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Introduction

Hydrogen storage is a key enabling technology for the ad-
vancement of hydrogen and fuel cell powder technologies in
transportation and in stationary and portable applications.[1]

During the past few decades, much research effort has been
devoted to developing new hydrogen storage materials, such
as LiNH2,

[2–4] NaAlH4,
[5–7] and MgH2.

[8–11] Although vast im-
provements in the hydrogen storage properties of these ma-
terials have been achieved by catalytic or chemical modifica-
tion, no single material that satisfies all the criteria for hy-
drogen storage has yet been identified, despite considerable
research and technological efforts.

In recent years there has been renewed interest in boron-
nitrogen-hydrogen compounds for chemical hydrogen stor-
age, due to their high hydrogen capacities.[12–25] Among
these, ammonia borane (BH3NH3, AB) has achieved the
highest hydrogen content of 19.6 wt %, which exceeds the
2015 US Department of Energy target (9 wt %) for on-
board hydrogen storage systems.[26] Solid AB releases
1 equiv of H2 at temperatures up to 110 8C and forms a mix-
ture of products consisting mostly of aminoborane oligomers
([NH2BH2]n).[27–31] [NH2BH2]n can release a second equiv of
H2 at 110–200 8C, producing polyiminoboranes
([NHBH]n).[27–29,32] The product [NHBH]n, however, is an
amorphous polymer, and substantially higher temperatures
(>500 8C) are required to release the final equiv of hydro-
gen, leaving the refractory compound boron nitride. Further-
more, there is concurrent release of volatile by-products
(e.g., borazine) that are detrimental to fuel cell opera-
tion.[27–29,32]

More recently, there have been many efforts to modify
the kinetics and thermodynamics of H2 release from AB
through the replacement of one H with an alkali metal. Ex-
amples include the alkali amidoboranes LiNH2BH3

(LAB),[33–36] NaNH2BH3,
[33,37, 38] and Ca ACHTUNGTRENNUNG(NH2BH3)2,

[2,39, 40] of
which LiNH2BH3 satisfies a number of the principal criteria
demanded for high hydrogen storage capacity (10.9 wt %) at
easily accessible dehydrogenation temperatures (about
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90 8C) without the unwanted by-product borazine.[33] It is
claimed that the chemical nature of the LiNH2BH3 mole-
cule, with both hydridic and protic hydrogen atoms in close
proximity, provides a unique environment for the release of
H2.

[33]

Here we report a new coordination compound in the
form of monoammonia lithium amidoborane [Li-ACHTUNGTRENNUNG(NH3)NH2BH3] (1), which shows thermal properties that
differ significantly from those of solid LiNH2BH3. The new
compound absorbs/desorbs ammonia at room temperature
in a reversible manner, whereas at temperatures of 40 8C
and above it releases hydrogen.

Results and Discussion

On exposure of LiNH2BH3 to anhydrous ammonia (1 atm)
for half an hour, the material changed to a sticky liquid
through an extremely exothermic reaction. The sticky liquid
material that was formed contained a molar ratio of 1:1 of
LiNH2BH3 to NH3, which was confirmed by the weight in-
crement of the raw material. XRD results revealed that the
prepared sticky liquid (in an amorphous phase) transformed
into LiNH2BH3 on exposure to vacuum at room tempera-
ture for a few hours (Figure S1 in the Supporting Informa-
tion), indicating the reversible nature of the reaction at
room temperature. The FT-IR spectra of LiNH2BH3 and its
ammonia complex, given in Figure 1, show that the N�H

stretching vibrations in LiNH2BH3 appear at 3308, 3262,
3220, and 3178 cm�1, whereas in the new compound they are
seen at 3376, 3313, 3255, 3220, and 3177 cm�1, with the
stretching at 3376 cm�1 being in the range of the degenerate
stretching NH mode of ammonia.[37] This stretching vibra-
tion might therefore originate from various forms of NH3

that are weakly chemically bound with LiNH2BH3, in a simi-
lar way to that in the well known lithium-based ammonia
coordination compounds, such as ammonia lithium chlo-
ride[41,42] and ammonia lithium borohydride,[43,44] in which

the NH3 is bound to Li+ through a coordination bond.[45] In
addition, the NH stretching at 3313 and 3255 cm�1 in the
new compound is slightly different from that in LiNH2BH3

(3308 and 3262 cm�1), which might be attributable to the dif-
ferent chemical environments in the two compounds. In ad-
dition, the B�H bonds of LiNH2BH3 are assigned to the ab-
sorptions at 2286 and 2347 cm�1, whereas a hypsochromic
shift of these characteristic bands was observed for the new
compound. This may be due to the introduction of NH3,
with greater electronegativity (Figure S2 in the Supporting
Information). The above results suggest that this sticky
liquid is a new coordination compound—monoammonia
lithium amidoborane [Li ACHTUNGTRENNUNG(NH3)NH2BH3] (1)—which exhibits
a reversible reaction at RT, as shown in Equation (1).

LiNH2BH3 ðsolidÞ þ NH3 ðgasÞ
under vigorous stirring

under vaccuum

�����������! �����������
LiðNH3ÞNH2BH3 ðsticky liquidÞ

ð1Þ

It was found that compound 1 is able to change to the
solid state at low temperature. To confirm its crystal struc-
ture, X-ray diffraction at �20 8C was conducted for com-
pound 1, as shown in Figure 2. The data were refined with

the aid of the computer program Jade, which confirmed that
compound 1 crystallizes in the orthorhombic space group
Pbca, the same as in the case of LiNH2BH3. The lattice pa-
rameters are a=9.711(4), b=8.7027(5), c=7.1999(1) �, and
V=608.51 �3, of which b is smaller than in LiNH2BH3, but
a, c, and V are larger. It is believed that the expanded value
of V is due to the introduction of NH3. The positions of the
reflections, the d-spacing, and the relative intensities are
summarized in Table S1 in the Supporting Information.

The MS results given in Figure 3 show that compound 1
releases NH3 in the temperature range of 25–150 8C with a
peak at ~52 8C. Interestingly, H2 evolution was observed at
~40 8C and reached its peak at 71 8C, which is much lower
than in the case of the pure LiNH2BH3, indicating that the
coordination bonds formed between NH3 and Li+ are bene-
ficial to promoting the interaction between hydridic B�H
bonds and protic N�H bonds, resulting in hydrogen release

Figure 1. FT-IR spectra of the prepared samples (from 3000 to 3500 cm�1

to show the N�H region better): a) neat LiNH2BH3 (LAB), b) am-
moniate complex Li ACHTUNGTRENNUNG(NH3)NH2BH3 (1) produced when neat LiNH2BH3

absorbs NH3.

Figure 2. Low-temperature XRD profiles: a) the prepared ammoniate
complex Li ACHTUNGTRENNUNG(NH3)NH2BH3 (1) at �20 8C, and b) comparison with neat
LiNH2BH3.
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at lower temperature.[46] Analogous results have been ob-
served recently in a similar Ca ACHTUNGTRENNUNG(NH2BH3)2ACHTUNGTRENNUNG(NH3)2 system.[47]

Moreover, as described in a previous report,[39] with more
electrons being donated from metal to [NH2BH3]

� ions, the
hydridic B�H bond of the [NH2BH3]

� ion is strengthened,
which enhances its activity. Compound 1 displays a total
weight loss of 28.23 wt % by 250 8C (Figure S3a in the Sup-

porting Information), which is lower than the theoretical
ammonia capacity (31.64 wt %) in compound 1, but higher
than its theoretical hydrogen capacity (14.9 wt %), thus also
indicating the simultaneous release of NH3 and H2 during
the heating. Isothermal volumetric gas release measure-
ments revealed that by 250 8C approximately 3 equiv of gas
had evolved from complex 1 (Figure S3b in the supporting
Information). From a combination of the gravimetric and
volumetric results, only 0.58 equiv of ammonia had been re-
leased from compound 1, indicating that the final decompo-
sition product has a chemical composition of Li/B/N/H
1:1:1.42:1. Elemental analysis of this compound gave N
50.7 % and H 2.5 %, values comparable with those calculat-
ed above (N 51.5 % and H 2.6 %). The increased N content
in the final product indicates that an interaction between
the N�H bonds in ammonia and the B�H bonds in
LiNH2BH3 had occurred. However, XRD on compound 1
after desorption indicated the formation of an amorphous
phase, preventing direct determination of its structure.

NMR results for the decomposed compound 1 show a
complex resonance feature between 0–40 ppm, which is
characteristic of B in trigonal planar BN3 or HBN2 environ-
ments at low fields, as shown in Figure 4 a.[47] Two chemical
shift ranges corresponding to tricoordinated BIII atoms
(from 0 to 40 ppm) and to tetracoordinated BIV atoms (from
�40 to 0 ppm) can be identified. The �BHx (x= 0–2) species
displayed broadening during the dehydrogenation, which
might be the result of continuing polymerization reactions,
as well as of the effect of the quadrupolar coupling at this
field, making them apparently, but not actually, insignificant
with respect to the BH4 species (d=�40.9 ppm), which also

exist in the product of LiNH2BH3 dehydrogenated at 250 8C,
as shown in Figure 4 a and ref. [37]. In addition, FT-IR spec-
tra of compound 1 after decomposition to 250 8C show
bands attributable to the N�H and B�H stretching vibra-
tions (Figure 4 b). However, no N�H bonds were observed
for the decomposed LiNH2BH3, in which only BN2H was
observed from the dehydrogenated product of LiNBH.[23] In
view of the increased proportion of N in the decomposed
compound 1 relative to LiNH2BH3, the final decomposition
product of compound 1 (LiBN1.42H) may be composed of a
mixture of LiNBH and LiNBNH. Therefore, the possible
decomposition pathway for compound 1 under argon is
postulated to be:

n LiðNH3ÞNH2BH3 ! 0:58 NH3 þ 2:13 n H2 þ
0:58 ðLiBNHÞn þ 0:42 ðLiNBNHÞn

ð2Þ

To characterize the dehydrogenation properties further,
the decomposition rates of compound 1 under Ar and under
NH3 over the temperature range of 40–70 8C were studied.
Under Ar, both the gas release rate and the amount in-
creased with increasing temperature (Figure 5 a). On the
basis of the gravimetric and volumetric results, the hydrogen
capacities released from compound 1 at various tempera-
tures were calculated and are listed in Table 1. This reveals
that over 150 min, compound 1 yielded 2.18, 3.44, and

Figure 3. MS results: a) the ammoniate complex Li ACHTUNGTRENNUNG(NH3)NH2BH3 (1),
and b) neat LiNH2BH3.

Figure 4. a) Low-field 11B NMR (7.1 T, 96.3 MHz), and b) FT-IR spectra
of 1) Li ACHTUNGTRENNUNG(NH3)NH2BH3 and 2) LiNH2BH3 after dehydrogenation at 250 8C
under Ar.
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5.74 wt % H2 at 40, 50, and 60 8C, respectively. At 70 8C,
6.20 wt % H2 was released within only a few minutes. Clear-
ly, both the release rate and the hydrogen capacity of com-
pound 1 are even better than in the case of the pure
LiNH2BH3, in which only 1.1 wt % H2 was released at 70 8C
over up to 150 min under the same conditions (Figure S4 in
the Supporting Information).

As discussed above, the low-temperature hydrogen re-
lease can be partly attributed to the interaction between N�
H bonds in ammonia and B�H bonds in LiNH2BH3, which
suggests that the hydrogen content released from compound
1 might be affected by variation of ammonia content in the
compound. Therefore, the hydrogen release rate of pure
LiNH2BH3 under ammonia was studied in order to investi-
gate its dehydrogenation mechanism further. We assume
that an increase in gas pressure corresponds to pure hydro-
gen desorption, in view of the fact that, under ammonia,

pure LiNH2BH3 cannot release ammonia at an elevated
temperature, as shown in Figure S5 in the Supporting Infor-
mation, but absorbs ammonia under its equilibrium pressure
at the corresponding temperature. As shown in Figure 5 b,
an apparent pressure drop was observed in the beginning
for the sample at 40 and 50 8C, indicating the quick absorp-
tion of ammonia by LiNH2BH3. The fact that the pressure
drop is less than 1 equiv (0.902 equiv at 40 8C and 0.42 equiv
at 50 8C) suggests that simultaneous hydrogen release oc-
curred during the ammonia absorption. For the sample at
60 8C, a pressure drop of only 0.05 equiv was observed in the
first few seconds, and the pressure then increased, by a total
of 2.0 equiv in 100 min. When the temperature was elevated
to 70 8C, the gas release capacity was an unexpected
0.88 equiv lower than that at 60 8C (Table 2), which is incon-
sistent with the results obtained under Ar. This may be at-
tributed to the increased equilibrium pressure of ammonia
in LiNH2BH3, which is disadvantageous for the formation of
compound 1. The above results indicate that the equilibrium
pressure of ammonia in LiNH2BH3 at 70 8C is higher than
the experimentally determined pressure of 3 atm. Further-
more, the formation of the coordination bond between am-
monia and Li+ in LiNH2BH3 plays a crucial role in promot-
ing the combination of hydridic B�H bonds and protic N�H
bonds, leading to dehydrogenation at low temperature.
Given that the equilibrium pressure of ammonia in
LiNH2BH3 below 60 8C is lower than the purged pressure of
3 atm, we suppose that the molar ratio of the interaction be-
tween LiNH2BH3 and ammonia over the 40–60 8C tempera-
ture range is 1:1. This yields 1.72 equiv H2 (40 8C),
2.11 equiv H2 (50 8C), and 3.0 equiv H2 (60 8C), correspond-
ing to hydrogen capacities of 6.4, 7.84, and 11.18 wt %, re-
spectively, which are significantly higher than the dehydro-
genation capacities of compound 1 under Ar at the same
temperatures. The lower capacities under Ar can be ex-
plained by ammonia being easier to release from compound
1 under Ar, resulting in insufficient protic N�H bonds of
ammonia to react with hydridic B�H bonds.

The 11B NMR spectrum of compound 1 decomposed
under ammonia is displayed in Figure 6 a. The spectrum
shows a complex resonance feature between 0–40 ppm,
which is characteristic of B in trigonal planar BN3 or HBN2

environments at low fields.[48] In addition, the original BNH3

Figure 5. Volumetric gas release measurement results for Li-ACHTUNGTRENNUNG(NH3)NH2BH3 under a) argon and b) ammonia at various temperatures.
The inset in b) shows an enlargement for the first 3 min of gas release at
60 and 70 8C.

Table 1. Final amounts of hydrogen released from the ammoniate com-
plex 1 at given temperatures under Ar.

T
[8C]

Gas release after
prolonged heat-
ing (wt %)

Hydrogen release
after prolonged
heating (equiv)

Hydrogen release
after prolonged
heating (wt %)

t
[min]

40 29.84 0.586 2.18 180
50 30.69 0.925 3.44 120
60 20.46 1.544 5.74 120
70 24.09 1.670 6.20 60

Table 2. Final amounts of hydrogen released from neat LiNH2BH3 under
ammonia at the temperatures given. The real released hydrogen is
1 equiv hydrogen greater than the result of volumetric gas release mea-
surement because LiNH2BH3 consumes 1 equiv ammonia under ammo-
nia atmosphere at temperatures below 60 8C.

T
[8C]

Hydrogen release after prolonged heating
[equiv mol�1]

H2

(wt %)[a]
t
[min]

40 1.72 6.4 600
50 2.11 7.84 170
60 3.0 11.18 170
70 0.88 3.22 240

[a] (desorbed hydrogen)/(initial weight of LiNH2BH3 and ammonia with
a molar ratio of 1:1).
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resonance (d=�23.2 ppm) is nearly gone, converted com-
pletely at 60 8C under ammonia into the new resonance be-
tween 0 and 40 ppm and into BH4 (d=�40.9 ppm). This is
also found in the dehydrogenated LiNH2BH3 under Ar, im-
plying that the combination of LiNH2BH3 and ammonia is
beneficial to the dehydrogenation, relative to the case of
pure LiNH2BH3. This strongly suggests that the final prod-
uct is a borazine-like or polyborazine-like compound, and
the formation of BN3 is consistent with the results of volu-
metric measurements. Moreover, BNH3 is still present in the
decomposed LiNH2BH3 under Ar at 40 and 60 8C (Fig-
ure 6 b), which indicates that the hydrogen released from
compound 1 can be attributed to the combination of hydri-
dic B�H bonds of LiNH2BH3 and protic N�H bonds of NH3

and LiNH2BH3, leading to excess consumption of B�H
bonds due to the increased N�H bonds from NH3 and for-
mation of BN3 or BN2H.

In addition, the FT-IR results presented in Figure 7 show
that N�H and B�H bonds are still present in the dehydro-
genated compound 1 under ammonia at 60 8C. The number
of B�H bonds is decreased relative to the dehydrogenated
compound 1 at 250 8C under Ar, which suggests that there is
a more favorable combination of hydridic B�H bonds of
LiNH2BH3 and protic N�H bonds of NH3 and LiNH2BH3

under ammonia. Elemental analysis of the dehydrogenated
product of LiNH2BH3 at 60 8C under ammonia gave N
57.8 % and H 4.5 %, indicating that the chemical composi-
tion of the final product is LiBN2H2 (on the assumption that
the Li/B ratio is 1:1).Therefore, the reaction between
LiNH2BH3 and ammonia at 60 8C under ammonia can be ex-
pressed by Equation (3):

LiNH2BH3 ðsolidÞ þ NH3 ðgasÞ ! LiðNH3ÞNH2BH3

ðsticky liquidÞ ! ½LiNHxBNH2�x� ðsolidÞ þ 3 H2 ðgasÞ
ð3Þ

It has been reported that the decomposition of boron-ni-
trogen-hydrogen compounds is based on the formation of

dihydrogen bonds between BH and NH.[29–31,37] However,
there is still no acknowledged model to explain the detailed
decomposition mechanism. For example, the dehydrogena-
tion mechanism in LiNH2BH3 claimed by Xiong et al. is due
to the local combination of Hd+ and Hd� with the formation
of borazine-like or polyborazine-like (LiNBH).[33] Further-
more, Wu et al. suggested that the improved H2 release ki-
netics of Li/NaNH2BH3 in relation to NH3BH3 are attributa-
ble to the ionic character of Li+/Na+ ACHTUNGTRENNUNG[NH2BH3]

� and pro-
posed that LiNH2BH3 might have decomposed to form
charged polyaminoborane chain-like and/or branched chain-
like structures based on the general Lewis base and acid re-
actions.[39] Recently Kim et al. suggested a dehydrogenation
mechanism for solid LiNH2BH3 based on the LiNH2BH3

dimer (LiNH2BH3)2 as a model system. A strongly basic H�

from LiH, formed through the hydride transfer from
NH2BH3

� to a migrated Li cation, acts as a hydride source
to accelerate the H2-release kinetics in dehydrogenation of
LiNH2BH3.

[49] Here we can also use the LiACHTUNGTRENNUNG(NH3)NH2BH3

dimer (Li ACHTUNGTRENNUNG(NH3)NH2BH3)2 as a model system. In the Li-ACHTUNGTRENNUNG(NH3)NH2BH3 system, from the 11B NMR, FT-IR, and gas
volume measurements, we propose that there is a possible
reaction pathway for compound 1 under ammonia at 60 8C,
in which the first stage is a hydride transfer from B to the
midpoint of two Li cations with the formation of a triangu-
lar moiety—denoted “Li2DH”—associated with the LiH
moiety, leading to the redox reaction of H� and H+ to form
H2, which is the same as the dehydrogenation of LiNH2BH3,
as shown in ref. [29]. The triangular Li2DH moiety is formed
along with the intermolecular N�B bond, but without the
dissociation of the intramolecular N�B bond. In a similar
way to the dehydrogenation of the solid materials in the
cases of LiNH2

[50,51] and LiNH2BH3,
[49] the transfer of a Li

cation and a hydride is a principal step for hydrogen release
in Li ACHTUNGTRENNUNG(NH3)NH2BH3. On the dehydrogenation of the com-
pound, the hydride transfers from NH2BH3 ACHTUNGTRENNUNG(NH3)

� to Li+ ,
which is quite different from the N�B polymerization mech-
anism in NH3BH3 and the transition-metal-catalyzed N�B
polymerization mechanism. The H2 is released from Li-ACHTUNGTRENNUNG(NH3)NH2BH3 through the formation, in a redox reaction,

Figure 6. Low-field 11B NMR (7.1 T, 96.3 MHz) performed on Li-ACHTUNGTRENNUNG(NH3)NH2BH3 decomposed under ammonia at a) 60 8C for 160 min, and
b) at 40 8C for 600 min. For comparison, the NMR results for LiNH2BH3

decomposed under Ar at c) 60 8C for 160 min, and d) at 40 8C for 600 min
are also presented, together with e) those for the pristine LiNH2BH3.

Figure 7. FT-IR spectra of the dehydrogenated product (60 8C) of a) Li-ACHTUNGTRENNUNG(NH3)NH2BH3 under Ar, and b) LiNH2BH3 under ammonia.
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of a dihydrogen bond between H� (as a hydride source) in
LiH and H+ (as a proton source) bonded to nitrogen, which
forms a dative bond with boron as LiNH2BH3.

[49] In addi-
tion, the Li cation can play an important role in decreasing
the energy barrier for intermolecular N�B bond formation
in the hydrogen release process, which would result in the
formation of N�B oligomers/polymers as products.[49] There-
fore, with the consumption of the B�H bond and the release
of 3 equiv hydrogen from the Li ACHTUNGTRENNUNG(NH3)NH2BH3, the BN3

moiety is formed. The BN3 environment in this polymer is
consistent with the 11B NMR resonance from 0 to 40 ppm
that was observed after release of 3 equiv hydrogen
(Figure 6).

However, the above decomposition pathway does not ex-
plain the formation of BH4

� (Figure 4 a), which is also
formed in the dehydrogenation of LiNH2BH3,

[49]

NaNH2BH3,
[37] and BH3NH3,

[31] or the presence of the B�H
bond after evolution of 3 equiv hydrogen under ammonia
(Figure 7 b). This may be responsible for another hypotheti-
cal mechanism,[37,49] in which Li2

2+

· ACHTUNGTRENNUNG[BH4]
�· ACHTUNGTRENNUNG[(NH3)NH2BH2NH2ACHTUNGTRENNUNG(NH3)]� is formed and two Li

cations are bound to the negatively charged N atoms of
[(NH3)NH2BH2NH2ACHTUNGTRENNUNG(NH3)]� . In this pathway, the dehydro-
genation process occurs through the transfer of H� to the
midpoint between two Lid+ atoms forming the triangular
Li2

d+ DHd� center. This is followed by the redox reaction of
the dihydrogen bond in LiHd�···d+HN. However, higher
energy barriers in this pathway indicate that BH4

� is not a
good hydride source for the transfer of H� in the process
BH4

� + Li+ ! LiH + BH3.
[49] This makes this pathway rel-

atively unimportant in the overall scheme of transformations
of LiACHTUNGTRENNUNG(NH3)NH2BH3, as indicated by the small BH4

�contents
in the samples.

Conclusion

In summary, we have revealed a new coordination com-
pound—Li ACHTUNGTRENNUNG(NH3)NH2BH3—that shows thermal properties
different from those of solid LiNH2BH3. The new compound
displays a reversible ammonia absorption/desorption perfor-
mance at room temperature, but releases hydrogen at tem-
peratures above 40 8C. In particular, under ammonia, Li-ACHTUNGTRENNUNG(NH3)NH2BH3 provides a high hydrogen storage capacity
(11.18 wt %) at the easily accessible dehydrogenation tem-
perature of 60 8C, which gives it a significant advantages
over LiNH2BH3. It has been found that the formation of the
coordination bond between ammonia and Li+ in LiNH2BH3

plays a crucial role in promoting the combination of hydri-
dic B�H bonds and protic N�H bonds, leading to dehydro-
genation at low temperature. Ammonia is a potent fuel cell
catalyst poison, so this system is unlikely to be useful with
fuel cells, but our results open up new insights in the search
for routes to balance the number of hydrogen atoms in
these boron-nitrogen-hydrogen compounds to promote the
combination of the N�H···H�B dihydrogen bonds.

Experimental Section

The starting materials, LiH (95 %) and BH3NH3 (97 %), were purchased
from Sigma–Aldrich and used in as-received form without further purifi-
cation. LiNH2BH3 was synthesized by ball milling stoichiometric ratio of
LiH and NH3BH3 (1:1) by planetary ball milling (QM-1SP2, 350 rpm,
ball to powder ratio of 30:1) for 1 h. Li ACHTUNGTRENNUNG(NH3)NH2BH3 was prepared by
allowing LiNH2BH3 to absorb anhydrous ammonia at room temperature.

Typically, LiNH2BH3 powder (0.3 g) was placed in a reaction bulb con-
taining a rotor inside an Ar-filled glove box in which the oxidation of re-
actants can be avoided. The powder was kept under ammonia (1 atm)
until it had been totally converted into a sticky liquid. The sticky liquid
was then rapidly vacuum-distilled for 10 h with vigorous stirring, which is
beneficial for the homogeneous distribution of the white solid product
and the removal of NH3. After vacuum distillation the white solid prod-
uct was placed in a sealed glove box with ammonia (1 atm) for a few mi-
nutes, and the product became a sticky liquid again, indicating that the
reversible reaction occurred at room temperature.

All the sample handling was performed in an Ar-filled glove box
equipped with a recirculation system to keep the H2O and O2 levels
below 1 ppm. During the reaction process, gaseous products were ana-
lyzed by mass spectrometry (MS).

Simultaneous thermogravimetric analysis and mass spectrometry (TGA-
MS, Netzsch STA 449C) were conducted from room temperature with
use of a heating rate of 10 8C min�1 under argon (1 atm) with a purge rate
of 30 mL min�1. Typical sample quantities were 5–10 mg, which are suffi-
cient for obtaining accurate results due to the high sensitivity of the em-
ployed equipment. Volumetric release for quantitative measurements of
hydrogen desorption from samples was carried out with a homemade Sie-
vert�s type apparatus under Ar (1 atm) and under ammonia (3 atm).

The phase compositions of the powders were analyzed by X-ray diffrac-
tion (XRD; D8 Advance, Bruker AXS) with use of CuKa radiation. A
polymer tape was used to prevent any possible reactions between the
sample and air during the XRD measurement. The low-temperature
XRD data collection was conducted on a Panalytical X Pert Pro MPD
with use of CuKa radiation. After heat treatment the products were also
characterized with 11B nuclear magnetic resonance (NMR) equipment
(DSX 300) with use of a Doty CP-MAS probe without probe back-
ground. All of these solid samples were spun at 12 kHz, with use of 4 mm
ZrO2 rotors filled up in purified argon atmosphere glove boxes. The
NMR shifts (d) are reported in parts per million (ppm) externally refer-
enced to BF3OEt2 at 0 ppm for 11B nuclei. Single-pulse excitation
(0.55 ms) was employed, with repetition times of 1.5 s. In addition, the
samples were characterized after heat treatments at different tempera-
tures by infrared absorption spectroscopy with a Nicolet Nexus 470 Four-
ier transform infrared (FTIR) spectrometer and KBr pellets. Because of
the high reactivities of these compounds with moisture and oxygen, all of
the samples were loaded into one tube with CaF2 windows. Elemental
analysis was performed with an Elemen Tar Vario EL3 Elemental Analy-
ser.
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