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a b s t r a c t

Mixtures of metallic amides and LiH are studied as hydrogen storage materials. We show that the amides
decomposition temperature decreases as the polarizing effect of the metallic cation increases, hence our
interest for amides with strong polarizing cations such as Al3+. Studying the MAl(NH2)4 phases with
M = Li, Na and K, we tried to rationalize such metal-decomposition temperature dependence and found
from IR spectroscopy investigations supported by DFT calculations that smaller is the alkali cation M+,
eywords:
mides
FT calculations
ydrogen storage

nfrared spectroscopy
hermal analysis

more the Al(NH2)4 and M(NH2)4 tetrahedra are interconnected in the crystal structures and higher is the
decomposition temperature. Regarding applications, the possibility of using the LiAl(NH2)4–LiH mixture
as a reversible hydrogen storage material is discussed. If such mixture is able to release up to 6.2 mass% of
hydrogen at 130 ◦C, it is shown that the LiAl(NH2)4 decomposition leads to the formation of amorphous
LiAl(NH)2 imide, which is unfortunately metastable and exothermically transformed into LiNH2 + AlN.
This last reaction is highly problematic for hydrogen storage applications as it is fully irreversible and

ydro
AlN does not react with h

. Introduction

Due to the growing interest for hydrogen as an energy vector,
he development of a safe method for its storage is compulsory
eeded. If the advantages of using a solid-state hydrogen stor-
ge material have been demonstrated, none of the compounds
lready reported in the literature are able to satisfy both a high
ydrogen gravimetric capacity (>6 mass%) and a low operating tem-
erature (<150 ◦C). Among the large variety of hydrogen storage
aterials, alanates and borohydrides regain a lot of interest due

o their lightweights. These compounds are often called complex
ydrides, as they consist in covalent groups (AlH4

− and BH4
−,

espectively), which are ionically bonded with alkali or alkaline-
arth metals. More recently, another class of complex compounds
as been investigated for their hydrogen storage capabilities: the
mides and imides with NH2

− and NH2− covalent groups, respec-
ively. These compounds cannot be called hydrides as nitrogen
as a higher electronegativity than hydrogen (3.1 vs. 2.2 accord-
ng to Allred–Rochow values) and, therefore, hydrogen is positively
harged in these compounds.

The possibility of storing hydrogen using amide–imide systems
as been initially put forward with the hydrogenation of lithium
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gen under moderate temperature and pressure conditions.
© 2010 Elsevier B.V. All rights reserved.

nitride [1–3]. It has been demonstrated that 6.5 mass% of hydrogen
can be reversibly stored in the Li–N–H system according to this
equation:

LiNH2 + LiH ↔ Li2NH + H2 (1)

The desorption reaction is endothermic with an enthalpy of about
+50 kJ/mol H2, which corresponds to a hydrogen equilibrium pres-
sure of 1 bar around 280 ◦C [1]. Shortly after this pioneering work,
additional experiments have clarified the reaction mechanism
[4,5]. It has been shown by mass spectrometry that the hydrogen
desorption process is mediated by the ammonia formation accord-
ing to the following two-step reaction:

2LiNH2 → Li2NH + NH3 (2)

LiH + NH3 → LiNH2 + H2 (3)

In a first step, lithium amide is endothermically decomposed into
lithium imide and ammonia and, then, ammonia quickly reacts
with LiH to produce LiNH2 and to release hydrogen. As the sec-
ond step is highly exothermic (−43 kJ/mol), its rate is very fast and
LiH acts actually as an ammonia getter. LiNH2 formed in reaction
(3) is also decomposed in his turn according to the same two-step

process. Indeed, there is a continuous succession of reactions until
all LiNH2 is consumed and the final products are Li2NH and H2 as
written in Eq. (1).

Following this study and with the goal of finding other
metal–N–H systems with more suitable thermodynamic properties

dx.doi.org/10.1016/j.jallcom.2010.03.248
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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e.g. 1 bar hydrogen equilibrium pressure at lower temperature),
he Li–Mg–N–H system has been investigated [6–14]. The 1:2

g(NH2)2–LiH material is promising, as it can release 5.6 mass% of
ydrogen, associated with the formation of the ternary Li2Mg(NH)2

mide upon desorption:

g(NH2)2 + 2LiH ↔ Li2Mg(NH)2 + 2H2 (4)

This reaction presents a nice reversibility with fast kinetics at
00 ◦C. Its equilibrium pressure is high at this temperature (about
5 bar), but this reaction is actually ideal from the thermodynamic
oint of view, as its enthalpy of 35 kJ/mol H2 could lead to 1 bar
quilibrium pressure at about 100 ◦C. Unfortunately, the absorp-
ion/desorption kinetics are slow below 200 ◦C and no reproducible
atalytic effect has been reported to enhance these kinetics. The
echanism for reversible hydrogen storage in the Li–Mg–N–H sys-

em is not yet fully understood. Two different models are reported
or the explanation of the desorption process: the first one is based
n a solid–solid interaction between Hı+ in the amide and Hı− in
iH leading to a direct hydrogen release [8,9], whereas the other one
onsists in an ammonia-mediated mechanism similar to the two-
tep process encountered with Li–N–H [10–13]. According to this
econd model, the hydrogen desorption kinetic of the Li–Mg–N–H
ystem is governed by the decomposition rate of the Mg(NH2)2
mide.

With the aim of still decreasing the temperature for reversible
ydrogen storage, we decided in our group to promote the cova-

ent character of the metal–nitrogen bond, which means that we
ave studied amides of more electronegative metals. In a previous
aper, we especially reported the interest of using the LiAl(NH2)4
ompound [15]. This amide is rapidly decomposed in a single step
t about 130 ◦C with the release of 2 mol of ammonia. We have
hown that the mixing of this amide with an appropriate amount
f LiH (in order to trap the NH3 release) allows the preparation of
Li–Al–N–H system, which is able to desorb up to 6.2 mass% of

ydrogen at 130 ◦C. The proposed reaction is as follows:

iAl(NH2)4 + 4LiH → LiAl(NH)2 + 2Li2NH + 4H2 (5)

his reaction is promising as the hydrogen desorption occurs at a
emperature about 70 ◦C lower than that of the Li–Mg–N–H system
reviously reported in the literature.

In this paper, we report a relationship between the polariz-
ng effects of the metallic cations and the force constants of the
–H covalent bonds of the corresponding amides due to a study by

nfrared spectroscopy. As a consequence, the decomposition tem-
eratures of binary M(NH2)x amides can be directly related to the
olarizing effects of the Mx+ cations. We give a further investiga-
ion on the thermal decomposition of LiAl(NH2)4 and we extend
ur study to the isotypal MAl(NH2)4 compounds with M = Na and K.
he experimental IR spectra of the MAl(NH2)4 phases are especially
nterpreted due to Density Functional Theory (DFT) calculations
llowing the simulation of IR spectra. Finally, the possibility of
sing the LiAl(NH2)4–LiH mixture as a hydrogen storage material

s discussed.

. Experimental

.1. Synthesis

The MAl(NH2)4 amides are prepared by reaction in liquid ammonia at room
emperature from the corresponding MAlH4 alanates [16]. Commercial LiAlH4 and
aAlH4 powders (Aldrich, 95%, 40 �m) are used as precursors, whereas KAlH4 is
laboratory-made sample prepared by ball-milling under hydrogen pressure of Al

owder (Aldrich, 99%, 40 �m) and KH powder (previously obtained from a 30 mass%
ispersion in mineral oil, Aldrich). KH and KAlH4 powders show a good purity as all
he reflections on their X-ray diffraction diagrams can be attributed to the desired
hases. The equation for the synthesis of the MAl(NH2)4 amides is as follows:

AlH4 + 4NH3 → MAl(NH2)4 + 4H2 (6)
Compounds 503 (2010) 194–203 195

Due to the high air/moisture reactivity of the alanates and amides, the entire han-
dling of the reactants and products is performed in a glove box filled with purified
argon. The vapor pressure of ammonia being about 10 bar at 25 ◦C, the syntheses are
carried out in a stainless steel reactor (250 cm3 internal volume) equipped with an
outlet for gas evacuation and loading. The protocol for the synthesis is as follows:
(1) the alanate precursor is loaded into the reactor, which is outgassed under pri-
mary vacuum at room temperature for 1 h; (2) the reactor is connected to a pipe of
gaseous ammonia, which has been previously purified by condensation onto sodium
pieces; (3) a large excess of ammonia is solidified into the reactor (about 50 cm3 of
NH3 for 1 g of MAlH4) using a liquid nitrogen bath; (4) the ammonia gaseous flow is
disconnected, the reactor is closed and the nitrogen bath is removed; (5) as the tem-
perature increases, the ammonia melts and partially evaporates; and (6) after two
days at room temperature, the hydrogen and unreacted ammonia are removed by
pumping under primary vacuum at room temperature. Finally, the amide is collected
in the glove box.

2.2. Characterizations

The structural determination is performed with a Bruker D8 diffractometer
(Cu K� radiation, � = 1.5418 Å) equipped with a position sensitive detector. Due to
the high moisture reactivity of the amides, an air-tightened sample holder with a
beryllium window is used. This window is responsible for the presence of sharp
Be reflections on the X-ray diffraction patterns. Besides X-ray diffraction, infrared
spectroscopy is a powerful tool for the characterization of amides as the vibration
bands associated to their covalent N–H bonds are well defined in both stretching
and bending modes. Here the data collection is achieved in transmission using a
Nicolet Avatar 370 DTGS spectrometer. The powder is mixed with KBr and pressed
at 8 tons to make a pellet. The spectra are obtained from the accumulation of 50
acquisitions in the 400–4000 cm−1 range with a resolution of 0.5 cm−1.

The thermal decompositions of the amides are carefully studied by combin-
ing differential scanning calorimetry, thermogravimetry and mass spectrometry.
The DSC measurements are carried out with a Netzsch DSC204 calorimeter under
argon flow using sealed aluminium crucibles with cap layers immediately perfo-
rated before the analysis to allow the gas release. A heating rate of 10 ◦C/min is
used for all samples. The thermogravimetric study is managed with a Hiden IGA001
analyzer equipped with an antechamber allowing the sample loading without any
exposure to air. Typically, 150 mg of sample is loaded into a stainless steel bucket
and the sample weight is continuously monitored upon heating under vacuum up
to 500 ◦C. TPD experiments (temperature-programmed-desorption coupled with a
mass spectrometer) are also conducted in order to obtain a fast identification of the
desorbed gases. A home-made device with a quadripolar mass spectrometer (VG
scientific Ltd., QXK300) is used. About 10 mg of sample is put into a stainless steel
tube (6 mm diameter), which is then outgassed under primary vacuum. The TPD
curves are acquired at a heating rate of 10 ◦C/min and temperatures up to 500 ◦C; the
ammonia emission being determined from the change in the m/z = 17 peak intensity.

2.3. Computational details

In order to better understand the experimental IR spectra of the MAl(NH2)4

phases and, especially assign different observed stretching N–H doublets to differ-
ent NH2

− groups present in the crystal structures, simulated IR spectra have been
obtained due to the Density Functional Theory (DFT) approach. Calculations were
realized using the Perdew–Burke–Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) of the exchange-correlation functional [17]. The so-called “ultrasoft”
pseudopotentials were used to describe the interaction of the valence electrons with
the nuclei and core electrons [18]. Equilibrium structures were obtained by opti-
mizing the ion positions within the experimental cell parameters using the BFGS
quasi-Newton algorithm implemented in PWscf [19] with a force tolerance param-
eter of 0.01 eV/Å. Calculations were converged with respect to the kinetic energy
cut-off used for the basis set expansion and to the k-point density needed for the Bril-
louin zone integration. A cut-off of 35 Ry and a �-centred 4 × 4 × 2 Monkhorst–Pack
grid [20] were sufficient to achieve convergence.

Calculation of the infrared spectra was based on the vibrational frequencies
(ωn) and the corresponding eigen-modes (un) derived from the dynamical matrix
(D) at the centre of the Brillouin zone (q = 0). Nevertheless, at the long-wave limit
(q → 0), the dynamical matrix associated with polar material displays a non-analytic
behaviour due to the long-range character of the Coulomb forces [21]. Within the
framework of the density functional perturbation theory [22], D can be expressed
as:

Dq→0
k˛,k′ˇ = DA,q=0

k,˛,k′ˇ + DNA,q→0
k˛,k′ˇ (i)
where the labels (k,k′) and (˛,ˇ) run over the atoms in the unit cell and the three
Cartesian directions, respectively. DA is the analytical component of the dynamical
matrix calculated at the � point as the second derivative of the total energy with
respect to the atomic displacements, whereas DNA is the non-analytical part account-
ing for vibrational excitations longitudinal to the normalized direction q [22]. The
mode oscillator strength (In) of the infrared-active mode n in the direction q was
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Fig. 1. N–H bond force constants of alkali and alkaline-earth amides as a function
of the polarizing effects of the metallic cations. Al3+ is positioned in order to predict
the N–H bond force constants of Al3+-based amides.
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valuated from:

n∼
∑

q

|f n(q)|2 with f n
˛ (q) =

∑
k,ˇ

Zk,˛ˇ

un
k,ˇ

(q)√
Mk

(ii)

here Zk,˛ˇ and Mk are the Born effective charge tensor and the mass of the atom k,
espectively. The former described the coefficient of proportionality between the
acroscopic polarization per unit cell created along the direction b and a rigid

isplacement of the sub-lattice of the atom k in direction ˛ [23]. Note that the eigen-
odes (as well as the eigen-frequencies) are dependent of the q direction through

he non-analytic part of the dynamical matrix. As a result, in order to compare
he theoretical results with the experimental infrared data obtained on a powder
isotropic system, i.e. no preferential orientation), the intensity should be averaged
ver all directions of q. Here, we have considered six non-equivalent directions.
igen-frequencies, eigen-modes and Born effective charge tensors were calculated
sing the PHONON code [19]. Finally, the theoretical spectra were convoluted by a
orentzian function with a full width at half height of 2 cm−1 and transformed in the
ransmittance mode for a direct comparison with experiment.

. Results and discussion

.1. Evolution of the N–H bond force constant in metallic amides

The amides of alkali and alkaline-earth metals are well known
nd their infrared spectroscopic signatures have been discussed
24–27]. Their infrared spectra present a well-defined doublet in
he 3180–3400 cm−1 range due to the symmetric and asymmetric
tretching modes of the NH2

− group, these modes being written �1
nd �3, respectively. In a first approximation, the NH2

− group can be
onsidered isolated in the crystal lattice. As a result, the force con-
tant of the N–H covalent bond can be calculated from the Hooke’s
aw applied in this case to a tri-atomic non-linear molecule. The
quation allowing the calculation of the N–H bond force constant
r, expressed in N/cm (or mdyne/Å), is as follows:

r = 2�2c2

NA

[
�2

3

�H + 2�N sin2 ˛/2
+ �2

1

�H + 2�N cos2 ˛/2

]
× 10−5 (iii)

here � is the pi number, NA is the Avogadro number, c is the
peed of light (in cm/s), �1 and �3 are the wave numbers (in cm−1),
H and �N are the reduced masses (in mol/g) and ˛ is the H–N–H
ngle. The ˛ angle has been taken equal to 104.6◦ for all compounds,
hich is the value commonly found for binary amides [28]. This

ngle is actually almost identical to that encountered within the
2O molecule as in both cases we have a tetrahedral configuration
ith two non-bonding electron pairs.

In order to get a qualitative representation of the metal influ-
nce on the N–H bond force constant in alkali and alkaline-earth
mides, we have plotted the evolution of Kr deriving from Eq. (iii) as
function of the polarizing effect of the metallic cations (cf. Fig. 1).
ere, the polarizing effect is given by the Z/Ri

2 value, according to
he Goldschmidt definition [29], with Z being the oxidation state
f the metal and Ri being its ionic radius. The polarizing effect rep-
esents the potentiality of the cation to create an electric field and
hus to deform the electronic cloud of the NH2

− group and to mod-
fy the N–H bond force constant. For the calculations of Z/Ri

2, the
onic radii have been taken in the Shannon table, according to the
oordination number of the metallic cations found in the amides
rystal lattices: coordination number of 3 for Be2+, 4 for Li+, Na+,
g2+, 6 for K+, Rb+, Ca2+, Sr2+, Ba2+ and 8 for Cs+. The ionic radii

nd the polarizing effects of the cations are summarized in Table 1,
ogether with the wave numbers of the N–H stretching modes (val-
es given by Bouclier et al. [24,25]) and the calculated N–H bond
orce constants.

As observed in Fig. 1, the N–H bond force constant increases with

he polarizing effect of the metallic cation. For a big cation with a
ow oxidation state (like Cs+, Rb+), the force constant is low mean-
ng that the electronic cloud of the NH2

− group is mainly localized
n the nitrogen atom. On the contrary, a small cation with a high
xidation state (Be2+ and Mg2+) has a strong polarizing effect, the
Fig. 2. Decomposition temperatures of binary amides as a function of the N–H bond
force constants. Al3+ is positioned in order to predict the decomposition tempera-
tures of Al3+-based amides.

electronic cloud is displaced towards the H atoms and the N–H
bond force constant is high [25]. In other words, lower is the elec-
tronic density on the nitrogen atom; higher is the N–H bond force
constant. The same observation is found by comparing for a same
cation the N–H bond force constants of NH3, NH2

− and NH2− groups
[25]: for instance, the force constants calculated from infrared spec-
troscopy results are 6.35 N/cm for NH3 (solid), 5.93 N/cm for LiNH2
and 5.56 N/cm for Li2NH. In this case, higher is the number of Li+

cations, higher is the electronic density on the nitrogen atom and,
as a consequence, lower is the N–H bond force constant.

Fig. 2 presents the decomposition temperatures for various
amides (decomposition through ammonia release with the forma-
tion of corresponding imides) as a function of the N–H bond force
constant. The decomposition temperatures given in this figure have
been experimentally measured in our laboratory from the maxi-
mum of the ammonia emission peaks recorded by TPD-MS (heating
rate of 10 ◦C/min). It is clearly seen in Fig. 2 that higher is the N–H
bond force constant (higher is the polarizing effect of the cation),

lower is the decomposition temperature. The force constant of the
N–H bond is actually a very relevant parameter to evaluate the
amides stability. The calculation of the N–H bond force constant
is an indirect estimation of the strength of the adjacent M–N bond:
lower is the N–H bond force constant, stronger is the adjacent
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Table 1
Stretching wave numbers and N–H bond force constants for amides of alkali and alkaline-earth metals. Polarizing effect of the metallic cations.

Li+ Na+ K+ Rb+ Cs+ Be2+ Mg2+ Ca2+ Sr2+ Ba2+

�1 (cm−1) 3255 3210 3208 3190 3180 3329 3277 3233 3206 3186
�3 (cm−1) 3310 3260 3255 3242 3230 3394 3329 3295 3267 3240
Kr (N/cm) 5.93 5.76 5.75 5.69 5.6

Ri (Å) 0.59 0.99 1.38 1.52 1.7
Z/Ri

2 2.87 1.02 0.53 0.43 0.3
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ig. 3. X-ray diffraction diagrams of MAl(NH2)4 with M = Li, Na and K. The bold
ertical line indicates a Be reflection of the sample holder.

–N bond [24,25]. As the decomposition process of metallic amides
ccurs first through the breakings of M–N bonds (leading to NH3
elease), lower is the N–H bond force constant, higher is the amide
ecomposition temperature. It should have been very interesting
o make a direct calculation of the M–N bond force constant, but the

–N vibrations are very difficult to identify by IR spectroscopy (due
o a strong convolution at low wave numbers). The N–H vibrations
eing much easier identified, they have been used for the calcu-

ations of the N–H bond force constant and the prediction of the
mides stability.

Although the decomposition of the Be2+-based amides starts
t very low temperatures (about 100 ◦C as shown in Fig. 2), their
ossible hydrogen storage properties when mixed with LiH were
ot investigated, due to the high toxicity of the Be-containing
ompounds and, in addition, due to their complex multi-step
ecomposition paths. This paper is indeed focused on aluminium-
ased amides as Al3+ is another strong polarizing cation: Z/Ri

2 is
qual to 19.7 for Al3+ (ionic radius of 0.39 Å for a coordination num-
er of 4). Such a high value should lead to Al3+-containing amides
ith N–H bond force constants in the 6.1–6.2 N/cm range (cf. Fig. 1)

nd possibly with decomposition temperatures around 150 ◦C (cf.
ig. 2). If the Al(NH2)3 amide has been sometimes reported [30,31],
ts synthesis is very difficult. On the contrary, the MAl(NH2)4
mides with M being an alkali metal are easier synthesized and
heir structures are quite well established. The detailed study, both
xperimental and theoretical, of the infrared spectroscopic signa-
ures of the MAl(NH2)4 phases is presented in the following.

.2. Structures and bonding of the MAl(NH2)4 phases with M = Li,

a and K

The XRD diagrams of LiAl(NH2)4, NaAl(NH2)4 and KAl(NH2)4 are
resented in Fig. 3. The vertical line at 2� = 45.9◦ corresponds to
reflection of the sample holder Be window. Except this reflec-
5 6.22 6.00 5.86 5.76 5.68

4 0.27 0.57 1.00 1.18 1.35
3 27.43 6.16 2.00 1.44 1.10

tion, all the lines can be indexed in the unit cells already reported
in the literature for the MAl(NH2)4 phases: monoclinic with P21/n
space group for LiAl(NH2)4 [32], monoclinic with P21/c space group
for NaAl(NH2)4 [33] and orthorhombic with C2221 space group for
KAl(NH2)4 [34]. In all cases, the unit cells contain four MAl(NH2)4
formula units (Z = 4). The refined unit cells parameters found for
our samples are given in Table 2. As expected, the unit cell volume
increases with the size of the alkali metal: from 522 Å3 for the phase
with Li+ up to 598 Å3 for the phase with K+ (representing a volume
increase of 14.5%).

As the MAl(NH2)4 phases will be milled with LiH in order to
prepare mixtures able to release hydrogen with a low ammonia
contamination, their crystallinity will be strongly affected. Besides
X-ray diffraction, infrared spectroscopy is a powerful tool for the
characterization of such compounds with low crystallinity as this
technique is a probe at the atomic scale. It was therefore impor-
tant to establish relationships between the infrared spectra and the
crystal structures for each MAl(NH2)4 phases, which means to try to
give an attribution in the crystal lattices to different N–H vibrations
bands (at least the stretching bands) observed on the experimental
IR spectra. As we will see below the attribution of different N–H
vibrational signatures cannot be realized without the support of
first-principles calculations. Unfortunately, it is well known that
proton positions suffer from a lack of accuracy when usual X-ray
diffraction methods are used. This deficiency can yield to dramatic
consequences on the calculated response functions like vibrational
properties. Consequently, the structures of LiAl(NH2)4, NaAl(NH2)4
and KAl(NH2)4 have been optimized (i.e. the atomic positions were
relaxed within the experimental cell parameters). The DFT-relaxed
atomic positions can be found in Tables S1–S3 of the support-
ing information together with the principal bond lengths and angles
(cf. Table S4). As expected, the DFT-calculated N–H bond lengths are
significantly longer than the experimental ones: around 1.02 Å vs.
solely 0.7–0.8 Å for the N–H distances obtained from XRD experi-
ments. These results are consistent with previous theoretical works
focusing on the LiNH2 amide [35], where N–H bond lengths were
predicted to be 1.03 Å, whereas the experimental values obtained
from XRD are around 0.70–0.76 Å [28]. In a more recent experi-
mental study, N–H distances of 0.94–0.99 Å were deduced from
the refinement of neutron powder diffraction data [36], validating
the sizable DFT corrections. These trends, i.e. N–H distance under-
estimation of XRD experiment compared to the less pronounced
overestimation of the DFT geometry, are also depicted by the analy-
sis of the H–N–H angle. The H–N–H experimental angles are within
the interval of 67–108◦, which is by far too low with regard to
LiNH2 (angles around 104◦) [28]. DFT structure relaxation reduces
the range of variation to 104–108◦ for the MAl(NH2)4 phases with
M = Li, Na and K (cf. Table S4).

Fig. 4 presents the experimental IR spectra of LiAl(NH2)4 at room
temperature and 77 K. In a first step, the IR spectrum was acquired
at room temperature but surprisingly only five N–H stretching

bands were observed, whereas an even number of bands is usually
observed for amides as both symmetric and asymmetric stretch-
ings lead to the presence of doublet(s) on the IR spectra. Actually,
the thermal agitation at room temperature is responsible for the
convolution of two bands around 3358 cm−1. In order to overcome
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Table 2
Space groups and unit cell parameters of MAl(NH2)4 phases with M = Li, Na and K.

Space group a (Å) b (Å) c (Å) ˇ (◦) V (Å3)

LiAl(NH2)4 P21/n 9.5198(12) 7.377
NaAl(NH2)4 P21/c 7.3305(3) 6.043
KAl(NH2)4 C2221 10.004(2) 5.860

F
a

t
t
i
s
l
L
p
t

F
a

ig. 4. Infrared spectra of MAl(NH2)4 with M = Li, Na and K. The spectra have been
cquired at both room temperature and 77 K in the case of LiAl(NH2)4.

his issue, the spectrum was recorded immediately after dipping
he KBr/sample pellet in liquid nitrogen. It is clearly evidenced
n Fig. 4 that the band at 3358 cm−1 is split up at 77 K. Finally,

ix N–H stretching bands (3 doublets) are visible meaning that at
east three NH2

− groups are different in the crystal structure of
iAl(NH2)4. The IR spectra at room temperature of the MAl(NH2)4
hases with M = Na and K are also presented in Fig. 4. The spec-
ra are very different with a single doublet for KAl(NH2)4, and two

ig. 5. Representation of the crystal structures of MAl(NH2)4 with M = Li, Na and K. The
re drawn in green. (For interpretation of the references to color in this figure legend, the
8(8) 7.4268(8) 90.271(7) 521.62(11)
8(2) 13.1642(8) 94.017(4) 581.80(5)
0(11) 10.2011(17) 90 598.0(2)

doublets for NaAl(NH2)4. In order to better understand this discrep-
ancy, the unit cell lattices of the three phases are shown in Fig. 5 by
especially highlighting the interconnectivity between the Al(NH2)4
tetrahedra.

A nice evolution of the structural arrangement is found depend-
ing on the size of the alkali metal cation. For the KAl(NH2)4 phase,
the Al(NH2)4 tetrahedra are isolated in the lattice (cf. Fig. 5a) as
the K–N bond distance is large (between 3.05 Å and 3.24 Å). The
Al(NH2)4 tetrahedra are nearly perfect with a Al–N bond distance
equal to 1.84 Å. The KAl(NH2)4 structure has been relaxed by DFT
calculations and the IR spectrum has been simulated. Table 3 gath-
ers the theoretically predicted (at 0 K) and experimentally observed
(at 77 K) N–H stretching wave numbers for the MAl(NH2)4 phases
with M = Li, Na and K. Despite the blue-shift of the predicted
resonances, the accuracy of the DFT results is sufficient to unam-
biguously assign the experimentally observed N–H infrared bands,
as demonstrated in Fig. 6, which exhibits the stretching regions
(both calculated and experimental) for different compounds. The
overall discrepancy observed between theory and experience (cf.
Table 3) can have several origins which are mainly due to the
approximation used to define the exchange-correlation functional
[37]. For KAl(NH2)4, two nitrogen atoms are crystallographically
different in the crystal lattice, meaning that two NH2

− groups
are slightly different in vibrational energy. These account for the
presence of two doublets (4 bands) on the calculated IR spectrum

(cf. Fig. 6a). However, due to thermal agitations, solely two bands
at 3334–3415 cm−1 are visible on the experimental IR spectrum
recorded at 77 K.

Moving to a smaller cation (e.g. Na+), the distance between the
alkali metal and the nitrogen atom is shorter: the Na–N bond dis-

purple polyhedrons correspond to Al(NH2)4 tetrahedra, whereas the alkali cations
reader is referred to the web version of this article.)
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ig. 6. Infrared spectra showing the N–H stretching regions for MAl(NH2)4 with
bottom). The DFT-simulated IR spectra have been shifted by 65 cm−1 towards the l
he supporting information.

ance is in the 2.44–2.48 Å range for NaAl(NH2)4. The Na atoms
ave a coordination number of 4 with four NH2

− groups surround-
ng them in a tetrahedral configuration. We can note that the Al–N
ond distances in the NaAl(NH2)4 and KAl(NH2)4 phases are very
imilar, demonstrating that this parameter is not at the origin of the
trong discrepancy between the IR spectra. Fig. 5b shows that the
l(NH2)4 and Na(NH2)4 tetrahedra are interconnected through ver-

ices forming layers perpendicular to the c axis. The enchainment
f tetrahedra in the NaAl(NH2)4 structure is responsible for the
onoclinic distortion of the unit cell as opposed to orthorhombic

Al(NH2)4. Two different stretching doublets are observed on the
nfrared spectrum of NaAl(NH2)4, but their exact attributions were
ot easy. In order to overcome this issue, a simulated IR spectrum
f NaAl(NH2)4 has been calculated using the DFT-relaxed structure
cf. Fig. 6b). Although a strong convolution already occurs at 77 K,
relatively nice agreement is found between the theoretical and

xperimental spectra of NaAl(NH2)4. Actually, four nitrogen atoms
re crystallographically different in the crystal lattice, meaning that
our NH2

− groups are slightly different in vibrational energy. This
ccounts for the presence of four doublets on the calculated IR spec-
rum. However, due to very low differences in wave number (e.g.
nergy), the NH2

− groups can be paired: we can distinguish the
H2

− groups located at the edges of the layers (with one N–H bond
erpendicular and the other one almost parallel to the layer) giv-

ng experimentally a IR doublet at 3324–3386 cm−1 and the NH2
−

roups rather located inside the layers (with the two N–H bonds
ointing with an angle of about 38◦ vs. the layer surface) giving a
oublet at 3312–3374 cm−1.

Concerning LiAl(NH2)4, the Li–N bond distance ranges from
.05 Å to 2.19 Å, a value about 14% shorter than the Na–N bond dis-
ance found in NaAl(NH2)4. As a result, the Al(NH2)4 and Li(NH2)4
etrahedra are interconnected through both vertices and edges
s shown in Fig. 5c. The enchainment of tetrahedra forms layers
ligned along the [1 0 1] direction. The Al–N bond distance is around

.84 Å as previously reported for the KAl(NH2)4 and NaAl(NH2)4
hases. Owing to the theoretical study made by DFT calculations,
he three experimentally observed N–H stretching doublets have
een identified (cf. Table 3). As for NaAl(NH2)4, the nitrogen atoms
ccupy four different crystallographic positions in the LiAl(NH2)4
, Na and K: DFT-simulated spectra at 0 K (top) and experimental spectra at 77 K
ve number values. The Nx labels refer to different nitrogen atom positions given in

lattice leading to four energetically different NH2
− groups which

can be gathered by pairs. Fig. 6c shows the calculated IR spectrum
at 0 K with four doublets (top) and the experimental spectrum
at 77 K (bottom) with only three visible doublets due to convo-
lution. We have demonstrated that the NH2

− groups for vertices
interconnecting tetrahedra (corresponding to the nitrogen atoms
labeled N1 and N4) are responsible for the two doublets at about
3298–3358 cm−1, whereas the two doublets at higher wave num-
bers (higher energies) at about 3336–3400 cm−1 are related to the
NH2

− groups forming edges (e.g. nitrogen atoms labeled N2 and
N3). We can note that the N–H bond force constant of the NH2

−

groups is strongly dependent of the connectivity: the force con-
stant reaches 6.24 N/cm for the connecting edges, whereas the force
constant is limited to 6.09 N/cm for the connecting vertices.

The crystal structures comparison for these MAl(NH2)4 phases
shows a nice evolution, which can be resumed as follows. Smaller
is the alkali metal cation, more the coordination polyhedra around
the Al3+ and M+ cations are interconnected to each other and more
complex are the IR spectra. The Al(NH2)4 tetrahedra are isolated
in the crystal lattice with K+, whereas the tetrahedra are inter-
connected through vertices in the case of Na+ and, finally, the
tetrahedra are interconnected through both vertices and edges in
the case of Li+. Although not prepared in this study, RbAl(NH2)4 and
CsAl(NH2)4 are also stable phases and their structures have been
reported [38,39]. For these phases, the Al(NH2)4 tetrahedra are iso-
lated leading to the presence of a single doublet on the infrared
spectra, which is in good agreement with the observation given
above for a large cation like K+.

3.3. Thermal decomposition of the MAl(NH2)4 phases with M = Li,
Na and K

The thermal decompositions (up to 500 ◦C) of the MAl(NH2)4
phases have been studied by combining TPD-MS and thermo-

gravimetric experiments. Fig. 7 presents the curves of ammonia
emission (m/z = 17) recorded by mass spectroscopy at a heating rate
of 10 ◦C/min. As reported in a previous paper [15], the LiAl(NH2)4
decomposition leads to a strong ammonia release at 138 ◦C. This
release has been quantified by thermogravimetry as shown in Fig. 8:
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Fig. 7. Curves of ammonia emission (m/z = 17) of MAl(NH2)4 with M = Li, Na and K
obtained by mass spectroscopy.
Fig. 8. Weight losses under primary vacuum of MAl(NH2)4 with M = Li, Na and K.

a weight loss of 34% is noticed, which is in good agreement with the
release of 2 mol of ammonia per mole of LiAl(NH2)4. The following
equation can be proposed for the decomposition at 138 ◦C [40]:

LiAl(NH2)4 → LiAl(NH)2 + 2NH3 (7)

An additional weight loss, which could be related to the LiAl(NH)2
decomposition, is observed above 400 ◦C.

The decomposition process of NaAl(NH2)4 is different, since it
occurs through two different steps as revealed in Fig. 7, which
exhibits two peaks of ammonia release at 92 ◦C and 228 ◦C. This
two-step process is confirmed by thermogravimetry as shown in
Fig. 8. The total weight loss is about 29%, which also corresponds
to the release of 2 mol of NH3. The first step at 92 ◦C is probably
related to the formation of an amino-imide with the NaAl(NH2)2NH
stoichiometry [31,41]. This complex compound is then further
decomposed around 230 ◦C to form the final NaAl(NH)2 imide
according to the following two-step reaction:

NaAl(NH2)4 → NaAl(NH2)2NH + NH3 → NaAl(NH)2 + 2NH3 (8)

This two-step decomposition has been checked by DSC

calorimetry (data not shown here) with the presence of two strong
endothermic signals around 90 ◦C and 230 ◦C.

Finally, the ammonia release of KAl(NH2)4 occurs at a very low
temperature with a peak maximum at 61 ◦C by mass spectroscopy
(heating rate of 10 ◦C/min). The total weight loss for KAl(NH2)4



J.-B. Eymery et al. / Journal of Alloys and Compounds 503 (2010) 194–203 201

F
a
f
p

r
c
o
A
2
T
o
a
o
K
i
a
K
t

M
i
s
K
N
s
r
c
i
f
t
N
b
N
f

3

s
e
t
b
c
r
a
r
h

Fig. 10. X-ray diffraction diagrams of LiAl(NH2)4 desorbed under primary vacuum
at different temperatures.
ig. 9. Decomposition temperatures of the MAl(NH2)4 phases with M = Li, Na and K

s a function of the N–H bond force constants. In the case of LiAl(NH2)4, two different
orce constant values are plotted according to two different types of NH2

− groups
resent in the crystal lattice.

eaches 17% corresponding to about 1.3 mol of NH3. The weight loss
urve presents fluctuations which could be related to the formation
f several KAl(NH2)x(NH)y intermediate decomposition products.
nyway, the formation of KAl(NH)2 imide for which the release of
mol of ammonia is expected does not seem to occur below 500 ◦C.
his could be explained by some structural considerations based
n the steric effect encountered with a large cation like K+. From
structural point of view, the substitution of two NH2

− groups by
ne NH2− group strongly reduces the screening shell between large
+ cations. As a result, a strong repulsion occurs and the structure

s not stable. The same observation can be done with the binary
mides–imides of alkali metals: on one hand, LiNH2, NaNH2 and
NH2 are well reported and are stable compounds, whereas, on

he other hand, only Li2NH exists.
As a conclusion, the following tendency can be drawn for the

Al(NH2)4 phases: bigger is the alkali metal cation, more complex
s the decomposition process, but lower is the first step decompo-
ition temperature (138 ◦C with Li, 92 ◦C with Na and 61 ◦C with
). We tried to correlate this decomposition temperature with the
–H bond force constant calculated from the experimental infrared

pectra. An interesting relationship is found when the doublet cor-
esponding to the NH2 interconnecting vertices are taken for the
alculation of the N–H bond force constant of LiAl(NH2)4 as shown
n Fig. 9. This suggests that the LiAl(NH2)4 decomposition with NH3
ormation occurs, from a crystallographic point of view, through
he breaking of Al–N bonds at the vertices (release of NH2) and
–H bonds at the edges (release of H). Similar to Fig. 2 about the
inary amides with alkali and alkaline-earth metals, higher is the
–H bond force constant, lower is the decomposition temperature

or the MAl(NH2)4 phases.

.4. Identification of the LiAl(NH2)4 decomposition products

Due to its lightweight and its decomposition process in a single
tep, LiAl(NH2)4 has been mixed with LiH (in order to trap the NH3
mission and to produce H2) and the hydrogen storage properties of
he LiAl(NH2)4–LiH mixture have been investigated. This study has
een partially published in a previous paper [15]. It has been espe-

ially shown that the ball-milled 1:4 LiAl(NH2)4–LiH mixture can
elease up to 6.2 mass% of hydrogen at only 130 ◦C, a temperature
bout 70 ◦C lower than the 1:2 Mg(NH2)2–LiH system previously
eported in the literature. Unfortunately, the reversibility of the
ydrogen storage process was disappointing due to AlN formation
Fig. 11. Infrared spectra of LiAl(NH2)4 desorbed under primary vacuum at different
temperatures.

upon cycling. In the following, we report a further investigation on
the LiAl(NH2)4 decomposition process.

Due to both mass spectroscopy and thermogravimetric experi-
ments, we have shown in the previous paragraph that LiAl(NH2)4
releases 2 mol of ammonia around 138 ◦C. The formation of a
ternary LiAl(NH)2 imide has been proposed in the literature [40] as
written in reaction (7). The X-ray diffraction diagrams and IR spec-
tra obtained after desorbing LiAl(NH2)4 under primary vacuum at
different temperatures are presented in Figs. 10 and 11, respec-
tively. No significant structural change is noticed up to 120 ◦C:
the sole modification concerns the convolution of the infrared
N–H stretching bands at 3397 cm−1 and 3406 cm−1. At 140 ◦C,
a total vanishing of the LiAl(NH2)4 XRD reflections is observed,
which corroborates well with the experimentally measured amide
decomposition temperature. More surprisingly, any new reflec-
tion appears on the XRD diagram suggesting the formation of a
very amorphous material. We have visually checked that there is
no melting effect and that the desorbed material remains in the
solid state. The corresponding IR spectrum also reveals a strong

amorphization: very weak vibrations bands are observed at lower
wave numbers than those of LiAl(NH2)4, which could suggest an
amide–imide transition. Longer durations of desorption were not
relevant to improve the crystallinity of the desorbed material: actu-
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ig. 12. DSC profiles of LiAl(NH2)4 (bold line) and LiNH2 (dotted line) upon heating
p to 500 ◦C.

lly, the very amorphous character of the LiAl(NH)2 imide was
lready mentioned [40].

The amorphous character of the phase (or maybe the phases as
e cannot certified that one single phase is present), obtained after

mmonia release at about 130 ◦C, is persistent up to 350 ◦C as shown
y both X-ray diffraction and IR spectroscopy. At 400 ◦C, new vibra-
ions bands appear on the IR spectra: a doublet at 3257–3311 cm−1,
hich can be unambiguously assigned to the N–H stretching defor-
ations of LiNH2, is visible. In addition, weak bands are also

bserved at about 3190 cm−1, 3232 cm−1 and 3288 cm−1. Their
ssignation is not easy, but they could be related to Li–Al imides. At
he same temperature (400 ◦C), the X-ray diagram does not present
ny reflection showing the very amorphous state of the material.
eating up to 450 ◦C, a broad bump around 36◦ and two fine lines
t 38.4◦ and 44.7◦ appear on the X-ray diagram (2�Cu). The two fine
ines can be indexed as the (1 1 1) and (2 0 0) reflections of face-
entred-cubic AlN (a = 4.057 Å). On the other hand, the formation of
i2NH is revealed by a broad band around 3180 cm−1 on the IR spec-
rum. The doublet at 3257–3311 cm−1, already observed at 400 ◦C
nd assigned to LiNH2, has strongly lost in intensity but it is still vis-
ble at 450 ◦C. According to these observations, the decomposition
roducts of LiAl(NH2)4 mainly consist in AlN (according to X-ray
iffraction) and Li2NH (according to IR spectroscopy) at 450 ◦C,
hich could be summarized by the following equation as no other

as release than ammonia has been detected by mass spectroscopy:

iAl(NH2)4 → LiAl(NH)2 + 2NH3 → 0.5Li2NH + AlN + 2.5NH3 (9)

uch a decomposition process has been also investigated by DSC
alorimetry as shown in Fig. 12. Two intense peaks are visible upon
eating of LiAl(NH2)4: one endothermic peak at 138 ◦C and one
xothermic peak at 386 ◦C. These two peaks can be easily related to
he two steps of the reaction given above. The endothermic peak at
38 ◦C with an enthalpy 	rH411 K of +51 kJ/mol corresponds to the
elease of 2 mol of ammonia and to the formation of the amorphous
iAl(NH)2 imide. The exothermic peak at 386 ◦C can be attributed to
he formation of AlN and Li2NH according to the second step of reac-
ion (9). This step has an enthalpy 	rH659 K of −7 kJ/mol according
o the DSC peak area.

Amazingly, the LiNH2 decomposition occurs exactly at the same
emperature of 386 ◦C (cf. DSC profile of LiNH2 shown in Fig. 12

s a dotted line). The LiNH2 decomposition, see reaction (2), is
ndothermic with an experimental enthalpy 	rH659 K of +42 kJ/mol
+84 kJ/mol NH3) and leads to the formation of Li2NH. This mea-
ured enthalpy is in very good agreement with values found in the
iterature [2]. Based on a simple thermodynamic cycle, the enthalpy
Compounds 503 (2010) 194–203

of decomposition of LiAl(NH)2 into LiNH2 and AlN can be calculated
as schematized in Fig. 12. An enthalpy 	rH659 K of −49 kJ/mol is
found: this value is very negative emphasizing its high exothermic
character and its irreversibility. Therefore, it can be concluded that
amorphous LiAl(NH)2 formed at 138 ◦C is metastable and is decom-
posed into LiNH2 and AlN according to the following reaction:

LiAl(NH)2 → LiNH2 + AlN (10)

This reaction could explained the presence of the LiNH2 stretching
doublet on the IR spectra recorded at 400 ◦C and 450 ◦C (cf. Fig. 11),
since such LiNH2 existence is not expected from the two-step
decomposition process written in reaction (9). At higher temper-
atures, LiNH2 is decomposed in his turn to form Li2NH and gives
an extra ammonia release. This additional NH3 release probably
corresponds to the weight loss observed above 400 ◦C (cf. Fig. 8).

In the case of the mixture with LiH, it seems that the LiAl(NH)2
stability is even lower as the attempts of rehydrogenation at 130 ◦C
of the 1:4 LiAl(NH2)4–LiH ball-milled mixture have led to the fast
growth of the AlN phase [15]. The LiAl(NH)2 decomposition at low
temperatures could be related to a direct interaction between Hı+

of LiAl(NH)2 and Hı− of LiH, leading to a strong destabilization [8,9].

4. Conclusions

A relationship between the polarizing effect of metallic cations
and the decomposition temperature of binary amides (with alkali
and alkaline-earth metals) has been found due to the calculation of
the N–H bond force constants from infrared spectroscopy results.
It has been shown that higher is the polarizing effect of the cation,
lower is the decomposition temperature. In order to find amides
with low decomposition temperatures, Al3+-based amides have
been studied, since Al3+ is a strongly polarizing cation. MAl(NH2)4
phases with M = Li, Na and K have been prepared by reaction in
liquid ammonia from the corresponding MAlH4 alanates.

The evolution of both crystal structures and infrared spectro-
scopic signatures of the MAl(NH2)4 phases has been discussed,
according especially to the size of the alkali cations (Li+, Na+ and
K+). The IR bands of the MAl(NH2)4 experimental spectra have
been identified by comparison with simulated IR spectra obtained
due to a DFT study. It has been shown that smaller is the alkali
cation, more the Al(NH2)4 and M(NH2)4 tetrahedra are intercon-
nected to each other and more complex are the IR spectra. On the
other hand, smaller is the alkali cation, higher is the decomposi-
tion temperature: LiAl(NH2)4 is decomposed at 138 ◦C, whereas the
first step of the NaAl(NH2)4 and KAl(NH2)4 decompositions occurs
at only 92 ◦C and 61 ◦C, respectively. Actually, the decomposition
processes of NaAl(NH2)4 and KAl(NH2)4 are complex as the forma-
tions of MAl(NH2)x(NH)y amino-imides as intermediate products
are noticed.

The LiAl(NH2)4 decomposition occurs in one step leading to the
formation of amorphous LiAl(NH)2 imide. We have shown that
this imide is metastable and is exothermically transformed into
LiNH2 + AlN. This reaction is highly problematic for the hydrogen
storage applications of the LiAl(NH2)4–LiH mixture as it is fully
irreversible and AlN does not react with hydrogen under moderate
temperature and pressure conditions.
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