarly, periodic DFT calculations of LaMg2PdH7 [35]
have shown that the interstitial hydride motions occur in the range
700–1200 cm−1. In this case the modes are strongly mixed with
those of the [PdH4]4− ion, at the lower energy with the bending
modes and at the higher energy with the stretch modes.

5. Borohydrides, alanates and gallates

The borohydrides (containing the tetrahedral (BH4)− ion, con-
fusingly also called tetrahydroborates or boranates) and alanates
(containing the tetrahedral (AlH4)− ion) are the most actively
researched hydride compounds at present [81,82]. The reasons for
this are apparent from Fig. 1: the compounds in the top right hand
corner have the most desirable properties in terms of amount of
hydrogen and hydrogen density and this is the territory of the boro-
hydrides and alanates.

An isolated (MH4)− ion has tetrahedral, Td, symmetry. The nine
vibrations are distributed as the non-degenerate �1 of a1 symmetry
which is the totally symmetric in-phase M–H stretch, doubly degen-
erate �2 of e symmetry which is the symmetric in-phase H–M–H
bend, triply degenerate �3 of t2 symmetry which is the antisymmet-
ric M–H stretch and triply degenerate �4 of t2 symmetry which is
the antisymmetric H–M–H bend. The interpretation of the spectra is
complicated by the fact that the bending modes occur at almost half
the wavenumber of the stretching modes, consequently Fermi res-
onance between �1 and the a1 component of 2�2 and also between
�3 and the t2 component of 2�2 occurs.
5.1. Alkali metal borohydrides

The borohydride ion forms a large number of compounds with
many of the elements, including the alkali metals, alkaline earths,
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Table 6
Fundamental vibrational transitions commonly observed for mononuclear M(BH4)n configurations. Adapted from Ref. [83] with permission of the American Chemical Society.

Structure Energy (cm−1) Approx. type of internal coordinate Infrared intensity Raman intensity

Monodentate M–H–BH3 2300–2450 B–Ht stretching Strong, probably a doublet Strong
∼2000 B–Hb stretching Strong Strong
∼2000–1700 M–Hb stretching May be very broad May be broad
1000–1150 BH3 deformation Strong band, possibly with weaker

one at slightly higher wavenumber
Strong

Bidentate

2400–2600 B–Ht stretching Strong doublet, 50-80 cm−1

splitting
Strong singlet, possible shoulder

1650–2150 B–Hb stretching Strong band, possible shoulder Medium-strong band
1300–1500 Bridge stretching Strong, broad Strong, broad
1100–1200 BH2 deformation Strong, Medium-strong, possibly a doublet

Tridentate
2450–2600 B–Ht stretching Strong singlet Strong singlet
2100–2200 B–Hb stretching Doublet, 50–80 cm−1 splitting Strong singlet, possible shoulder
1050–1150 Bridge deformation Strong, Strong singlet
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onic Mn+ n(BH4)− 2200–2300 B–Ht stretching
1050–1150 BH2 deformation

ransition metals, lanthanides and actinides. The compounds can be
onic, as with the alkali metals and alkaline earths or borohydride
an form monodentate (one M–H–B bridge), bidentate (two M–H–B
ridges) or tridentate (three M–H–B bridges) compounds as well as
olymeric materials with linking bidentate bridges. The monomeric
ompounds are readily distinguished by vibrational spectroscopy
s shown in Table 6 [83]. It can be seen that the different modes
f bonding give rise to different ranges vibrational energies that in
oncert with the intensity information allow distinction between
he various forms.

As the focus of this review is on materials relevant to hydrogen
torage media, the discussion will be restricted to the alkali metal,
lkaline earth and aluminium borohydrides. The transition metal,
anthanide and actinide compounds have been comprehensively
eviewed (including the vibrational spectra) [83,84]. The enormous
hemistry [85] of the neutral borohydrides, BxHy (x, y ≥ 2) and their
nions is beyond the scope of this review.

As shown in Table 7, vibrational spectroscopy has been used
xtensively to investigate the borohydrides. Most investigations
ave used infrared and/or Raman spectroscopy and given the large
bsorption cross section of 10B (3835 barn, 20% natural abundance,
or comparison the absorption cross section of 11B is 0.0055 barn)
nd 6Li (940 barn, 7.5% natural abundance, the absorption cross
ection of 7Li is 0.0454 barn), it might be expected that any neu-
ron work whether diffraction or INS would require the use of the
avourable isotope, e.g. as was done in [89] where 7Li[11BH4] was
sed for both types of measurement. This is not the case and it is
ossible to obtain data [87,106] from natural abundance materials,
lbeit at some cost in signal-to-noise ratio.

Li(BH4) has been extensively studied [86–90]. This exists in a
ow temperature orthorhombic phase (Pnma, Z = 4) below 380 K
nd a hexagonal phase (P63mc, Z = 2) from 384 K to the melting
oint at 541 K. Recent work has employed Raman spectroscopy and
ince the crystals are centrosymmetric in both phases, at most, only
alf of the modes are observed. Cooling to 5 K results in significant
harpening of the bands, which has allowed the detection of most
f the Raman allowed modes and their assignment by periodic-DFT
90]. Low temperature (80 K) infrared spectra [86] are consistent

ith the Raman data and show that the factor group splitting

s ∼10 cm−1. Translation modes are readily observed in both the
nfrared and Raman spectrum, the librations are more difficult to
etect, although there are allowed modes. They can be observed
y INS spectroscopy [87,89] and inferred from a Fermi resonance
Strong, broad Strong, broad
Strong, broad Weak

enhanced second overtone at 1254 cm−1 in the infrared spectrum
[88].

A very detailed Raman study [90] of the temperature depen-
dence of the position, linewidth and intensity of the modes in the
orthorhombic phase from 5 to 300 K has been performed. Analy-
sis of several of the internal and external modes indicated strong
anharmonic coupling between the modes. This is manifested in the
non-linear thermal expansion of the orthorhombic phase [91]. The
work particularly highlighted the anomalous behaviour of a mode
at 148.8 cm−1 which was assigned to a B3g libration. Periodic-DFT
shows that the 148.8 cm−1 (calculated at 155.3 cm−1) mode con-
sists of synchronous in-phase rotation of (BH4)− ions in the (b, c)
plane and antiphase rotation between planes along a. This eventu-
ally leads to breaking of the Pnma symmetry and to the transition
to the P63mc phase [90,91].

Heating the orthorhombic phase into the hexagonal phase
results in a simpler spectrum with much broader bands. Syn-
chrotron diffraction studies [92] suggest that a nearly isotropic
disorder of the rigid tetrahedral (BH4)− ions is one of the factors sta-
bilizing the hexagonal structure, such disorder would also account
for the linewidth of the vibrational modes. Spectroscopic evidence
for the onset of dynamic disorder of the (BH4)− tetrahedron above
the transition temperature was obtained from a study of the tem-
perature dependence of the Raman linewidths during a heating and
cooling cycle [88]. The linewidths of the modes increase abruptly
at the phase transition during heating and decrease abruptly dur-
ing cooling. Apart from some hysteresis, the spectra are completely
reversible. Furthermore, the rate of increase of the bandwidths as a
function of temperature is higher above than below the phase tran-
sition. This behaviour is a likely indication for coupling between the
internal modes and the librations. A combined INS and periodic-DFT
study [93] found that for energies <120 cm−1, the phonon density of
states of Li(11BH4) in the low temperature phase depends quadrat-
ically on the phonon energy while for the high temperature phase
a linear dependence is observed, indicating anharmonicity in the
high temperature phase. The increase in the phonon density of
states at low energies in the high temperature phase as compared to
the low temperature phase provides direct evidence for disorder in

the hydrogen sub-lattice in the high temperature phase of Li[11BH4],
which can originate from orientational disorder of (BH4)− ions. The
potential energy landscape for rotation of the (BH4)− ions indicates
that fairly localized minima and with barriers >4800 cm−1 exist
in the low-temperature phase resulting in ordered (BH4)− ions. In
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Table 7
Observed frequencies and assignments for borohydrides with Groups I, II or III counter-ions.

Hydride Wt% H Crystal structure (Z)a (Range/K) Metal geometryb

(symmetry)b
Stretching modes Bending modes Librational modes Translational

modes
Reference

Li(BH4) 18.5 P63mc (Z = 2) (380 – 540) Distorted tetrahedral
(C3v)

(R): 2355, 2299, 2167 (R): 1302, 1096 [88]

Pnma (Z = 4) (0 – 380) Distorted tetrahedral
(Cs)

(R): 2319, 2298, 2273
(IR): 2350, 2307, 2277

(R): 1320, 1290, 1240, 1098
(IR): 1089

(INS) 420 (IR) 418 (R): 282, 192, 150,
119, 96 (IR): 391,
324, 274, 232, 176,
162

[86–90]

Na(BH4) 10.7 Fm3̄m (Z = 1) (>190) Tetrahedral (Td) (R): 2340, 2321 (IR):
2284

(R): 1274, 1124 (IR): 1110 (INS) 313 (R) 325 ± 15 (INS) 220, 140 (IR)
180

[87,104]

P42/nmc (Z = 2) (<190) Tetrahedral (D2d) (R): 2341, 2322 (IR):
2302

(R): 1280 (IR): 1122 (INS) 240, 350 (IR) 384 (INS) 142, 88 (IR)
172

[103,106]

K(BH4) 7.5 Fm3̄m (Z = 1) (>65–70) Tetrahedral (Td) (R): 2312, 2288 (IR):
2270

(R): 1246, 1119 (IR): 1112 (INS) 286 (R) 282 ± 15 (INS) 190, 75 (IR)
180

[87,104]

P42/nmc (Z = 2) (<65–70) Tetrahedral (D2d) (R): 2314, 2291 (IR):
2281

(R): 1252, 1122 (IR): 1112 (INS) 320 (INS) 187, 82 (IR)
178

[103,106]

Rb(BH4) 4.0 Fm3̄m (Z = 1) (>22) Tetrahedral (Td) (R): 2300, 2273 (IR):
2260

(R): 1234, 1112 (IR): 1106 (INS) 273 (R) 291 ± 15 (INS) 174 (IR) 170 [87,104]

Cs(BH4) 2.7 Fm3̄m (Z = 1) (>35) Tetrahedral (Td) (R): 2287, 2255 (IR):
2244

(R): 1220, 1103 (IR): 1094 (INS) 272 (R) 291 ± 15 (INS) 115 (IR) 150 [87,104]

Be(BH4)2 20.3 I41cd (Z = 8) Tetrahedral (C1) (R): 2509, 2450, 2330,
2125, 2093 (IR): 2510,
2451, 2330, 2113, 2075

(R): 1537, 1420, 1166, 1130,
1012, 722, 640, 582, 522 (IR):
1543, 1440, 1128, 1007, 970,
725, 640, 610, 555, 405

(R): 315, 266, 202
(IR) 319, 180

[113]

Mg(BH4)2 14.9 P61 (Z = 30) (<453) Tetrahedral (C1) (R):2308, 2283 (IR):
2292, 2223

(R):1310, 1288, 1205, 1190,
1126, 1088, 1039 (IR): 1400,
1262, 1126

(R):670, 350, 248,
204, 195, 172 (IR):

[114,117]

14.9 Fddd (Z = 16) (453 < 613 dec) Tetrahedral (C1) (R):2360, 2340, 2300
(IR): 2292, 2223

(R): (IR): 1400, 1262, 1126 [116,117]

Ca(BH4)2 11.6 F2dd (Z = 2) (<453 K) Tetrahedral (C2) (R): 2414, 2352, 2327,
2272 (IR): 2451, 2315,
2253

(R): 1327, 1241, 1204, 1117,
1089 (IR): 1325, 1229, 1193
1110, 1075

(R): 475, 340, 298, 252,
218

(R): 111, 54 [122]

P42/m or P4̄ (Z = 2) (>453 K) Tetrahedral (Cs or C1) (R): 2395, 2288 (IR):
2308, 2248, 2208

(R): 1310, 1254, 1081 (IR): 1323,
1282, 1231, 1193 1110, 1074

[122]

Al(BH4)3 16.9 C2/c (Z = 8) (0 < 180 K) Tetrahedral (C1) (R): 2550, 2475, 2059
(IR): 2544, 2469, 2059,
2026

(R): 1511, 1422, 1155, 1146,
1113, 1105, 968 (IR): 1531, 1419,
1103, 966

[126]

a Number of formula units in the primitive unit cell.
b The metal geometry is the symmetry of the (BH4)− ion, the point group in brackets is that of the crystallographic site symmetry.
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Fig. 10. Infrared spectra of the Li(BH4) encapsulated in amorphous carbon (AC) sam-
ples in the as-prepared (AP), after dehydrogenation at 623 K in vacuo (DH) and after
S.F. Parker / Coordination Chem

ontrast, the high temperature structure shows shallow barriers of
1600 cm−1 without distinct energy minima, so the orientation of
single (BH4)− ion cannot be precisely defined.

Vibrational spectroscopy has also been used to investigate the
ydrogen desorption/adsorption processes. In its simplest form this

s given by [94]:

i(BH4) → LiH + (1 − x)B + 1
2 xB2H6 + 3

2 (1 − x)H2 (2)

nfrared and Raman spectroscopies have two major advantages for
his type of study: they are sensitive to both crystalline and amor-
hous materials, in contrast to diffraction methods, and they can

ollow a system across a change of state: solid to liquid processes
and vice versa) are readily studied. While nuclear magnetic reso-
ance (NMR) is also sensitive to both amorphous and crystalline
aterials, it can only study one element at a time, vibrational spec-

roscopy is more democratic and sees everything. NMR can be
sed for either solids or liquids but cannot follow a process that

nvolves a change of state (in a single experiment): this ability is
estricted to optical techniques, particularly infrared and Raman
pectroscopies.

In a highly imaginative use of Raman spectroscopy, Borgschulte
t al. [94] followed the Raman spectra of Li(BH4) heated in D2 and
f Li(BD4) heated in H2. The authors concluded that the diffus-

ng species was a hydrogen (deuterium) atom and were able to
etermine the diffusion coefficient. They proposed that this was
ssociated with defects which consist of BH3 vacancies, i.e. (BH4)−

acancies, which have been refilled with H−. (Diborane desorp-
ion has been observed at temperatures below the melting point,
xplaining the formation of the vacancies.) The single hydrogen
nion is assumed to be easily exchanged by deuterium, which
hen exchanges with one hydrogen of the neighbouring (BH4)−

nion. This mechanism agrees with the observed behaviour of the
ydrogen–deuterium exchange, which is coupled to the desorption
rocess. It can also explain the desorption reaction of B2H6 from
olid Li(BH4).

In reality, the hydrogen desorption process is more complex
han Eq. (2) suggests. The presence of an intermediate in the
ehydrogenation process has been predicted theoretically [95] and
bserved experimentally by Raman spectroscopy [96]. The inter-
ediate is most likely to be Li2(B12H12), in the Raman spectrum

ands are observed at 600–1000 cm−1 and 2500 cm−1, these are
ower and higher respectively than the corresponding B–H bending
nd stretching modes in Li(BH4) and are in reasonable agreement
ith those expected [95] and observed experimentally [97] for

i2(B12H12). The presence of Li2(B12H12) has been further confirmed
y 11B NMR [98] for a range of borohydride systems. Thus the des-
rption process is better represented as [95]:

Li(BH4) → 1
12 Li2(B12H12) + 5

6 LiH + 13
12 H2

→ LiH + (1 − x)B + 1
2 xB2H6 + 3

2 (1 − x)H2 (3)

he vibrational spectra of the (B12H12)2− ion in solution and in the
olid state [99] for the potassium and caesium salts have been stud-
ed. The INS spectra of the lithium [97] and caesium salts [100] are
istinctly different, reflecting the stronger interaction of the Li+ ion
ith the anion.

The major difficulties with using Li(BH4) (and many other
aterials) for hydrogen storage are the poor reversibility and the

hermodynamic and kinetic limitations which manifest as the need
or high temperatures and the slow release and adsorption of H2.
o improve the properties, reducing the dimensions of the mate-

ials to the nanoscale is considered to be a promising approach.
ne way to achieve this, is to encapsulate the hydride in a porous
aterial. This has the twin advantages of limiting the particle

ize and preventing particle agglomeration occurring during dehy-
rogenation/hydrogenation cycles at elevated temperatures, the
re-hydrogenation at 573 K under 5 MPa of H2 (RH) states, respectively. The spectra of
pure Li(BH4) and amorphous carbon are also shown for comparison. Two insets are
also included to show regions of interest more clearly. Reproduced from Ref. [101]
with permission from Elsevier.

disadvantage is that the overall wt% hydrogen decreases because
of the adsorbent.

Infrared spectroscopy [101] was used to follow the desorp-
tion/adsorption process for Li(BH4) encapsulated in amorphous
carbon as shown in Fig. 10. The disappearance and re-emergence
of the characteristic B–H modes of Li(BH4) clearly evidenced that
the dehydrogenation reactions were reversible under the applied
conditions. Several weak and broad modes were also detected
in the 1000–1350 cm−1 region of the dehydrogenated and re-
hydrogenated samples. By comparison to amorphous boron (left
inset of Fig. 10), the weak bands in the 1000–1150 cm−1 range
were assigned to amorphous boron in the dehydrogenated sample.
Close examination of the infrared spectra found that new bands
in the 1220–1350 cm−1 range appeared in the dehydrogenated
sample and gained intensity after the re-hydrogenation reaction
(right inset of Fig. 10). In a parallel study of a mechanically milled
Li(BH4)/graphite mixture, these bands were not observed in the
sample after being dehydrogenated at 723 K. The results suggest
that the unknown infrared bands originate from a Li–B–H interme-
diate species generated in the dehydrogenation/re-hydrogenation
process, rather than from a reaction between the component ele-
ments of Li(BH4) and carbon. Interestingly, the new bands do not
match those of Li2(B12H12), suggesting that other intermediates
may be present.

The remaining alkali metal borohydrides have been much less
studied [102–107]. This is presumably a consequence of their lower
wt% hydrogen content and higher hydrogen desorption tempera-
tures. The room temperature structures of M(BH4) (M = Na, K, Rb,
Cs) have cubic symmetry. Neutron diffraction [104,108] on the deu-
terides shows that the alkali cations and (BD4)− anions form a NaCl
type arrangement. Four deuterium atoms, on the average, surround
boron at the corners of a boron-centered cube which is consistent
with a random orientation of (BD4)− about 〈1 1 1〉 directions. At
190 K and 65–70 K in the sodium and potassium salts respectively,
the (BD4)− ions order to give a tetragonal phase. There is evidence
that the rubidium and caesium salts behave similarly at 22 and 35 K

respectively, but the data were insufficient to allow unambiguous
structure determination.

As shown in Fig. 11, Table 7 and implied by Table 6, the transition
energies of the modes do not vary very much with the counter-ion,
M+. There is a small decrease with increasing size of M+, which can
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Fig. 11. Infrared (upper), and Raman (lower) spectra at room temperature for the
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lkali metal borohydrides M(BH4) (M = Na, K, Rb, Cs). For clarity only some of the 10B
omponents are shown. Bands labelled C correspond to carbonate impurities present
n the starting alkaline hydroxides. Reproduced from Ref. [104] with permission from
lsevier.

e ascribed to the lengthening of the B–H bond. The spectroscopic
ata are in agreement with the room temperature structural data
s shown by the linear plot [104] of Badger’s rule [109] which states
hat:

−2/3
1 ∝ d(B–D) (4)

here d(B–D) is the crystallographically determined B–D distance.
i+ is anomalous but the crystal structure is different from that of its
ongeners. Fig. 11 also highlights the complications caused by the
ermi resonance between the overtones of the bending modes and
he stretching modes in both the infrared and the Raman spectra.

Orimo et al. [82,96] noted that there is a correlation between the
lectronegativity of the cation and the frequency of the bending and
tretching modes of hydrogen in the anion, although disentangling
his from the anion size effect just noted is very difficult. They also
oted a correlation with the hydrogen desorption (decomposition)
emperature of the salt: Li (653 K) < Na (838 K) < K (857 K) < Rb, Cs
873 K).

All of the alkali metal borohydrides have been studied by Raman
pectroscopy over the temperature range 300–540 K [105]. From
he variation of the linewidth of �2 with temperature the authors
ere able to determine the barrier to reorientation and that it
ecreases with increasing cation size. The available space for the

−
disordered) tetrahedral (BH4) anions in the octahedral alkaline
etal cavities increases when passing from the sodium to the

esium compound. The same conclusion was reached in an INS
tudy [87], although the values were systematically higher (by a
actor close to 1.8) than those derived from the Raman data. The INS
Reviews 254 (2010) 215–234

derived barriers were calculated from the observed libration ener-
gies and incorrect structural data and increases the barrier heights
by ∼10%. The remaining discrepancy is not understood. The best fit
to the data for the lithium salt requires two barriers and is again a
consequence of the non-cubic nature of the structure.

5.2. Alkaline earth and aluminium borohydrides

Alkaline earth borohydrides are known for Be, Mg and Ca.
Be(BH4)2 is unusual in that it can be volatilised. The structure of
the gas phase species has been the subject of intense study by
a variety of techniques including vibrational spectroscopy [110].
High level ab initio studies [111] suggest that there are two species
present: a D3d structure with a six coordinate Be from two tridentate
borohydrides and a D2d structure with a four coordinate Be from
two bidentate borohydrides, with the D3d structure marginally,
∼4 kJ mol−1, more stable.

In the solid state Be(BH4)2 is polymeric [112] with chains of
doubly bridging bidentate borohydrides and a third bidentate boro-
hydride coordinated to the Be. Thus each Be is six coordinate.
The vibrational spectra [113] show features that match the pattern
expected for a bidentate borohydride (see Tables 6 and 7), although
the spectra are more complex because of the bridging borohydrides.
The 20.3 wt% hydrogen of Be(BH4)2 would be of enormous interest,
were it not for the acute toxicity of beryllium and its compounds.

Mg(BH4)2 is of considerable current interest because of its
14.9 wt% hydrogen. The structure was only solved recently [114,115]
and is unusually complex: there are 30 formula units (330 atoms)
in the hexagonal (P61) ambient temperature phase, above 453 K,
it transforms to an orthorhombic (Fddd) phase with 16 formula
units (176 atoms) in the primitive unit cell. In both phases, the
magnesium has an unusual eightfold coordination. The vibrational
spectra show that it is clearly an ionic borohydride, as can be
seen from Tables 6 and 7. The infrared spectra are remarkably
similar in both phases [116], consistent with the almost identical
local arrangement of corner-sharing tetrahedra with magnesium
ions at the centre and (BH4)− anions at the vertices [115]. Ab ini-
tio calculations [156] suggest that the low temperature structure
is actually P6122, a supergroup of P61. These are very difficult to
distinguish from powder diffraction data, unfortunately the com-
plexity of the unit cells means that vibrational spectroscopy is not
helpful either. The Raman spectra have also been investigated as a
function of pressure [117] and evidence for phase transitions was
observed.

Ca(BH4)2 is also of interest because although the wt% hydrogen
is lower (11.5), it can be synthesised by the reaction:

CaH2 + MgB2 + 5H2 � Ca(BH4)2 + MgH2 (5)

which can absorb or release 8.3 wt% hydrogen [118]. Ca(BH4)2 can
be obtained by other routes and exhibits a variety of structures. The
most stable is the orthorhombic �-phase with the boron atoms on
C2 sites, the most recent synchrotron data [119] indicates that the
space group is F2dd, rather than the Fddd originally reported [120],
this transforms to the �-phase above 453 K which is described as
either P4̄ [119] or P42/m [121]. A �-phase is also known and depend-
ing on the conditions a mixture of phases can be obtained.

The vibrational spectra have been comprehensively investigated
[122] and as can be seen from Table 7, the spectra conform to that
expected for an ionic borohydride. In particular, the intensity pat-
tern in the infrared and Raman spectra of the deformation modes
is similar to that observed for Li(BH4) [86–90]. Upon heating �-

Ca(BH4)2, between 294 and 450 K the bands at 218 and 298 cm
shift to lower wavenumber by ∼10 cm−1 and broaden significantly
while the position of the internal modes do not appear to be
affected. These temperature dependent shifts (observed between
80 and 450 K) indicate significant anharmonic behaviour in the �-
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Table 8
Bonding in selected borohydrides. Adapted from Ref. [115] with permission of the International Union of Crystallography.

Ionic radiusa (Å) Number of coordinating (BH4) groups M–B (Å) Number of coordinating H atoms Type of bonding

Be 0.45 3 1.92–2.00 6 Covalent
Al 0.54 3 2.10–2.14 6 Covalent
Mgb 0.89 4 2.34–2.49 8 Ionic
Li 0.92 4 2.47–2.54 9 Ionic
Cac 1.34 6 2.91–2.98 12 Ionic
Nad 1.39 6 3.07 12 Ionic
K 1.64 6 3.35 12 Ionic

a Ionic radii from Shannon [129].
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b Values are the same for both the high and low temperature phases.
c Values are the same for both the � and �-phases.
d Room temperature structure.

hase. Close to the � → � transition, the spectra show a continuous
ransition to the high temperature phase.

The Raman line width in the bending mode region at room tem-
erature of the two bands at 1327 and 1241 cm−1 is 11 and 8 cm−1

espectively for the �-form. In contrast, the half-width at half-
aximum of the two bands at 1310 and 1254 cm−1 of the �-form

s 26.5 and 21 cm−1 respectively. By analogy with the behaviour
bserved for the alkali borohydrides [93,105], this suggests the
resence of some disorder caused by reorientational motions of
he (BH4)− ion in the �-phase, in agreement with recent crystallo-
raphic work [121].

The infrared spectrum [122] of a mixture of �- and �-Ca(BD4)2
hows several partly resolved bands at 2250, 2330 and 2380 cm−1

hich can be assigned to individual (H–BD3)− stretching modes
rising from hydrogen impurities in the deuterated sample. In prin-
iple, each of these bands corresponds to a different B–H bond
ength, thus in this sample, there are at least three different B–H
ond lengths, one being somewhat longer (hence a weaker force
onstant) than the others. This well illustrates the sensitivity of
ibrational spectroscopy to very small changes in bond distances:
he crystallography shows all the B–H bond distances to lie in the
ange 1.16–1.18 Å [119].

Al(BH4)3 resembles Be(BH4)2 in that it is readily volatised to give
gas phase structure with bidentate (BH4) groups [123]; it differs

rom Be(BH4)2 in that this structure is retained in both the liquid
nd solid states [124–126]. In the solid state, Al(BH4)3 undergoes a
hase transition at ∼180 K, although the geometry of the Al(BH4)3
olecule itself varies little between the two phases, the principal

ifference relates to the packing of the molecular units [124]. The
olecule occupies a C1 site but approximates to D3h symmetry. In

he gas phase it is suggested that the symmetry is D3 with the D3h
orm being the transition state [124].

The vibrational spectroscopy has been extensively investigated,
he most comprehensive work studied all three phases and used

ultiple isotopic substitution [125,126]. The gas phase infrared
pectroscopy is surprising: the spectra show only broad vibrational
ands, with no trace of resolved rotational structure [127]. The
xtreme spectral congestion observed is believed to arise primarily
rom splittings of the ground state and the upper vibrational lev-
ls of modes that couple to the torsional motions and to other low
nergy modes of the (BH4) groups.

The gas phase, liquid, solid state and matrix isolated spectra
125,126] are remarkably similar and show only minor wavenum-
er shifts between the phases. The spectra have been assigned by ab

nitio calculations of the isolated molecule [128] assuming D3 sym-
etry. Although there are eight molecules in the primitive unit cell,
he factor group splitting is small and the assignments are probably
alid for the solid state as well.

From Table 8 [115], it can be seen that as the ionic radius and the
onic character of the metal increase, the number of coordinating
BH4) groups increases from three to four to six. There is also a clear
distinction between ionic and covalent borohydrides in terms of the
M–B distance.

5.3. Alanates

Interest in the alanates as hydrogen storage materials was
sparked by the report [130] that titanium compounds catalysed
both the adsorption and desorption of H2 in Na(AlH4). This initiated
renewed activity in the study of these compounds and in particular,
the role of the Ti-dopant.

The structures and hydrogen adsorption/desorption behaviour
of the alanates have been recently reviewed [81,82,131]. Alkali metal
alanate salts, M(AlH4), are known for all the alkali metals. The Li
salt is monoclinic (P21/c) with the Al on a C1 site [132], the Na
salt is tetragonal (I41/a) with the Al on a S4 site [133], the K salt
is orthorhombic (Pnma) with the Al on a Cs site [134], the Rb and Cs
salts are also orthorhombic [131] with presumably the same struc-
ture as the K salt. In all cases where the hydrogen coordination has
been determined, even though the Al site symmetry is not Td the
coordination is only slightly distorted from tetrahedral.

Table 9 gives the observed frequencies and assignments for
the alkali metal alanates [135–145]. The general trend is that the
Al–H stretching frequencies decrease with increasing mass of the
counter-ion. The changes in structure as the counter-ion is varied
Li → Na → K/Rb/Cs mean that the frequencies do not follow a mono-
tonic trend, in particular, the totally symmetric stretching mode
for K(AlH4) (1779 cm−1) is at higher energy than that of Na(AlH4)
(1762 cm−1) [145]. The bending frequencies are largely unchanged
by the counter-ion, the degree of splitting of the mode depends on
both the structure and the counter-ion.

The transition energies observed in the Raman spectrum for the
stretching modes of Na(AlH4) show a degree of variability. They
are given as: 1770 and 1680 cm−1 [140], 1769 and 1680 cm−1 [141],
1773 and 1684 cm−1 [143], 1762 and 1681 cm−1 [144] and 1762 and
1683 cm−1 [145]. In addition weak shoulders at 1815 cm−1 [140]
and 1782 cm−1 [140] have been reported and assigned to stretching
modes. The latter two assignments are not supported by periodic-
DFT calculations [139,143] which indicate that the highest energy
mode is ∼1770 cm−1. A more plausible assignment is to the first
overtone of the bending mode �4 (which will include a totally
symmetric component) that is observed because its intensity is
enhanced by Fermi resonance with the totally symmetric stretch.

The spectroscopy gives a conflicting result to the crystallogra-
phy: one of the Al–H bonds is shorter in the potassium salt than
in either the lithium or sodium salt, yet the wavenumber is lower
than that of the lithium salt. Interestingly, periodic-DFT calculations

[139] of K(AlH4) do not reproduce the dissimilar bondlengths found
in the neutron diffraction study [134].

The INS spectra [139] for Li(AlH4) and Na(AlH4) for the
0–1200 cm−1 region are shown in Fig. 12. The spectra are clearly
complex and show evidence for dispersion in the modes indicat-
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Fig. 12. INS spectra of (a) Li(AlH4) and (b) Na(AlH4).

ing significant long range interactions in the crystal [139,142]. A
periodic-DFT study of Li(AlH4) [139] shows that there is 0.08 shared
electrons between the Li+ and one of the hydrides. The lithium
salt’s spectrum is unusual in that there is no clear break between
the translations and the librations, as is clearly seen between 200
and 350 cm−1 in the sodium salt. This is a consequence of the
light mass of lithium; the lithium translational modes occur in the
range 200–400 cm−1 and mix with the alanate librational modes
at ∼500 cm−1. Although lithium has no significant scattering cross
section, the coupling between the lithium translational modes and
the librational modes of the alanates results in strong features in the
INS spectrum for the lithium modes. This is demonstrated by gener-
ating the vibrational transition energies of a (hypothetical) isotope
of lithium with a mass of 100. The lithium translational modes suf-
fer a large drop in energy, which dramatically reduces the coupling
with the alanate librational modes, consequently a gap opens up
between the translational and librational modes as the coupling is
reduced [139].

The chemistry of the alanates differs from that of the borohy-
drides in that both lithium and sodium form complexes of the type
M3(AlH6) with octahedral (AlH6)3− ions [144–146]. The alkali metal
ions occupy different crystallographic sites and fully ordered mixed
salts M2M′(AlH6) with M = Na, K and M′ = Li, Na are known [147].

M3(AlH6) are stable, isolable compounds but also occur as inter-
mediates in the decomposition of the M(AlH4) (M = Li, Na) salt:

M(AlH4) → 1
3 M3(AlH6) + 2

3 Al + H2 (6)

1
3 M3(AlH6) → MH + 1

3 Al + 1
2 H2 (M = Li, Na) (7)

These release 5.3 and 2.6 wt% H2 for M = Li and 3.8 and 1.9 wt%
H2 for M = Na, for reactions (6) and (7) respectively, relative to the
parent M(AlH4]). As with palladium, Table 4, increasing the coor-
dination number in the same oxidation state results in a decrease
in the M–H stretching wavenumber. This is a consequence of the
longer Al–H bondlength in the hexahydrides. There is a linear cor-
relation between the highest energy of the normal mode and the
shortest Al–H bond distance in the hydrides [145].

The mechanism of the transformation of the tetrahydride into
the hexahydride has been investigated [145,148,149]. Li3(AlH6) can
be formed by reaction of M(AlH4) with LiH. Reaction with LiD
produces partly deuterated materials Li3(AlHxD6−x). Bureau et al.
[148,149] found that neither Li3(AlH3D3) nor Li3(cis-AlH4D2) (or

Li3[cis-AlH2D4) if Li(AlD4) and LiH were used) were formed, only
the trans isomer was obtained. They concluded that the (AlH4)−

ion flattens under the influence of two D− ions that interact simul-
taneously with the aluminium to generate the hexahydride [149].
For the sodium salt it was observed that new peaks appeared in the
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ig. 13. Sketch of the decomposition reaction of Na(AlH4) via vacancy diffusion in N
nterface, a vacancy is formed, this is filled by the corresponding atoms from the inne

oves through the crystal. Reproduced from Ref. [150] with permission of the PCCP

aman spectrum at 1562, 1114 and 987 cm−1 [145]. It was suggested
hat reaction occurs in the melt and that the Na+ interacts with one
f the H− in (AlH4)− and a local structure of (NaH–AlH3) is formed

n the liquid Na(AlH4). The resulting distorted AlH3 species may be
ne possibility to explain the new bands in the Raman spectrum
pon melting.

Investigation of the effect of doping with titanium (and other
etal) salts has extensively used vibrational spectroscopy. One of

he advantages of vibrational spectroscopy is that it is not restricted
o crystalline systems, thus small amounts of amorphous material
re readily detectable. The Raman and infrared spectra [144] and
he INS spectrum [142] of titanium doped Na(AlH4) are very sim-
lar to those of the pure compound, suggesting that the effect is
ot a weakening of the Al–H bond by substitution of Ti3+ for Na+. A
ombination of thermogravimetry, mass spectrometry and Raman
pectroscopy [150] were used to gain understanding of the sur-
ace processes, diffusing species and the formation of intermediates
y studying the exchange of hydrogen for deuterium. The authors
onclude that the results are consistent with a vacancy mediated
rocess. The role of the titanium is to dissociate H2 which then
eacts with metallic aluminium to form volatile AlHx species. Evi-
ence for these was seen in an INS study of the rehydriding of
ydrogen-depleted Na(AlH4) [151]. Fig. 13 shows a sketch of the
roposed model.

Alanates of magnesium, calcium and strontium are also known
Ref. [81] and refs. therein]. In the structure of the magnesium
alt, three of the Al–H bonds are longer (1.634 Å) than the fourth
1.606 Å) [152]. The three long bonds bridge the Al and Mg ions,
orming a sheet and the fourth points into the interlayer space.
his has the result that the short Al–H bond has a much higher
ibrational wavenumber [153,154] than is usually seen for the
lanates (Table 9) in essence it becomes an uncoupled oscilla-
or. The behaviour is similar to that of the bridging borohydrides,
able 6. The strength of the Mg–H–Al bond is less than that of the

g–H–B bond because the spectra are markedly less perturbed

han in Mg(BH4)2. The vibrational spectra of Mg(AlH4)2 have been
omprehensively assigned by periodic-DFT [155].

Her et al suggested [115] that the more covalent nature of the
BH4)− unit versus (AlH4)− may contribute to the complexity of
4). Possible vacancies are, e.g. charge-neutral species such as AlH3 and NaH. At the
e, producing the same vacancy one layer deeper in the bulk, in this way the vacancy

er Societies.

the Mg(BH4)2 structure compared with that of the compositionally
similar Mg(AlH4)2. Bader charge analysis was used by Dai et al. [156]
to obtain the average charge distribution of atoms in Mg(AlH4)2
and the low temperature Mg(BH4)2 phase. According to the calcu-
lations, each aluminium atom gives up ∼2.15 electrons compared
with 1.53 electrons for the boron atoms. Likewise, the charge on
the hydrogen atoms in the Mg(AlH4)2 structure is −0.74, compared
with −0.59 for hydrogen atoms in Mg(BH4)2. Hence, B–H bonds
are more covalent than Al–H bonds. However, as noted by Dai et
al. [156] this does not explain how more covalent bonding leads to
more complex structures.

Mg(AlH4)2 may be prepared by ball milling AlH3 and MgH2 or by
metathesis of Na(AlH4) and MgCl2 in diethyl ether or THF. The latter
method results in solvates that can be dried to give the unsolvated
material. The solvate molecules interact with the (AlH4)− as shown
by the change in the Al–H stretching wavenumber [153]:

1731 cm−1(diethyl ether) < 1795 cm−1(THF)

< 1835 cm−1(unsolvated).

This is similar to what is seen with Mg2[FeH6] and its soluble
derivatives [46,60–62] (Table 1).

Calcium and strontium alanates have been much less investi-
gated. The structure of Ca(AlH4)2 was predicted by periodic–DFT
[157] and a comparison of the X-ray powder pattern is consistent
with the prediction [158]. The only vibrational spectroscopic data
is the infrared spectrum of Ca(AlH4)2 [159] which is very similar to
that of Mg(AlH4)2.

Calcium and strontium alanates decompose to an intermedi-
ate MAlH5 phase which contains chains of vertex sharing (AlH6)
octahedra [158]. These compounds and their formation from the
alanates have not yet been investigated by vibrational spectroscopy
but it is clearly a process that is ripe for such a study.
5.4. Gallates

The gallates containing the (GaH4)− ion are not of interest for
hydrogen storage applications but are included here for compari-
son with (BH4)− and (AlH4)−. Table 10 lists the limited data that is
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Table 10
Observed frequencies and assignments for gallates with Group I counter-ions.

Hydride Wt% H Crystal structure (Z)a Metal geometryb (symmetry)b Stretching modes Bending modes Reference

Na(GaH4) 4.2 Cmcm (Z = 2) Tetrahedral (C2v) (R): 1830, 1750 (IR): 1775, 1750 (R): 865, 760 (IR): 720, 575 [136,160]
K(GaH4) 3.6 Pnma (Z = 4) Tetrahedral (Cs) (R): 1800, 1771, 1719 (IR): 1717 (R): 834, 760 (IR): 760, 710 [136,160]
Rb(GaH4) 2.6 Tetrahedral (R): 1799, 1760, 1725 (IR): 1733 (R): 835, 763 (IR): 765, 710 [160]
C
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a Number of formula units in the primitive unit cell.
b The metal geometry is the symmetry of the (GaH4)− ion, the point group in bra

vailable. The structures of the sodium [161] and potassium [162]
alts (the rubidium and caesium salts are believed to have the same
tructure as the potassium salt [160]) show isolated (GaH4)− tetra-
edra and the spectra are completely consistent with these. As seen

n other systems, there is a dependency on the nature of the counter-
on although this is not especially strong for the gallates. This is
resumably a consequence of all the salts being largely ionic so
here is little specific (as opposed to Coulombic) interaction in the
attice.

For the sequence Na(MH4) the highest wavenumber is at
340 cm−1 (M = B), 1782 cm−1 (M = Al) and 1830 cm−1 (M = Ga), the
otassium salts also follow the same pattern. While there is no
xplanation of this unusual pattern, it was noted [160] that the
lectronegativities of the atoms follow the same order.

. Conclusions

As this review demonstrates, there has been, and there is still
ngoing, a considerable amount of work on the vibrational spec-
roscopy and the properties of the ternary metal hydrides. Much
f the work has been carried out in the last decade, prompted by
he intensive search for suitable hydrogen storage materials. In a
ernary metal hydride, while the central atom is the most important
eterminant of the properties, it has become increasingly clear that
he counter-ion is much more than just a spectator, it often plays a
ey role in determining the stability of the material. As such, varying
he counter-ion provides an important mechanism for optimising
he desired properties.

The current trend in hydrogen storage research is to more
omplex systems [3]. Amides and imides of Li, Mg and Al and
heir mixtures are being actively studied [163]. Mixtures of binary
ydrides and borohydrides (known as reactive hydride compos-

tes, RHC) are also of interest, the most studied of which is
gH2 + Li(BH4) [164,165]. A more complex mixture that includes

iNH2 offers improved kinetics at a lower desorption temperature
166]. A variety of other materials are also under active investiga-
ion including perovskites such as NaMgH3 [167], ammonia borane
3NBH3 [168] and its alkali metal derivatives [169].

In addition, to materials discovery there is also an intense
ffort in materials optimisation involving catalysed desorption and
dsorption and mechano-chemical treatment of materials. In all
hese areas vibrational spectroscopy has played an important part
nd will continue to do so. Its advantages lie in its flexibility; it is
ot restricted to crystalline systems, amorphous or nanocrystalline
aterials are readily observable, it is amenable to in situ studies, it is

emocratic; infrared and Raman spectroscopy are not element spe-
ific and uniquely among probes they are able to follow a reaction
cross a change of state.

Vibrational spectroscopy and ab initio calculations are a syner-
istic pairing. Comparison of computed and experimental spectra

rovides a stringent test of the calculation, while the calculation
rovides unambiguous assignments of the spectra. INS spectra pro-
ide the most reliable test since they only require the amplitude
f motion of the atoms in each mode. The accuracy of computed

nfrared spectra are rapidly improving and while Raman spectra
(R): 1785, 1750, 1725 (IR): 1723 (R): 821 (IR): 760, 720 [160]

s that of the crystallographic site symmetry.

are not yet routinely available for periodic systems, this is only a
question of time.
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