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Magnesium imide (MgNH) was produced by monitoring the decomposition process of magnesium amide with in situ
neutron diffraction. Significant changes in the structure of magnesium amide are detected during heat treatment and
eventually result in the formation of crystalline MgNH. A model for the crystal structure of magnesium imide (MgNH) is
presented for the first time. Remarkably, magnesium imide offers unique structural features similar to the cyclosilicate
class and can be described as a porous solid formed by a sequence of linked chains of face sharing Mg6N6 hexagonal
prism clusters.

1. Introduction

Alkali amide materials MNH2 and alkaline earth ana-
logues M0(NH2)2 (M: alkali metal, M0: alkaline earth
metal) have been known for more than a century and a
half,1 and they are still subject to intense research nowa-
days.2 Particularly, in 2002, the discovery that mixtures of
lithium amide and lithium hydride could serve as solid
state hydrogen storage materials, renewed the interest in
this class of materials.3 Since then, a variety of amide/
hydride mixtures have been investigated.4-9 The detailed
knowledge of the structures and stabilities of the phases
involved is considered a key step for the genesis and
control of promising hydrogen storage materials. Recent
studies focused on the interplay between reactivity and

crystal structure for mixed amide/hydride systems.7,10-12

Despite the considerable amount of work done both on
the pure amides compounds and, more recently, on mixed
amide/hydride systems, crystal structure models for many
of these compounds are often unavailable.10-16 However,
this information is amandatory prerequisite for the establish-
ment of accurate full thermodynamic assessments.17 In
particular, the first paper containing a structural model
on Mg(NH2)2

18 reported also the cell parameters of its
solid decomposition product, MgNH, but its structure re-
mained unsolved prior to this study. Many authors reported
a parallelism between group I and II oxides and the respec-
tive imides.7,10,19 Isotypical cubic structures are found
for instance both for lithium, calcium, barium, and stron-
tium; magnesium, however, does not seem to follow this
trend.*To whom correspondence should be addressed. E-mail: francesco.
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The common decomposition reaction pathway evidenced
for every alkali and alkaline earth amide material is20,21

2MNH2 f M2NHþNH3 ð1aÞ

3M2NH f 2M3NþNH3 ð2aÞ

M0ðNH2Þ2 f M0NHþNH3 ð1bÞ

3M0NH f M0
3N2 þNH3 ð2bÞ

where M is a group I metal, and M0 is a group II metal.
Accordingly, magnesium amide, under thermal treatment,
follows the analogous process: first ammonia is released
forming the imide and then is further released upon nitride
formation. One difficulty in the preparation of a pureMgNH
phase by thermal decomposition from Mg(NH2)2 appears
to be the relative instability of MgNH against magnesium
nitride (Mg3N2.) formation. This is why, in this study the in
situ neutron diffraction technique was used to directly
monitor in real time the thermal decomposition of magne-
sium amide to magnesium imide.

2. Experimental Section

Deuterated magnesium amide (Mg(ND2)2) was prepared
by ball-millingMgD2 under 8 bar deuterated ammonia (ND3).
Themilling treatment was applied for 12 h and a planetary ball
mill (Fritsch P6) was used with a homemade steel jar designed
for reactive ball milling at a revolution speed of 600 rpm. (Ball
to power ratio of 5:1) The obtained nanocrystalline material
was annealed at 300 �C under 8 bar of deuterated ammonia.
Preliminary structural investigations were performed using in-
house equipment with a Philips X’Pert X-ray diffractometer
using Cu KR radiation. The powder was spread onto a silicon
single crystal andsealed in thegloveboxwithanairtighthoodof
Kapton foil. For caloric measurements a high pressure differ-
ential scanning calorimeter (Netzsch HP-DSC 204 Phoenix)
wasused.Neutrondiffractionhasbeenperformedon the2-axis
diffractometerD20 at the high flux reactor of the Institut Laue-
Langevin, Grenoble, France.22 D20 is equipped with a curved
linear position sensitive detector (PSD) resulting in rapid and
simultaneous data acquisition over an angular range from 5 to
140� (2θ). Using a high resolution configuration with a germa-
nium monochromator at high takeoff angle of 118� and a
wavelength of 1.868 Å from its (115) reflection, a d-spacing
range of 1-21 Å is covered with a time-resolution of 2 min per
pattern. Data sets were corrected for detector efficiency, using
LAMP23,24 and employing a 2θ detector scan from a mostly
incoherently scattering vanadium sample. Rietveld refinement
was performedusing theMAUDsoftware.25,26 The instrument
function of the diffractometer was determined using crystalline
silicon as a standard. During the fit this function is convolved

with further line broadening because of reduced crystallite size
and lattice strain and applied to each peak profile of phase
specimen. A sample of deuterated magnesium amide was
loaded in a can of ASI-316 L steel connected to a homemade
high pressure rig. In particular the closed apparatus allowed a
partial ammoniabackpressurebecauseofdecomposition inside
the sample holder, which proved beneficial for avoiding the full
decomposition to nitride.27

3. Results

3.1. Preparation of Mg(ND2)2. After ball milling, Mg-
(ND2)2 appears to be nanocrystalline and no crystalline
reflections can be seen in the X-ray diffraction pattern.
(see Figure 1). Subsequent annealing under ND3 atmo-
sphere (8 bar) at 300 �C yielded crystalline Mg(ND2)2 for
the in situ neutron diffraction measurements.
Throughout the paper, the material will be denoted as

Mg(NH2)2 and MgNH under the assumption that the

Figure 1. Comparison of different X-ray (Cu radiation) diffraction
patterns. The starting material (MgD2 ball milled under deuteraded
ammonia) is in black, line a. The material after annealing at 300 �C is in
red, line b.

Figure 2. DSC trace forMgH2 ball milled under ammonia. The heating
ramp was 5 K/min under a 3 bar helium atmosphere.
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structural properties are very close to the deuterated Mg-
(ND2)2 andMgND. All neutron structural investigations
have been performed on the deuterated materials.

3.2. DSC. The decomposition of ball milled magnesium
amide was followed by DSC under helium atmosphere
(Figure 2). One weak exothermic peak (minimum at ca.
315 �C) has its onset at around 270 �C and is followed by
three intense endothermic events. Specifically, the first
endothermic peak shows a maximum at around 360 �C
and appears to be comparatively sharp. This is also
partially overlapped to the tail of a second endothermic
and broad peak with maximum at about 390 �C. Finally,
at around 455 �Cwe see the onset of the third endothermic
peak with its maximum at around 490 �C. As for the
unambiguous assignment of these thermal events, unfor-
tunately complete DSC literature data are missing for the
system at hand so we refer to the diffraction patterns
presented in Figures 1 and 3. The as milled product
does not show evident Bragg peaks, suggesting that the
material has a very small crystallite size or is an amor-
phous condition. Thus, we may ascribe the exothermic
peak at around 300 �C to an amorphous-to-crystalline
transformation or to a crystalline domain growth of ball
milled Mg(NH2)2. Indeed, ex-situ X-ray diffraction of
powder samples treated in theDSCup to310 �Cconfirm the
presence of crystalline magnesium amide.While the peak at
490 �C can be easily associated to the decomposition of
MgNH to Mg3N2 (magnesium nitride), assignment of the
decomposition ofmagnesiumamide tomagnesium imide to
one thermal event out of the two present in the range
300-400 �C is not straightforward.27 From the in situ
measurements (see Figure 3) it appears that the two events
belong to a deep structural modification process preceding
the decomposition and to the decomposition process from
Mg(NH2)2 toMgNH itself.We attribute the former process
to the sharp peak overlapped by the broad decomposition
feature.

3.3. In-Situ Neutron Diffraction. Figure 3 shows the
neutron diffraction patterns obtained during heating
magnesium amide from room temperature to 400 �C. In
Figure 3 it is possible to notice the steel peaks from the
sample holder, which are always present in the course of
the treatment and subjected to just a small shift due to

thermal expansion. In contrast, the peaks associated to
magnesium amide significantly shift as a function of
temperature (Figure 3) and progressively change their
intensity before disappearing at around 310 �C. At this
temperature the material is subjected to a heavy transfor-
mation process, and the diffraction pattern only shows a
broad peak at around 35 degrees. Even before the trans-
formation process, the structure of magnesium amide is
strongly deformed during heating. In Figure 3 the inci-
pient structural rearrangement is evident both in the peak
intensity and in the location involving changes in unit cell
parameters and nearest neighbor distances prior to the
full transformation. Figure 4a shows the values for the
cell parameters of magnesium amide during the heating
process. It is possible to see how the shorter a-axis is
increasing, while the longer c-axis is decreasing during the
heat treatment. At room temperature, the structure of
magnesium amide can be seen as a sequence of “super-
tetrahedral cluster” units (i.e., an octahedral vacancy
where non adjacent faces are covered by four MgN4

tedrahedra, see Figure 4b) sharing only the external

Figure 3. In situ neutron diffraction patterns for Magnesium amide
decomposition. The arrows highlight the peaks coming from the steel
sample container. It is possible to see how the cell parameters for
magnesium amide are strongly influenced by the heating.

Figure 4. (a) Cell parameters formagnesium amide during the tempera-
ture ramp. (b) View perpendicular to the (001) direction (top) and
perpendicular to the (010) direction (bottom) of the magnesium amide
structure at room temperature. (c) View perpendicular to the (001)
direction (top) and perpendicular to the (010) direction (bottom) of the
magnesiumamide structure before decomposition.For clarity onlyMgN4

tetrahedra are shown.



Article Inorganic Chemistry, Vol. 50, No. 3, 2011 1119

vertex of the supertetrahedron, as in the case of beryllium
amide (Be(NH2)2).

20 During the heating process these
“supertetrahedral cluster” units are more and more dis-
torted, with magnesium atoms moving away from each
other, slowly altering the tetrahedral symmetry of the
initial “supertetrahedral cluster”. This results in an en-
largement of the cavities surrounding each “supertetra-
hedral cluster” structural unit. It is evident that the strain
associated to these deformations can not build up beyond
a certain level; in fact at around 310 �C the material does
not offer a structured diffraction pattern anymore, but
only shows very broad peaks, which are likely to be
associated with the melted state of magnesium amide.

As the sample reaches 340 �C, the peaks expected for
magnesium imide (Jacobs and Juza, PDF card 23-0391)
start to appear with reflections getting stronger and
sharper with increasing temperature. At 370 �C the for-
mation of the imide is evident because of the presence of a
distinctive peak at around 10.5 degrees. The obtained
MgNH material was cooled down to room temperature,
transferred to an argon glovebox and sealed in a vana-
dium can. A neutron diffraction pattern was collected at
room temperature and used for structure determination.

3.4. Magnesium Imide Structure. In Figure 5 two types
of reflection patterns can be distinguished: (i) broad peaks
located approximately at 2.92, 4.16, and 5.22 Å-1 and
(ii) a set of sharp reflections. The former peaks corre-
spond fairly to a cubic phase modeled during refinement
with periclase MgO. It may be surmised that this product
of reaction is introduced in the powdered specimen dur-
ing the various treatment stages to which it was subjected
before being placed in the measurement cell. The low
amount of this phase roughly evaluated in the neutron
pattern suggests that this contribution can be minimized
with a proper specimen handling. The second set of

Figure 6. Structure representations of magnesium imide normal to the 001 plane. MgN4 tetrahedra are shown. The two non equivalent magnesium sites
have been highlightedwith yellowandblue color, respectively.Nitrogen atomsare in green.Deuteriumatomsare red.The crystal cells are highlighted by the
dotted line. Some atoms are labeled.

Table 1. Refined Parameters for Magnesium Imide (MgNH) Obtained from
Rietveld Refinement of Room Temperature Neutron Diffraction Dataa

atom label Wyckoff position x/a y/b z/c Biso/Å�2

Mg Mg1 6j 0.584(6) 0.8677(7) 0 0.8(1)
Mg Mg2 6k 0.9285(7) 0.5721(6) 0.5 0.9(1)
N N2 6j 0.6517(4) 0.7279(4) 0 0.68(7)
N N1 6k 0.4954(4) 0.8633(4) 0.5 1.02(7)
D H2 6j 0.9402(6) 0.745(6) 0 2.3(1)
D H1 6k 0.4273(6) 0.7666(7) 0.5 3.1(2)

aSpace groupP6/m (175). Cell parameters: a= b=11.5796(3) Å� and
c=3.6811(1)Å�. Z = 12, V = 427.463 Å�3, F = 1.833 g/cm3, weighted
R pattern-Rwp% = 2.44, R pattern-Rp%= 1.77, GOF = 1.94.

Figure 5. Rietveld refinement for the room temperature neutron dif-
fraction pattern ofMgNH. A vanadium sample holder was used. The red
line is the calculated profile. The sequence of reflections fromMgNH and
MgO are given at the bottom of the picture.
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reflections was presumed to originate from MgNH.
The first 20 peaks were selected manually, taking care to
consider those with similar width. Such list was subjected
to the indexing programsMcMaille,28 Dicvol,29 and ITO.30

All three converged in theoutput byproposing anhexagonal
cell with lattice parameter a= b=11.567 Å and c=3.683
Å in reason of a combination of Rp, Figure ofMerit,M(20)
andF(20) parameters. A hexagonal cell ofmagnesium imide
was indexed also by Jacobs and Juza18 with lattice para-
meters a=11.574 Å and c = 3.681 Å. They also reported
picnometer density measurements of 1.837 g/cm3. This
information combined with the cell volume suggests that
12 MgNH units have to be considered in the structure
solution. In fact, the density calculated assuming 12MgNH
units in the cell (Pearson code hP36) is 1.835 g/cm3. Using
Endeavor,31 the space group giving a satisfactory solution to
the neutron pattern wasP6/m. After best fit using Endeavor
on the first 25 reflections, thepreliminaryatomic coordinates
and isotropic displacement parameters were established.
These data were used as input in the Rietveld Refinement
procedure.For the refinements, thepresenceof a cubicphase
with lattice parameter a = 4.247 Å (MgO) was also taken
into account. The results of the diffraction experiment
together with the Rietveld analysis are shown in Figure 5.

4. Discussion

The structure of magnesium imide was confirmed to be
hexagonal as alreadyproposed by Juza et al.,18 butwith space
group P6/m instead of P6322. The unit cell contains 12
MgNH formula units with magnesium, nitrogen, and hydro-
gen (deuterium) atoms in Wyckoff sites 6j and 6k. The
structural solution is given in Table 1, and representations
of the structure are shown in Figures 6 and 8a. The structure
may be seen as a sequence of cyclosilicate-type 6-member
rings of corner sharing MgN4 tetrahedra superimposed
to each other and connected by two edge sharing MgN4

tetrahedra (see Figure 6). Also two types of voids can be
distinguished along the c-direction: an hexagonal channel
with a N-N diameter of approximately 7.34(5) Å� and a
triangular one with a N-N side of approximately 5.86(8)Å�.
The deuterium atoms are located inside these two types of
cavities. In theMgNH structure, magnesium ions are always
in a distorted tetrahedral coordination, with Mg-N dis-
tances ranging from 2.07(1)Å� to 2.14(9)Å�; slightly longer
than in magnesium amide and magnesium nitride.32,33 The
angles range from 94.47� to 125.39�, showing a significant
deviation from the ideal tetrahedral geometry. Theminimum
Mg-Mg distance is found for the edge sharing MgN4

tetrahedra and is around 2.70(9)Å�; similar to the shortest
Mg-Mg distance in magnesium nitride, rather than the one
reported for magnesium amide (around 3.40 Å�).32 In addi-
tion to the above-mentioned cavities, there are two main
other cavities also defined by nitrogen atoms: one with an
octahedral symmetry and another with a square based pyramid
symmetry (see Supporting Information).

The two inequivalent nitrogen sites have both coordina-
tion five (see Figure 7) and are always surrounded by four
magnesium atoms and one hydrogen atom. In the case of N1
the geometry adopted is a distorted trigonal bipyramid with
one hydrogen and one magnesium atom in the apical posi-
tions (a trigonal pyramid configuration with a hydrogen
atom in the apical position at the bottom). For N2, the
geometry adopted is again trigonal bypiramid, but this time
with a hydrogen atom in equatorial position and with
magnesium atoms adopting a seesaw coordination around
the nitrogen atom. The nitrogen-deuterium distances are of
the order of 1.00 Å�, well in agreement with other known
alkali and alkaline earth imide structures. All the N-H
groups point toward the hexagonal and triangular cavities
(see Figures 6 and 8a), with hydrogen atoms H1 (always
connected to N1 atoms) pointing toward the triangular
cavities and with hydrogen atoms H2 (always connected to
N2 atoms) pointing toward hexagonal cavities. This is in
agreement with other known examples, such as Li2Mg-
(NH)2

12 or Li2Mg2(NH)3
16 in which the -NH bonds are

directed toward vacant sites. The distances between the
closest hydrogen neighboring atoms range from around
2.60(7) Å� in the hexagonal cavities to 1.94(7) Å� in the
triangular ones.

Figure 7. Nitrogen environment. The two inequivalent N1 and N2
atoms are shown. Distances between the nitrogen and the nearest
neighbors are shown as dotted lines.
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A strong similarity can be noticed between the solid
state structure of MgNH described above and molecular

magnesium imide compounds whose structure and reactivity
have been extensively investigated in the past twodecades.34-39

Magnesium atoms present in such compounds always have a
tetrahedral coordination. In particular, the [(thf)MgNPh]6
compound synthesized by Hascall et al.34 shows a slightly dis-
torted hexagonal prismatic geometry for aMg6N6magnesium-
nitrogen framework. This unit can be detected in MgNH as
well (see Figure 8a and b). In the case of MgNH every
magnesium atom is surrounded by nitrogen atoms and vice
versa, while in [(thf)MgNPh]6 magnesium and nitrogen
atoms are also connected to oxygen or carbon atoms of the
tetrahydrofuran (thf) and phenyl (Ph) ligands, respec-
tively. In the case of MgNH the hexagonal prismatic
structural units are forming, along the c-axis, linear chains
composed by monomeric units connected to each other by
sharing two faces, without the help of any ligand, as it is in
the case of [(thf)MgNPh]6.
The structure of magnesium imide is unique among the

known alkaline earth imide compounds40-43 and offers
structural features nearer to cyclosilicate class rather than
group II oxides. In particular, the analogy usually drawn
between alkali and alkali earth oxides and corresponding
imides does not hold for magnesium imide, which, at room
temperature, has a completely different structure from mag-
nesium oxide.

5. Conclusions

In summary in situ diffraction techniques allowed for the
first time to achieve the direct synthesis and subsequent
structural characterization of magnesium imide, a delicate
decomposition product ofmagnesium amide. In-situ neutron
diffraction evidenced also a significant structural rearrange-
ment ofmagnesium amide (with the loss of long-range order)
preceding its decomposition to magnesium imide. It is inter-
esting to note that the solid state hydrogen storage system
Mg(NH2)2/2LiH does not show reasonable kinetic perfor-
mances for temperatures below 180 �C; at that temperature
the magnesium amide lattice is already deformed and notice-
able differences are present with respect to the room tem-
perature material (see Figure 4c). This suggests the presence
of a specific potential barrier for hydrogen desorption which
is overcome only when the structure of magnesium amide
reaches a certain configuration.
Magnesium imide has a unique beryl-reminiscent porous

structure, which can also be seen as a sequence of linked
linear chains of face sharingMg6N6 hexagonal prism clusters
forming a kagome net. These building blocks resemble the
units that are found for molecular magnesium imide com-
pounds. The specific properties of this material are at present

Figure 8. (a) Structure representations of magnesium imide normal to
the 001 plane. The crystal cell is highlighted by the dotted line. (b) A small
part (three units) of the infinite sequence of face sharing Mg6N6 units.
Mg6N6 hexagonal prisms are highlighted in gray. Magnesium atoms are
in yellow. Nitrogen atoms are in green. Deuterium atoms are red.
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unknown, but possible applications can range from separa-
tion adsorption to catalysis.
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