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The structure of the new complex hydride Li2BH4NH2,

determined through Rietveld analysis of synchrotron X-ray

and neutron powder diffraction data, comprises a hexagonal

array of discrete (LiNH2)6 clusters dispersed in a LiBH4 matrix.

The LiBH4–LiNH2 system has been the focus of recent study in the

search for new hydrogen storage materials.1–4 The main phase

present in this system, Li4BH4(NH2)3, has a body centred cubic

structure with a lattice constant of ca. 10.66.5,6 Pinkerton et al.4

reportedthata1 :1ballmilledmixtureofLiBH4 andLiNH2 formed

a new body centred cubic phase with a lattice constant of 10.4 Å.

However, Noritake et al.7 have reported that ball milling a 1 : 1

mixture resulted in a new hexagonal phase with lattice constants of

a = 14.49 Å and c = 9.24 Å. We found that this hexagonal phase

Li2BH4NH2 can also be prepared through the quenching of a melt

ofa1:1mixtureofLiBH4 andLiNH2from190uCandwereport for

the first time the structure of this new complex hydride.

LiBH4 and LiNH2 (Sigma-Aldrich, 95% purity) were ground

together by hand in a 1 : 1 mole ratio in an argon atmosphere

glovebox (O2 content , 10 ppm) and placed in a quartz tube. The

tube was sealed with a Young’s tap via an Ultra-Torr fitting,

removed from the glovebox, connected to an argon gas line and

the reactants were then heated in a tube furnace under argon at

1 bar. After heating at 190 uC for 12 h, the sample was quenched

through immersing the reaction tube in cold water, re-ground

under argon and annealed at 50 uC to improve crystallinity.

Previous unsuccessful attempts to produce single crystals of

Li4BH4(NH2)3 from various solvents,6 and the synthetic conditions

used to produce Li2BH4NH2 led us to choose the combination of

high resolution synchrotron X-ray8 and neutron powder diffrac-

tion9 measurements that we used previously to solve the structure

of Li4BH4(NH2)3.
6 The refined lattice constants at 25 uC were

determined as a = 14.48037(28) Å and c = 9.24483(30) Å, giving a

hexagonal unit cell volume of 1678.76(8) Å3. Inspection of the

systematic absences of the diffraction pattern indicated that the

phase has rhombohedral symmetry. From density and crystal-

lographic arguments the most probable number of formula units

per unit cell are 24, 21 or 18. This corresponds to densities of 1.06,

0.93 and 0.80 g cm23, respectively; all these densities lie between

those of the starting materials LiBH4 (0.66 g cm23) and LiNH2

(1.18 g cm23).10 The presence of 24 formula units allows for a

body centred cubic arrangement of anions which is seen in the

LiNH2 and Li4BH4(NH2)3 crystal structures. However, considera-

tion of the Wyckoff sites shows that without significant disorder a

1 : 1 stoichiometry is not possible, predicting instead a 7 : 9

stoichiometry. Reaction mixtures in the ratios 7 LiBH4 : 9 LiNH2

and 9 LiBH4:7 LiNH2 treated in the same way as the 1 : 1 mixture

did not give a pure phase.

The choice of 21 formula units gives a density closest to the

average of the starting materials (K[0.66 +1.18] =0.92 g cm23); this

is promising because the same method gave an accurate prediction

of the correct density for Li4BH4(NH2)3. Only R3 and R3m allow

for 21 Li2BH4NH2 formula units per unit cell without disorder and

these both result in linear Li–B–Li–N–Li chains along the c-axis

resulting from multiple occupancy of 3a (0,0,z) Wyckoff positions.

Althoughthe resulting Li–B and Li–N distances could be within the

range expected from LiBH4, LiNH2 and Li4BH4(NH2)3, the

unlikely geometry of the bonding and the poor fit of all attempted

refinements suggested that 21 formula units is improbable. This led

us finally to consider 18 formula units which corresponds to a

density that is lower than the average of the starting materials. This

is plausible as it is not unusual for structures prepared through

quenching from elevated temperature to have a lower density than

the corresponding stable room temperature forms.11

The synchrotron X-ray powder diffraction pattern8 of

Li2BH4NH2 is dominated by the scattering of boron and nitrogen,

and these were the first atom positions to be investigated using the

computer program TOPAS.12 At this stage all, of the possible

space groups, R3 (146), R3̄ (148), R32 (155), R3m (160) and R3̄m

(166) were considered.

Starting models were chosenthatconsistedof36 generic atoms in

all combinations of suitable Wyckoff positions adding up to the

correcttotalforboronandnitrogen;theirpositionsweredetermined

while allowing the scattering powers of the atoms to vary between

that of boron and nitrogen. Many of the resultant refinements gave

incorrect B : N ratios and extremely poor fits to the diffraction

patternandtheseatomicarrangementswereimmediatelydiscarded.

Of all the space groups and combinations of Wyckoff site

occupations possible, the best fits were found for R3 and R3̄ with

all atoms on general positions and R3m with two 9b (x,2x,z) sites

and one 18c (x,y,z) site occupied. Of these possible space groups, R3

has the lowest symmetry with more degrees of freedom than R3̄ and

R3m which could explain the good fit. The best fits for R3̄ and R3m

originated from very similar structures. Both are made up of N

octahedra centred around the (0,0,0) position, and therefore

(M,O,O) and (O,M,M) positions by symmetry, with the B atoms

occupying more open positions surrounding these octahedra. The

structures differ mainly in the orientation of the N octahedra.13

Lithium atoms were then added to these partial structural

solutions at appropriate combinations of Wyckoff positions and
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‘‘anti-bump’’ penalties were introduced for short Li–B, Li–N and

Li–Li distances (2.0, 1.7 and 2.2 Å respectively). At this point the

R3̄ structure became favoured, both in the visual and statistical fit.

Rigid bodies for the BH4
2 and NH2

2 ions were introduced at

the refined B and N positions for the R3̄ structure. Initially BH4
2

was confined to tetrahedral geometry with a bond length of 1.2 Å

and the NH2
2 ion to a bond length and angle of 1.0 Å and 105u,

respectively. The rotation of these rigid bodies was then refined,

followed by refinement of all atomic positions while keeping the

rigid body constraints. This model gave a good fit and was

transferred to GSAS for full Rietveld refinement using both X-ray

and neutron powder diffraction data.14 Hydrogen displacement

parameters were constrained to be the same within each anion

(BH4
2 and NH2

2) and lithium displacement parameters were

constrained to be the same on both sites; no further restraints were

used. The final joint refinement (Table 1) was essentially similar to

that obtained from the X-ray data. The resulting crystal structure

is shown in Fig. 1; the corresponding fits to the X-ray and neutron

diffraction data are shown in Figs. 2 (a) and (b), respectively.

The bond angles and lengths of the BH4
2 ion refined to values

similar to those observed in LiBH4. In contrast, without rigid body

constraints, the NH2
2 ion significantly deformed. The refined

hydrogen positions in the amide anion may be unreliable because

of the relatively low quality of the neutron diffraction data below

1.2 Å resulting from the lack of isotopic enrichment.

The central feature of the Li2BH4NH2 structure is the

octahedral clusters of six NH2
2 anions. These octahedral NH2

2

clusters are a common structural motif in light metal amides such

as LiNH2,
16 NaNH2,

17 Li3Na(NH2)4
18 and Mg(NH2)2,

19 and are

also found in the only previously reported amide–borohydride

Li4BH4(NH2)3.
5,6 The nitrogen ions in LiNH2 adopt a slightly

distorted face centred cubic configuration which can be viewed as

edge shared octahedral clusters (Figs. 3a and 4a). In

Li4BH4(NH2)3 only one quarter of the edges of the NH2
2

octahedra are shared and the amide framework is penetrated by

spiral chains of BH4
2 ions running in three orthogonal directions

through this cubic structure (Figs. 3b and 4b). In contrast, for

Li2BH4NH2 the NH2
2 octahedra are completely isolated in the

structure (Figs. 3c and 4c).

The structural progression from LiNH2 through Li4BH4(NH2)3

to Li2BH4NH2 may be considered in terms of the ability of LiBH4

at relatively low temperatures to ‘‘drill’’ channels in the LiNH2 to

the extent that only small LiNH2 clusters remain in Li2BH4NH2.

Although LiNH2, Li4BH4(NH2)3 and Li2BH4NH2 are insoluble in

most common solvents, LiNH2 begins to react with LiBH4 to form

Li4BH4(NH2)3 at room temperature and the 1 : 1 mixture from

which Li2BH4NH2 is formed is entirely molten at 140 uC.

The crystal structure of Li2BH4NH2 can be viewed as a mixture

of nano-sized clusters of LiNH2 embedded in an LiBH4 matrix. It

is easy to see how the metastable Li2BH4NH2 may form as it is

reasonable to presume that the difference in energy will be small

between this nano-mixture of LiNH2 within LiBH4 and the

LiNH2:LiBH4 melt. The presence of isolated NH2
2 octahedra in

the Li2BH4NH2 structure prepared from a quenched melt suggests

Table 1 Refined crystallographic data (CCDC 555216): Space group
R3̄ a = 14.48037(28) Å, c = 9.24483(30) Å. Unit cell volume =
1678.76(8) Å3

Atom x/a y/a z/c Uiso/Å2

B 0.6763(5) 0.7520(6) 0.1835(7) 0.0248(20)
H1 0.7363(11) 0.8167(11) 0.2797(14) 0.0447(25)
H2 0.7112(13) 0.7192(13) 0.0933(15) 0.0447(25)
H3 0.6457(11) 0.8057(12) 0.1036(15) 0.0447(25)
H4 0.5982(14) 0.6842(11) 0.2187(14) 0.0447(25)
N 0.1254(4) 0.96896(29) 0.85713(35) 0.0281(12)
H5 0.1015(17) 0.9725(20) 0.7258(19) 0.0745(34)
H6 0.1431(15) 0.9211(14) 0.8288(23) 0.0745(34)
Li1 0.2903(9) 0.0608(9) 0.7816(11) 0.0673(22)
Li2 0.8457(11) 0.8739(12) 0.0747(10) 0.0673(22)
a X-ray data: wRp = 0.0819, Rp = 0.0621. Neutron data (Banks 5
and 6): wRp = 0.0131 and 0.0107, Rp = 0.0132 and 0.096. x2 = 2.264
for 47 variables.

Fig. 1 Crystal structure of Li2BH4NH2. H atoms are depicted in white,

Li in red, N in blue and BH4
2 as green tetrahedra. Purple N octahedra are

added to guide the eye.

Fig. 2 Final Rietveld plots for (a) X-ray and (b) neutron diffraction data showing observed (purple and green respectively), calculated (red) and difference

(grey) plots. Peak positions for Li2BH4NH2 (blue) and Li2O
15 (black) are indicated.
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that these units are likely to exist in the molten state, separated by

the borohydride ions.

Gradual cooling of the 1 LiBH4 : 1 LiNH2 melt at 0.5 uC min21

from 190 uC resulted in LiBH4 and Li4BH4(NH2)3 with no

formation of Li2BH4NH2. The X-ray diffraction reflections from

Li4BH4(NH2)3 in the gradually cooled sample were very broad and

a number of body centred cubic phases were observed with larger

unit cell parameters. These appear to represent borohydride-rich

stoichiometries that are unstable with respect to Li4BH4(NH2)3

and LiBH4. Further annealing of this mixture at 90 uC gave only

LiBH4 and Li4BH4(NH2)3. Li2BH4NH2 appears to be stable

indefinitely at room temperature and no sign of degradation was

observed in the X-ray diffraction pattern after 10 months. On

heating to just below the melting point Li2BH4NH2 decomposed

to Li4BH4(NH2)3 and LiBH4 confirming its intrinsic metastability.

Compounds containing amide anions,21 including

Li4BH4(NH2)3,
4–7 are currently amongst the most intensively

studied as potential hydrogen storage materials. The chemical

ability of borohydride ions to promote decomposition pathways in

favour of H2 rather than NH3 release has already been

demonstrated.22 The ability of lithium borohydride, illustrated in

both Li4BH4(NH2)3 and Li2BH4NH2, to engineer the arrangement

of NH2
2 ions at the nano-scale level combined with the low

melting point of amide–borohydride mixtures and the observation

that many complex hydrides desorb hydrogen from the molten

state together suggest that borohydrides have a vital role in

optimising the hydrogen storage properties of these materials.
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Fig. 3 Diagram showing the relationship between the N octahedra of (a) LiNH2, (b) Li4BH4(NH2)3 and (c) Li2BH4NH2. H atoms are depicted in white,

Li in red, B in green and N in blue. NH2
2 octahedra are shown in purple.20 The viewing directions shown are all perpendicular to the [110] direction.

Fig. 4 Diagram showing the local structure around a single N

octahedron in (a) LiNH2, (b) Li4BH4(NH2)3 and (c) Li2BH4NH2. H

atoms are depicted in white, Li in red, B in green and N in blue. N

octahedra are shown in purple.
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