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Sodium magnesium amidoborane: the first mixed-metal amidoboranew
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The first example of a mixed-metal amidoborane

Na2Mg(NH2BH3)4 has been successfully synthesized. It forms

an ordered arrangement in cation coordinations, i.e., Mg2+

bonds solely to N
�

and Na
+

coordinates only with BH3.

Compared to ammonia borane and monometallic amidoboranes,

Na2Mg(NH2BH3)4 can release 8.4 wt% pure hydrogen with

significantly less toxic gases.

Suitable hydrogen storage materials are urgently needed for

hydrogen fuel cell vehicle applications. Such compounds with

a high hydrogen content and superior properties are essential

for hydrogen-based energy development. Metal amidoboranes

M(NH2BH3)x (or MAB) with the rarely seen NH2BH3
� anion

group have been recently recognized and their potential

as hydrogen storage materials widely explored.1–8 These

compounds are found to exhibit collective advantageous

properties over ammonia borane (NH3BH3, AB) in terms of

reduced dehydrogenation temperatures, accelerated H2 release

kinetics, and minimized borazine release. In addition, the

NH2BH3
� group and its related ligands (R)NH–BH2(R

0)�

are found as key components in many organometallic

compounds.9–12 The structures and properties of these derivatives

are relevant to the thriving field of catalytic hydrogen generation

from AB,13,14 and to the mechanism of the early stages of

dehydrogenation of metal amidoboranes.9 More recently, the

NH2BH3
� group was also reported as an important substitute

for the ethyl anion CH2CH3
� to enhance the agostic interaction

between the metal center and the C–H bond to form more

stable organometallic complexes.15

However, due to the limited number of metal amidoboranes

reported so far (i.e. LiNH2BH3,
1–3 NaNH2BH3,

1,8

KNH2BH3,
6 Ca(NH2BH3)2

3,4 and Sr(NH2BH3)2),
7 many

possibly interesting properties of this class of compounds have

yet to be recognized, and the information on the nature of

NH2BH3
� and related ligands is thus far inadequate. Regarding

hydrogen storage applications, despite the better dehydro-

genation properties of MABs with respect to AB, the purity

of hydrogen released was later found to suffer from the

simultaneous formation of ammonia for almost all MAB

compounds.7,16,17 The recently discovered KNH2BH3 was

claimed to be free of ammonia,6 but the heavy potassium metal

compromises the goal of high-hydrogen capacity. Therefore, it

would be of great interest to discover and develop new

MM0(NH2BH3)x complexes containing cheap, abundant,

light-weight metals. Fabricating new amidoborane complexes

with mixed cations offers a novel route to tune the thermo-

dynamics of high hydrogen content materials. Previous studies3

suggested that the improved dehydrogenation properties of

amidoborane are likely related to changes in the bonding

nature of NH2BH3
� when it interacts with metal cations.

Recent experimental and computational studies suggested a

strong dependence of dehydrogenation rate on the ionicity and

size of metal species in MABs.18,19 Therefore, introducing

multiple metal species with various sizes, charges, electro-

negativities, and coordination preferences could increase the

array of possible bonding interactions with the NH2BH3
�

group, ultimately allowing one to tailor more favorable

modified materials properties compared to monometallic

amidoboranes.

Herein, we report the synthesis, crystal structure,

and dehydrogenation properties of the first example of a

mixed alkali and alkaline earth metal amidoborane,

Na2Mg(NH2BH3)4. Unlike the monometallic amidoboranes,

where the cation interacts with both N� and BH3 units, in

Na2Mg(NH2BH3)4, each cation coordinates solely with one

type of end unit in the NH2BH3
� group through either ionic

bonding or weak electrostatic/van der Waals interactions.

Such a structure with distinct cation–anion bonding environment

ordering is found to have a great impact on the dehydrogenation

properties. As a result, Na2Mg(NH2BH3)4 can release 8.4 wt%

pure hydrogen starting at 65 1C with little contamination from

toxic gases such as borazine, ammonia, or diborane.

X-Ray diffraction data were collected on samples prepared

by direct ball milling of varying initial ratios of NaH:MgH2:AB

powders. A mixed-metal amidoborane compound with a

stoichiometry of Na2Mg(NH2BH3)4 was identified from the

data as having the space group I41/a and approximate lattice
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parameters a = 9.415 Å and c = 12.413 Å. The structure was

solved using the direct space method. Detailed crystallo-

graphic data are listed in Table S1 (ESIw) and the Rietveld

fit to the diffraction pattern is shown in Fig. S1 (ESIw). Note

that the refinement based on laboratory X-ray data cannot

provide highly accurate atomic coordinates, especially for H.

First-principles calculations were thus performed to optimize

the atomic positions, and the fully relaxed structure is used in

the bond length discussion below. The structure of

Na2Mg(NH2BH3)4 is illustrated in Fig. 1. The divalent

Mg2+ connects exclusively with four NH2BH3
� units via

Mg–N ionic bonds, forming a Mg[NH2BH3]4 tetrahedron.

The Mg–N distance is 2.104 Å (four Mg–N), similar to the

Mg–N bond lengths in Mg(NH2)2 (1.997–2.172 Å).20 The

monovalent Na+ octahedrally coordinates only with six BH3

units with Na–B separations in the range of 2.900–3.634 Å,

similar to Na–B distances in NaBH4 (3.065 Å),21 resulting in a

distorted octahedral environment. The distances between Na

and nearby hydridic H in BH3 units range from 2.383 to 2.943 Å.

As a result, Na+ and Mg2+ are tied through different inter-

actions with two different end units of the bridging NH2BH3
�

groups (Fig. 1), and form an ordered structure in coordina-

tions. The particular ion coordination (i.e., Mg with N and Na

with BH3) is possibly the result of accommodation of different

cation sizes, charges and coordination preferences. The charge

of small size Mg2+ (similar to monovalent Li+, rMg2 + (VI) =

0.57 Å, rLi+(VI) = 0.59 Å) cannot be fully compensated by

the relatively large NH2BH3
� groups by bonding to both

N and BH3 in a tetrahedral coordination as found in

LiNH2BH3.
3 This is further evidenced by the instability of

Mg(NH2BH3)2.
22 One way to maximize the charge compensa-

tion and satisfy the tetrahedral coordination of Mg is to solely

bond to N� of the NH2BH3 groups. As a compromise, Na+

coordinates only with BH3 on the other end of the NH2BH3
�

groups.

In the Na2Mg(NH2BH3)4 structure, the B–N bond length

(1.57 Å) is slightly shorter than in AB (1.59 Å). The DFT

calculated N–H bond lengths (1.028 Å) are similar to the N–H

in AB (1.030 Å), while the B–H bond lengths (1.238 Å) are

much longer than those in AB (1.224 Å). All these changes in

NH3BH3 after it is deprotonated are consistent with those

observed in the MABs (see Table S2, ESIw), suggesting a

significant change in the nature of the hydridic H on B

compared to pure AB. The structure and the bonding environ-

ment of Na2Mg(NH2BH3)4 are further investigated and

supported by neutron vibrational spectroscopy (see Fig. S2,

ESIw).
Another manifest distinction compared to the monometallic

amidoboranes is that the shortest BHd�� � �d+HN distance

between the neighboring NH2BH3
�’s in Na2Mg(NH2BH3)4

is 2.107 Å, slightly longer than that in AB (2.02 Å), but much

shorter than those observed in the monometallic amido-

boranes, i.e., LiNH2BH3 (2.249 Å),3 NaNH2BH3 (2.717 Å),6

KNH2BH3 (2.265 Å),6 and Ca(NH2BH3)2 (2.328 Å).3 Therefore,

the NH2BH3
� units can establish a strong intermolecular

dihydrogen bonding network, which together with the cation–

anion interactions is responsible for the stabilization of the

structure of Na2Mg(NH2BH3)4.

Fig. S4 (ESIw) and Fig. 2 show the thermal decomposition

of Na2Mg(NH2BH3)4 obtained using volumetric temperature

programmed desorption (TPD) analysis and independent

thermogravimetry with mass spectroscopy (TGA-MS).

Na2Mg(NH2BH3)4 started to release hydrogen at as low as

65 1C for a total of 8.4 wt% hydrogen released below 200 1C

with a residual product of Na2Mg(NBH)4. The TGA spectra

were dominated by H2. The second and third peaks were quite

Fig. 1 Crystal structure and bonding environments of

Na2Mg(NH2BH3)4. Each Mg2+ is bonded to N� of four NH2BH3
�

groups, forming a Mg(NH2BH3)4 tetrahedron, and each Na+ is

octahedrally coordinated to the BH3 units of six NH2BH3
� groups.

Na, pink; Mg, yellow; N, blue; B, orange; H, white. Distances are

measured in angstroms.

Fig. 2 TGA weight loss (upper panel) and the accompanying MS

partial pressures (lower panel) for Na2Mg(NH2BH3)4 measured at

1.7 1Cmin�1 to 400 1C. The rate of weight loss dW/dt (black curve) is

also shown. Note that the NH3 signal has been multiplied by a factor

of 10 and the (NH)3(BH)3 signal has been multiplied by 100 to be

visible on the same scale as H2. The green crosses are the total mass

contribution H2 + NH3 + borazine to the evolved gas, scaled to

compare with dW/dt.
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reproducible in TGA from sample to sample. In contrast, the

lowest temperature peak varied in size from sample to sample,

strongly suggesting that it is not intrinsic to the Na2Mg-

(NH2BH3)4 compound. It likely originates from decomposition

of or reaction with other impurities in the sample, such as the

unreacted NH3BH3. Excluding the first peak, the observed

ammonia amounts to o1 mol% of the evolved gas, and the

trace of borazine in the leading edge of the third peak totals

B200 ppm. The ammonia is significantly suppressed compared

to the monometallic amidoboranes prepared by the same ball

milling method,6,7,16,17 e.g.B15.4 mol% NH3 was observed in

NaNH2BH3. The ammonia detected (as well as the trace

borazine) may also be from a small amount of unreacted AB

left during the synthesis as suggested recently.18 The XRD

after hydrogen release is dominated by an amorphous product

with a minor NaBH4 phase (Fig. S5, ESIw). The amidoborane

cannot be regenerated by direct pressurizing under 83 bar of

hydrogen. Possible chemical regeneration needs further

investigation.

Compared to almost all monometallic amidoboranes,

Na2Mg(NH2BH3)4 shows significantly reduced ammonia

release. The mechanism that leads to substantial NH3 formation

during the thermolysis of monometallic amidoboranes is not

fully known. Based on the NMR and IR observations on the

decomposition of NaNH2BH3, Grochala and Fijalkowski

proposed a mechanism on NH3 emission, which involves a

head-to-tail dimerization and the formation of an intermediate

Na+[BH3(NH2)BH3]
� salt.17 Such dimerization has also been

suggested as one important path in AB23 and calcium amido-

borane.24 An N–B chain oligomerization pathway in the alkali

metal amidoboranes was also found in a recent theoretical

study.19 The minimization of NH3 in Na2Mg(NH2BH3)4 is

likely related to its unique structure motif and the ionic

character of the cations, which favors the H2 release. According

to the previous proposed dehydrogenation mechanism of

MAB, an intermediate M–H cluster would form involving

the M–N bond and B–H bond breaking.25,26 Such an inter-

mediate M–H cluster was believed to play a catalytic role in

the hydrogen release process of MAB. In Na2Mg(NH2BH3)4,

Na+ cations do not bond to N� but only to BH3 units.

Therefore, the intermediate catalytic NaH can form without

anyM–N bond breaking. In addition, another recent calculation

predicted that of all alkali and alkaline earth metal amido-

boranes, NaNH2BH3 shows the most accelerated hydrogen

release rate.19 It also suggested that magnesium amidoborane

would release hydrogen via a ‘‘direct’’ pathway instead of by

an N–B chain oligomerization pathway. The latter was found

in theMAB systems with significant NH3 detected as mentioned

above.17 Therefore, the co-existing Na+ and Mg2+ cations

accentuate the H2 release, which will surpass the formation

and release rate of NH3. As a result, the gas released from

Na2Mg(NH2BH3)4 is predominantly H2.

In summary, the first example of a mixed-metal amido-

borane, Na2Mg(NH2BH3)4, was synthesized through the direct

ball milling of hydrides and ammonia borane. The crystal

structure was determined via X-ray powder diffraction and

first-principles calculations. Na2Mg(NH2BH3)4 releases 8.4 wt%

pure hydrogen with minimal ammonia and borazine

contamination, and no detectable diborane. Our study demon-

strates that hydrogen release properties of amidoboranes can

be rationally and significantly improved by tuning the atomic

interactions and thus producing more desired structures

through the formation of mixed-metal amidoboranes.
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