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a b s t r a c t

Metal aluminum amides M[Al(NH2)4]x (M = K, Mg, and Ca; x = 1 and 2) were synthesized along with
previously reported LiAl(NH2)4 and NaAl(NH2)4 by ball milling technique under liquid NH3. The pro-
files of synchrotron radiation X-ray diffraction suggest that KAl(NH2)4, Mg[Al(NH2)4]2 and Ca[Al(NH2)4]2

have been indexed with single phases, which have never been reported so far. Combination of both
27
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FT-IR and Al MAS/3QMAS nuclear magnetic resonance suggest that they all have an anion complex
unit [Al(NH2)4]− as a basic component, indicating successful synthesis of the metal aluminum amides.
Thermogravimetry-differential thermal analysis coupled with mass spectroscopy showed the release of
NH3 below the temperatures of 140 ◦C during the thermal decomposition and a NH3 desorption peak
temperature (Tdes) decreased with the increasing atomic number. Additionally, a relationship between
27Al isotropic chemical shift and Tdes was discussed. The present study gives an useful information that

e ani
the thermal stability of th

. Introduction

Global warming and the resource exhaustion are serious prob-
ems to be solved. A solution for these problems has been
xtensively studied. Especially, the construction of a clean energy-
riented society based on hydrogen and the electric power has
een paid much attention. To achieve the hydrogen energy soci-
ty, the development of a hydrogen storage system that has high
olumetric and gravimetric hydrogen capacity, high durability, and
oderate operating temperature is required. In these days, much

nterest has been focused on the hydrogen storage materials com-
osed of light elements, so-called chemical hydride [1].

For chemical hydride, a technique to make a composite is quite
seful to improve gas desorption properties. This improvement is
oming from the fact that the composite takes different reaction
athways from each constituent on heating. In fact, Chen et al.
eported that the composite of LiH and LiNH2 reversibly released

.3 mass% H2 at around 200 ◦C [2], although LiH and LiNH2 them-
elves decomposed into Li and H2 above 650 ◦C, and into Li2NH and
H3 at 300 ◦C, respectively [3,4]. These facts indicate that making
composite could improve the thermodynamics in the LiH–LiNH2
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on complex [Al(NH2)4]− can be controlled by a cation M.
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system, which can be understood by the NH3-mediated reaction
mechanism [4]. Recently, Janot et al. focused on LiAl(NH2)4 which
is more labile than LiNH2 and reported that the composite of LiH
and LiAl(NH2)4 released more than 5 mass% H2 below 130 ◦C [5].

Apart from the composite technique, the metal aluminum
amides M[Al(NH2)4]x themselves are attractive because they indi-
rectly store hydrogen in the form of amide [NH2]−. Actually,
LiAl(NH2)4 releases 35 mass% of the NH3 gas with a peak temper-
ature of about 140 ◦C [5–7]. Moreover, Aliouane et al. showed that
NaAl(NH2)4 had 30 mass% NH3 density and the NH3 desorption
peak temperature was about 100 ◦C [8] which was much lower than
that of LiAl(NH2)4 [9,10].

In this study, we successfully prepared the metal aluminum
amides M[Al(NH2)4]x (M = K, Mg, and Ca; x = 1 and 2), along with
previously reported LiAl(NH2)4 and NaAl(NH2)4, and systemati-
cally examined the structural and gas desorption properties by
synchrotron X-ray powder diffraction, Fourier-transform infrared
spectroscopy, nuclear magnetic resonance spectroscopy, and ther-
mogravimetry coupled with mass spectroscopy.

2. Experimental

To synthesize M[Al(NH2)4]x , the starting materials, LiH (Alfa Aesar, 99.4%) and Al

(Rare metallic, 99.9%) for M = Li and NaAlH4 (Aldrich, 90%) for M = Na and K (Aldrich,
99.95%) and Al for M = K and Mg (Alfa Aesar, 99.9%) and Al for M = Mg and CaH2

(Aldrich, 99.99%) and Al for M = Ca, respectively, were put together into a Cr-steel
vessel (SDK-11, UMETOKU Co. Ltd.) with the ratio of M:Al = 1:1 or 1:2. Then, the
vessel was evacuated, bathed into a mixture of dry ice and ethanol, and kept for
a while at −79 ◦C. Gaseous NH3 (5N) was introduced into the vessel and NH3 was

dx.doi.org/10.1016/j.jallcom.2010.07.006
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ture. The crystal structure of Mg[Al(NH2)4]2 and Ca[Al(NH2)4]2 has
never been reported to the best of our knowledge. Also, it should
be noted that the Ca-sample is different from calcium aluminum
amide ammine complex Ca[Al(NH2)4]2·NH3 reported by Palvadeau
ig. 1. The SR-XRD patterns of (a) LiAl(NH2)4, (b) NaAl(NH2)4, (c) KAl(NH2)4, (d)
g[Al(NH2)4]2, and (e) Ca[Al(NH2)4]2, respectively. Broad features centered at

round 2� = 11◦ are the background coming from a quartz capillary. Asterisks indi-
ate impurities.

onsequently condensed into liquid. Powders were then ball milled in liquid NH3 for
0, 4, 8, 8, and 10 h for M = Li, Na, K, Mg, and Ca, respectively, at room temperature by
rocking mill apparatus (RM-10, SEIWA GIKEN Co. Ltd.) with a frequency of 10 Hz.

n order to avoid the decomposition due to the increase in temperature during the
illing treatment, the milling process was interrupted every 15 min for 15 min. To

omplete the reaction, after the milling process, the milled sample was kept in the
essel for 7 days. Finally, liquid NH3 was slowly removed at room temperature by a
acuum pump to collect the powder product. All the sample handlings were carried
ut in a glove box (MP-P60W, Miwa MFG Co. Ltd.) with purified Ar (6N, <1 ppm O2

nd H2O) to minimize sample degradation.
Structural properties were examined by the synchrotron radiation X-ray diffrac-

ion (SR-XRD) measurements at the beamline BL02B2 in SPring-8. The wavelength
sed was � = 0.80245(2) Å calibrated by the lattice constant of CeO2 at room tem-
erature. The samples were enclosed in a glass capillary (quartz, � = 0.8 mm) filled
ith Ar. The Fourier-transform infrared spectroscopy (FT-IR) measurements were
erformed (Spectrum One, Perkin-Elmer) in a home-made glove box filled with
urified Ar. Each sample was diluted by 5 mass% with KBr. 27Al magic-angle spin-
ing (MAS) and triple-quantum MAS (3QMAS) nuclear magnetic resonance (NMR)
xperiments [11] were performed using a JEOL JNM-ECA600 with the magnetic field
f 14.1 T under a spinning rate of 15 kHz. The 27Al chemical shifts were adjusted to
n aqueous solution of 1 M AlCl3 at −0.1 ppm. Sample was filled in a ZrO2 sample
otor (� = 4 mm) under the Ar atmosphere. Z-filter sequence was used in the 3QMAS
xperiments [12].

The thermal gas desorption properties were examined by thermogravimetry-
ifferential thermal analysis (TG-DTA; TG8120, Rigaku) installed in the Ar-filled
love box, combined with thermal desorption quadrupole mass spectroscopy (MS;
-QA200TS, Anelva) upon heating to 300 ◦C under He flow. The flow rate was

00 cm3/min and the heating ramp was 5 ◦C/min.

. Results and discussion

Fig. 1 shows the SR-XRD profiles for M[Al(NH2)4]x. It is
ound that they are able to be indexed with single phases with

◦
onoclinic (a = 9.50 Å, b = 7.37 Å, c = 7.42 Å, and ˇ = 90.1 ), mono-
linic (a = 13.24 Å, b = 6.05 Å, c = 7.34 Å, and ˇ = 94.0◦), orthorhombic
a = 11.36 Å, b = 8.85 Å, and c = 6.15 Å), hexagonal (a = 12.10 Å and
= 7.95 Å), and monoclinic (a = 12.27 Å, b = 6.44 Å, c = 6.43 Å, and
= 90.7◦) unit cells for the Li-, Na-, K-, Mg-, and Ca-systems,
Fig. 2. The FT-IR spectra (N–H vibration) for M[Al(NH2)4]x together with the data
for M(NH2)x as references; Thick and thin lines correspond to M[Al(NH2)4]x and
M(NH2)x , respectively. (a) M = Li, (b) M = Na, (c) M = K, (d) M = Mg, and (e) M = Ca.

respectively. Our results for M = Li and Na agree well with the
previous reports, indicating that our Li- and Na-samples are actu-
ally LiAl(NH2)4 and NaAl(NH2)4, respectively, where an Al atom is
coordinated by four [NH2]− units (i.e., anion complex [Al(NH2)4]−)
[6,7,9,13]. On the other hand, the crystal symmetry for our
K-sample was different from the previously reported crystal struc-
tures for �- and �-KAl(NH2)4 synthesized at −30 ◦C and at room
temperature [14–16], suggesting that KAl(NH2)4 has another struc-
Fig. 3. 27Al MAS NMR spectra of (a) LiAl(NH2)4, (b) NaAl(NH2)4, (c) KAl(NH2)4,
(d) Mg[Al(NH2)4]2, and (e) Ca[Al(NH2)4]2, respectively. Asterisks indicate spinning
sidebands.
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t al. [17]. The detailed crystal structures for our products will be
escribed elsewhere.

Fig. 2 gives the FT-IR spectra in the frequency region of N–H

tretching mode for M[Al(NH2)4]x together with those for M(NH2)x

s references. The FT-IR spectra of our Li- and Na-samples are very
imilar to those of LiAl(NH2)4 and NaAl(NH2)4 reported by Jacobs et
l. [7] and Lutz et al. [13]. It should be noted that the N–H stretching

ig. 4. 27Al 3QMAS NMR spectra of (a) LiAl(NH2)4, (b) NaAl(NH2)4, (c) KAl(NH2)4, (d) Mg[Al
he other small peaks aligned along F1 dimension are due to the artificial ripples coming
mpounds 506 (2010) 297–301 299

vibration (3250–3450 cm−1) for LiAl(NH2)4 is higher in frequency
than that (3200–3350 cm−1) for LiNH2. Similar tendency is also
observed for NaAl(NH2)4 and NaNH2. The N–H vibrations of the K-,

Mg-, and Ca-samples are in a similar frequency region to those
of LiAl(NH2)4 and NaAl(NH2)4, strongly suggesting that they all
belong to the aluminum amide complex. Again, these metal alu-
minum amide vibrations are higher in frequency than those for

(NH2)4]2, and (e) Ca[Al(NH2)4]2, respectively. Asterisks indicate spinning sidebands.
from the finite FT truncation.
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Table 1
The 27Al isotropic chemical shifts ıiso and quadrupolar products Pq estimated from
the 3QMAS spectra.

Samples ıiso (ppm) Pq (MHz)

LiAl(NH2)4 123 2.7
NaAl(NH ) 121 3.4
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Fig. 5. The TG-DTA-MS profiles for (a) LiAl(NH2)4, (b) NaAl(NH2)4, (c) KAl(NH2)4,
(d) Mg[Al(NH2)4]2, and (e) Ca[Al(NH2)4]2. Thick and thin solid lines correspond to
the NH3 desorption profile (M/z, mass number = 17) and DTA curves, respectively.
Dashed line indicates the weight loss (the values at 300 ◦C are shown).

Table 2
The released NH3 molecules at the end of peak temperatures.

Samples Released NH3 (molecule per M[Al(NH2)4]x)

Te 300 ◦C

LiAl(NH2)4 1.4 (160 ◦C) 2.1
NaAl(NH ) 0.8 (108 ◦C) 2.0

F

2 4

KAl(NH2)4 116 4.9
Mg[Al(NH2)4]2 121 5.4
Ca[Al(NH2)4]2 119 3.1

heir corresponding metal amides, KNH2, Mg(NH2)2, and Ca(NH2)2.
his may indicate that Al plays an important role on the N–H bond
trength in the aluminum amide complex [Al(NH2)4]−.

27Al MAS and 3QMAS NMR spectra for our Li-, Na-, K-, Mg-, and
a-samples are shown in Figs. 3 and 4, respectively. In the MAS
pectra, all the products have a peak in the chemical shift range of
00–130 ppm. We observed a single sharp signal for the Li-sample,
eing consistent with a single Al crystallographic site in LiAl(NH2)4
6,7]. Taking account of the fact that NaAl(NH2)4 also has a single Al
ite [9,13], it is found that a small peak splitting observed for the Na-
ample is coming from the second-order quadrupolar interaction as
s evidenced in Fig. 4(b). The K- and Mg-samples have complex peak
hape, but the Ca-sample showed a single sharp peak. The isotropic
rojections (lateral spectra in Fig. 4) of the 27Al 3QMAS spectra of
he K- and Mg-samples unambiguously indicate that they also have
single Al site. The 27Al isotropic chemical shifts ıiso and quadrupo-

ar products Pq estimated from the 3QMAS spectra are listed in
able 1. The obtained ıiso of 116–123 ppm indicates tetrahedral Al
ites in our products. Also, the large Pq values of K- and Mg-samples
mply significant distortions on the tetrahedral Al sites. Combined

ith the SR-XRD and FT-IR results, therefore, we conclude that
e successfully synthesized metal aluminum amides KAl(NH2)4,
g[Al(NH2)4]2, and Ca[Al(NH2)4]2, along with the already reported

iAl(NH2)4 and NaAl(NH2)4, where an Al atom is covalently coor-
inated by four amide units [NH2]− and cations M+ or M2+ play a
harge-balancing role.

Fig. 5 shows the TG-DTA curves and the NH3 desorption pro-
les (mass number = 17) for the M[Al(NH2)4]x samples. The H2 gas
esorption was not observed above the detection limit. The sample
eights suddenly started to decrease with releasing NH3 gas at low

emperatures of 100, 85, 49, 116, and 82 ◦C and the NH3 desorption
eak temperatures Tdes in the MS profiles were 136, 92, 58, 132,
nd 107 ◦C for M = Li, Na, K, Mg, and Ca, respectively. DTA curves
howed that M[Al(NH2)4]x released NH3 by endothermic reaction
t Tdes. It is noteworthy that Tdes of M[Al(NH2)4]x are much lower

han those of M(NH2)x [4,18–20]. The released NH3 molecules esti-

ated from the weight losses are listed in Table 2. This indicates
hat a considerable amount of NH3 is able to be released above
he peak temperatures. Also, the gradient of the TG curve changed
rastically above the peak temperature. These results indicate that

ig. 6. Relationships (a) between electronegativity of cation M and peak temperature of N
2 4

KAl(NH2)4 0.5 (72 ◦C) 1.5
Mg[Al(NH2)4]2 1.5 (144 ◦C) 2.6
Ca[Al(NH2)4]2 1.9 (129 ◦C) 3.4

the NH3 desorption in M[Al(NH2)4]x proceeds in at least two-step
processes.

We found that Tdes decreased with their increasing atomic num-
ber on the respective alkali and alkaline-earth aluminum amides,
i.e., Tdes(Li) > Tdes(Na) > Tdes(K) and Tdes(Mg) > Tdes(Ca). This sug-
gests that the kind of cation M has an influence on the NH3

desorption temperature, in other words, on the thermal stability
of M[Al(NH2)4]x. Here, there appears to be a positive correlation
between Tdes, and 27Al isotropic chemical shift and the Pauling’s
electronegativity �p [21] of a cation M as shown in Fig. 6. When
M = Li is replaced by Na and K, �p decreases from 0.98 (for Li) to

H3 desorption, and (b) between electronegativity and 27Al isotropic chemical shift.
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.93 (for Na) and 0.82 (for K), Tdes decreases from 136 ◦C to 92 and
8 ◦C, respectively. 27Al isotropic chemical shift similarly decreases
rom 123 ppm to 121 and 116 ppm. This tendency is also observed
or the alkali-earth system, M = Mg and Ca. It is interesting to note
hat the Tdes–�p relationship for M[Al(NH2)4]x shows an opposite
endency to that for metal borohydries M[BH4]n (M = Mg, Ca–Mn,
n, Al, Y, Zr and Hf; n = 2–4), where Tdes decreases as a function of
p of M [22]. We here try to rationalize the relationship between
des and magnetic shielding on the Al site. When the atomic num-
er of the cation is increased (i.e., �p decreases), the difference of
p between the cation and nitrogen in [Al(NH2)4]− becomes larger.

ncreasing the electron from the cation to nitrogen will reduce the
lectron donated from Al to nitrogen. That causes Al having higher
harge density, which increases magnetic shielding effect on the
l nucleus and gives a negative frequency shift (Table 1). Reducing

he electron donation from Al to nitrogen suggests weakening the
l–N bonds to lower the NH3 desorption temperature. This indi-
ates that the thermal stability of M[Al(NH2)4]x can be driven by
he choice of the cation M. In addition, the Tdes–�p relationship for
[Al(NH2)4]x shows different tendencies in the groups of IA and

IA, which should be quite different from the tendency reported on
[BH4]n by Nakamori et al. [22].

. Conclusions

Metal aluminum amides M[Al(NH2)4]x (M = Li, Na, K, Mg, and Ca;
= 1 and 2) were successfully prepared by mechanical milling under

iquid NH3 condition. Structural characterization was performed
y SR-XRD, FT-IR, and solid state NMR techniques. The crystal
tructures of LiAl(NH2)4 and NaAl(NH2)4 were identical to those
reviously reported. On the other hand, KAl(NH2)4, Mg[Al(NH2)4]2,
nd Ca[Al(NH2)4]2 were found to be novel metal aluminum amides.
hey all have an anion complex [Al(NH2)4]−, where [NH2]− is cova-
ently bonded with Al, and cations M+ or M2+ are charge balancing.
G-DTA-MS profiles showed that M[Al(NH2)4]x started to release

he NH3 gas at around 100 ◦C, much lower temperatures than that
hown by M(NH2)x. We found that the NH3 desorption temperature
ecreased with the increasing atomic number of respective alkali
nd alkaline-earth cations in M[Al(NH2)4]x. We further observed
hat 27Al isotropic chemical shift was correlated with the desorp-

[
[

[

mpounds 506 (2010) 297–301 301

tion temperature, which may suggest that the weakening of Al–N
bonds involves the NH3 gas release. This means that the NH3 des-
orption temperature can be controlled by replacing the cation, and
thus could provide a new insight for hydrogen storage application
when the MH–M′[Al(NH2)4]x composite materials are prepared.
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