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ABSTRACT: LiNH(BH;)NH,BH;, the first example of metal-
substituted hydrazine bisborane (HBB), is synthesized via the
reaction between HBB and n-butyllithium in ether solution. ''B
NMR and Fourier transform infrared spectroscopy indicate a new
structure, in which one of the N—H bonds is replaced by a N—Li
bond. The X-ray diffraction pattern of the product also indicates the
formation of a new crystal structure. This compound releases
hydrogen at 126 and 170 °C with satisfactory purity and exhibits
superior hydrogen storage properties compared with HBB. Differ-
ential scanning calorimetry measurement suggests the dehydrogen-
ation reaction of this compound is less exothermic than that of HBB.

B INTRODUCTION

Development of efficient and economic hydrogen storage
materials is one of the most crucial steps for the utilization of
hydrogen energy. Researchers have long been seeking for a
proper hydrogen storage material with high gravimetric and
volumetric capacity, moderate (de)hydrogenation conditions,
and favorable reversibility.' Chemical hydrides based on the B—
N Lewis pairs (e.g, ammonia borane (AB)) are considered to
be one of the most promising candidates.” Although these
materials can release hydrogen at low temperature, they are
hampered by emission of byproducts and poor reversibility.
Sutton et al. establishes a method to realize regeneration of AB
from polyborazylene (PB), the main component in the spent
fuel, to recover AB.> This finding stimulated further exploration
of the B—N—H system with high H capacity, good
dehydrogenation kinetics, and possible reversibility.

In addition to the well-studied AB system, it is also
interesting to study the hydrogen storage properties of the
more complicated B—N compounds. Hydrazine borane (HB)
was investigated for its hydrogen storage properties in both
hydrolysis and pyrolysis. When catalyzed by Rh* or Ni—Pt
nanoparticles,” HB reacts with water to produce H,, N,, and
NH;. HB can also dehydrogenate in tetrahydrofuran (THF)
with group 4 metallocene alkyne complexes as catalyst.’ During
thermal decomposition, HB dehydrogenates at low temperature
but is accompanied by toxic N,H, and NH;.” The thermal
decomposition of a similar compound with more complicated
structure, hydrazine bisborane (HBB), is also investigated.8
Research shows that the decomposition of HBB takes place at
mild temperature, accompanied by a trace amount of ammonia
in the second step. However, HBB is explosive upon heating to
160 °C at a rate of 10 K/min.” This could cause a safety
concern for on-board hydrogen storage applications.
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Recently, lithium hydrazidoborane (LiHB) and its hydrazine
borane adducts (LiHB-2HB) were synthesized and show
minimized toxic gas release, indicating that the Li substitution
might lead to improved hydrogen-release properties.'® Na
substitution of HB is also found to have similar effects."’ This is
in agreement with the well-known metal substitution effect in
ammonia borane.'” Therefore, it is highly interesting to study
whether a similar strategy can also be applied in B—N
compounds with a more complicated structure like HBB.

Metal substitution of the B—N compounds is commonly
achieved by ball milling of the metal hydride with the
corresponding B—N compounds."® The driving force is the
recombination of the hydridic H°~ in the metal hydride with
the protonic H’* binding to the N atom. However, this
approach is not applicable to HBB, as HBB is shock-sensitive
and explodes even under mild ball-milling conditions. A
completely different reaction strategy, therefore, is required to
achieve metal substitution on HBB.

The key step for the metal substitution is deprotonation of
the amino group in B—N compounds. A strong Lewis base,
therefore, is favorable for the reaction. In fact, the metal hydride
approach is based on the similar idea. Several kinds of strong
Lewis base have been reported in the deprotonation reaction of
ammonia borane.'* Here we demonstrate that by using n-
butyllithium (n-BuLi), lithium substitution on HBB can be
efficiently achieved in ether solution. The reaction proceeds
according to the following equation (eq 1):
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NH, (BH,)NH,BH, + n-BuLi

— LiNH(BH,;)NH,BH, + n-C,H,, (1)

B EXPERIMENTAL SECTION

Materials. The starting materials, namely, hydrazine sulfate (98%)
and sodium borohydride (95%), were purchased from Sinopharm
Chemical Reagents Co., Ltd. and were used as received, without
farther purification. The n-BuLi (2.4 mol/L in hexanes) was purchased
from J&K Chemical. Diethyl ether (Et,0O) or THF was treated in a
500 mL round-bottom flask with sodium granules for 12 h with
benzophenone as an indicator to remove water and peroxides. After
the solution turned blue, the solvent was distilled and collected in a
500 mL Schlenk flask. All the materials mentioned above were stored
in an argon-filled glovebox.

Nuclear Magnetic Resonance (NMR). !'B NMR spectra were
collected for liquid samples on a Bruker AVANCE III 500 MHz
spectrometer. ''B° MAS NMR experiments were performed on a
Bruker AVANCE III 400 MHz WB Solid-State NMR spectrometer.
The sample was loaded into a 4 mm ZrO, sample tube in an Ar-filled
glovebox. The spectra were collected at a spin rate of 12 kHz. A one-
pulse excitation program was employed. All the NMR data were
referenced to BF;-Et,0 (at 0 ppm) as an external standard material.

Temperature-Programmed Desorption/Mass Spectroscopy.
TPD/MS experiments were performed on a Quantachrome Autosorb
iQ automatic gas sorption analyzer. The sample (20 mg) was capped
by quartz wool and was loaded in a U-shaped sample cell with a quartz
filler rod. The sample was heated in a high-purity argon (99.999%)
flow of 50 mL/min. The gaseous product was first allowed to flow
through a thermal conductivity detector (TCD) to determine the total
amount of gaseous product. The gas composition was further analyzed
by a Pfeiffer PrismaPlus Mass Spectrometer/Residual Gas Analyzer
(MS/RGA). Two needle valves, namely, a vent sampling valve and a
mass spectrometer input valve, were adjusted to introduce proper
amount of gas into the mass spectrometer. The scan mode (from m/z
=0 to m/z = 200 amu) was employed at a scan rate of approximately 2
cycles/min to obtain the composition of the gaseous products. The
multiple ion detection (MID) mode was used to analyze the temporal
variation of specific products. The m/z value for the detection
channels was determined according to a built-in database of the
instrument. Temperature was simultaneously measured by a
thermocouple installed close to the sample cell. The heating rate
was S K/min for LiHBB samples and 2 K/min for HBB samples. A
gross leak test was performed before each experiment.

X-ray Photoelectron Spectroscopy. The X-ray photoelectron
spectroscopy (XPS) analysis was performed on an AXIS-Ultra
spectrometer (Kratos Analytical) using monochromatic Al Ka
radiation (225 W, 1S mA, 15 kV). The step of binding energy was
0.1 eV. All the binding energies were referenced to C 1s at 284.6 eV.

Powder X-ray Diffraction. The crystal structure of reactants and
products were characterized by X-ray diffraction (XRD, Rigaku D/max
200 diffractometer, Cu Ka) at a scan rate of 2°/min.

Fourier Transform Infrared Spectroscopy. The FT-IR spectra
of LiHBB and HBB were collected on a Nicolet iN10 MX microscope
FT-IR spectrometer in the range from 599 to 4000 cm™".

Differential Scanning Calorimetry. DSC measurement was
performed on a Netzsch DSC 204 HP calorimeter. The sample (5.0 to
10.0 mg) was loaded in an aluminum crucible in an argon-filled
glovebox. The crucible was covered by an aluminum lid with a pinhole
on it allowing gaseous product to escape. The experiments were
performed in an inert gas flow (high purity argon, 99.999%, S0 mL/
min, 1.0 bar) with a heating rate of 2 K/min.

Hydrogen Desorption Measurement. The gravimetric hydro-
gen capacity of LiHBB and HBB samples were obtained using Hy-
Energy PCT Pro-2000 instrument (Setaram Inc.). The sample (50
mg) was loaded in a stainless steel sample holder and sealed with a
VCR connector. The chamber pressure and temperature were
monitored by the instrument and were converted to the amount of
hydrogen desorbed. The dehydrogenation was carried out through
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multiple temperature stages at 130, 150, 180, 210, and 350 °C, which
were chosen according to the onset and peak temperature in TPD/MS
results.

Preparation of Hydrazine Bisborane. Hydrazine sulfate (2.512
g, 18.9 mmol) and sodium borohydride (1.485¢g, 37.1 mmol) were
gently milled in an agate mortar for 10 min in an argon-filled glovebox.
The solid mixture was added to a 500 mL round-bottom flask and
connected to the Schlenk line. Anhydrous THF was quickly
introduced into the flask under stirring to yield a suspension. After
stirring under argon atmosphere at 40 °C for 80 h, the suspension was
filtered, and the supernatant was evacuated to get a white powder. The
powder was held in vacuum for 24 h under stirring to remove the
solvents to obtain HBB (0.810 g, yield 69.9%).

Preparation of Lithium Hydrazidobisborane. The preparation
was carried out in an Arfilled glovebox. HBB (0.120 g, 2.00 mmol)
was dissolved in 300 mL of anhydrous diethyl ether in a 500 mL
round-bottom flask under stirring. 0.8 mL of n-BuLi was diluted in S0
mL of anhydrous diethyl ether. Then the n-BuLi/ether solution was
added dropwise into the flask over 20 min. Precipitation was observed
immediately when the two solutions made contact. The mixture was
stirred at room temperature for 4 h to complete the reaction. The
precipitation was filtered to get a gray solid product. The product was
dried under dynamic vacuum at room temperature overnight to get a
white powder (0.069 g, 52.3%).

B RESULTS AND DISCUSSION

The "B NMR spectra of LIHBB and pristine HBB are shown in
Figure 1. The NMR spectrum of HBB exhibits a quartet
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Figure 1. "B NMR spectra of (a) HBB and (b) LiHBB in diethyl
ether solution. (inset) The details of spectrum (b) in the chemical shift
range from —10 to —14 ppm. For spectrum in larger scale, see
Supporting Information, Figure S1.

centered at —17.5 ppm, which can be assigned to the two
identical BH; groups.'® In the NMR spectrum of LiHBB, the
quartet at —17.5 ppm disappears. Two sets of quartets at —16.9
ppm and —12.3 ppm are found in the spectrum, indicating that
the two BH; groups are in different chemical environments.
The quartet at —12.3 ppm can be attributed to the BH; group
attached to the lithium-substituted nitrogen atom. The strong
electron-withdrawing inductive (-I) effect of Li* lowers the
electron density on the adjacent BH; group and causes a shift of
the lower field. For the BH; group at the other end of the
molecule, this inductive effect is weak due to the increased
distance; thus, only a very slight shift to the lower field (—16.7
ppm) results in this case.
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Figure 2 is the powder X-ray diffraction (PXRD) patterns of
HBB and LiHBB. The PXRD pattern of HBB is in accordance
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Figure 2. PXRD pattern of as-synthesized LiHBB (red) and HBB
(black).

to the reported results.® The Li-substituted sample exhibits a
distinct pattern corresponding to a new phase. All the
diffraction peaks of HBB disappear after the reaction, indicating
complete conversion of HBB.

Figure 3a shows the FT-IR spectra of HBB and LiHBB. In
the low-frequency region (below 1600 cm™), the signals are
mainly assigned to the stretching of the B—N and N—N bonds
in the skeleton.'® The shoulder peak at 1602 cm™ may be
assigned to B—H scissoring. In the midfrequency region from
2200 to 2600 cm™', the peaks are assigned to the B—H
stretching modes (vg_y = 2287 and 2350 em™)." In the
frequency range above 3000 cm™’, the signals are assigned to
symmetric and asymmetric stretching of N—H bonds."®
Although the spectra of HBB and LiHBB are quite similar, a
few appreciable new features are observed for the N—H
stretching modes. The weak peaks at 3336 cm™ could be
attributed to the stretching of the N—H bond adjacent to
lithium, which occurs at a slightly higher frequency than that of
the NH, group (3133 and 3226 cm™)."? This frequency shift is
attributed to the strengthening of N—H bonds when the other
H atom is substituted by lithium. The strong inductive effect of

lithium ion would attribute to the redistribution of the electron
density between N and H atoms. The X-ray photoelectron
spectroscopy (XPS) results (Figure 3b) show that the binding
energies of N 1s electrons in both HBB and LiHBB samples are
relatively low (398.0 eV in LiHBB and 399.1 eV in HBB). This
indicates that N atoms in both compounds are in low oxidation
state. The binding energy of N 1s electron in LiHBB is slightly
lower than that in HBB. This observation is in accordance with
the increase of electron density on the N atom due to the
electron transfer from Li to N.*°

The above structural characterization suggests that the new
phase shows features corresponding to Li substitution of one H
on the NH, group. It is the strong deprotonation ability of the
strong Lewis base n-BuLi that contributes to the successful
substitution. Similar attempts employing n-BuLi as a deproto-
nation reagent can also be found in the pioneering work by
Fisher et al,”' who have synthesized a number of metal-
substituted aminoborohydride derivatives by a similar method.
A key advantage of this method over the widely used metal
hydride-based approach® is that n-BuLi is soluble in diethyl
ether, which allows more rapid reaction and easier product
separation. This method can also be readily extended to the
synthesis of the metal derivatives of more vulnerable B-N—H
compounds.

The Li substitution dramatically influences the hydrogen
storage properties of HBB. Temperature-programmed desorp-
tion and mass spectrometry (TPD/MS) curves of LiHBB and
HBB (Figure 4) indicate that LiHBB performs better in both
desorption temperature and gas purity. HBB dehydrogenates at
180, 212, and 252 °C. The last step of decomposition is
accompanied by the emission of ammonia and borazine. LIHBB
starts to decompose at around 100 °C and reaches the first gas
release peak at 126 °C, while the second step occurs at 170 °C.
At elevated temperature, the sample exhibits broad dehydro-
genation peaks. It may be attributed to the gradual
condensation of B—H and N—H accompanied by hydrogen
evolution. During the whole decomposition process, no signals
of gaseous byproducts are detected. This is a notable
improvement compared to the pristine HBB.

To determine the gravimetric hydrogen capacity of LiHBB,
we carried out a volumetric gas desorption experiment (Figure
5). We find that during the two dehydrogenation steps, the
sample releases 4.4 and 3.8 wt % hydrogen at 150 and 350 °C,
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Figure 3. (a) FT-IR spectra of LIHBB (black) and HBB (red). (b) The N 1s XPS results of LIHBB (black) and HBB (red). The original data are
shown in square and circle symbols while the fitted curves are shown in lines.
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Figure 4. TPD/MS curves of (a) HBB and (b) LiHBB. The TPD
signals from TCD device are demonstrated in black lines. MS signals
from the release of hydrogen (m/z = 2), ammonia (m/z = 17), and
borazine (m/z = 80) are demonstrated in red, blue, and green lines,
respectively.
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Figure 5. Volumetric hydrogen desorption curve for LIHBB samples at
various temperatures.

respectively. On the basis of the amount of H, released, the two
reactions can be described by eq 2 and eq 3:

“LiN,B,H,” — “LiN,B,H” + 1.5H, @)

(©)

DSC measurements were carried out to determine the
thermodynamic properties of these two dehydrogenation
processes (Figure 6). The decomposition of LiHBB is much
less exothermic compared to that of the pristine HBB. The first
decomposition step of LiHBB at 126 °C only shows a tiny
exothermic peak corresponding to a very small enthalpy of 0.10

“LiN,B,H,” — “LiN,B,H, " + 1.25H,
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Figure 6. DSC measurements of LiHBB (red) and HBB (black) at a
heating rate of 2 K/min under argon flow.

kJ/mol H,. In the case of HBB, the enthalpy of the first
decomposition step is 4.8 kJ/mol H,. The exothermic
dehydrogenation nature is a major thermodynamic obstacle
for direct regeneration under hydrogen pressure.”> The near
zero dehydrogenation enthalpy of LIHBB makes it very likely to
become thermodynamically favorable for hydrogenation by
proper modification. Some endothermic examples have been
found in the amidoborane ammoniates though the correspond-
ing amidoboranes are exothermic upon dehydrogenation.”* It
suggests that the ammoniate of LiIHBB may also lead to more
favorable thermodynamic properties for on-board reversibility.

The small exothermic peaks above 250 °C reveal a
complicated reaction pathway in the high-temperature region,
which is also found in other B—N—H compounds.* It could be
attributed to the formation of oligomers of B—N compounds
and, at higher temperatures, polymeric chains and networks of
azaborines. Figure 7 shows the "B magic-angle spinning

3 /ppm

Figure 7. ''B MAS NMR spectrum of the dehydrogenated residual of
LiHBB.

(MAS) NMR spectrum of the decomposition product of
LiHBB. The two strong resonance peaks at 16.9 and 25.4 ppm
are assigned to the BN; and/or HBN, groups>® that result from
the intermolecular reactions. Compared to the reported results
of spent fuel of ammonia borane and amidoboranes,”” these
resonance peaks shift to lower fields, which can be attributed to
the -I effect of the Li* in the residual. The XRD pattern of this
residue exhibits the presence of Li;BO; and an unknown phase.
No obvious peaks of BN are observed (see Supporting
Information, Figure S2). The IR spectrum of the dehydro-
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genated sample shows broadended N—H/B-H stretching
bands, indicating the agglomeration of B—N—H species
(Supporting Information, Figure S3).

The introduction of Li* alters the electronic structure of the
molecule, which in turn significantly lowers the desorption
temperature, suppresses the toxic gas release, and enhances the
thermodynamic performance. These superior properties,
together with the polymerization behavior found in Figure 7,
indicate that the Li* cation may play an important role in both
the formation of an intermediate and the condensation of B—N
monomers and oligomers. Meanwhile, these advances in
dehydrogenation properties are very similar to those reported
in lithium amidoborane, which decomposes at 92 °C with no
byproducts."** The catalytic effect of Li* cations in lithium
amidoborane has been widely investigated both experimentally
and theoretically.”® Zhang et al. propose that the formation of
LiAB dimer (LiAB), substantially reduces the energy barrier in
the dehydrogenating reaction of LiAB.** Kim et al. suggest that
LiH forms through the hydride transfer from NH,BH;™ to Li"
and that LiH acts as a hydride donor in the hgrdrogen-evolving
process of M—H--H—N dihydrogen bond.** As to LiHBB,
further experimental and theoretical investigation should be
carried out to help us understand the different dehydrogenation
behavior between HBB and LiHBB and reveal their actual
dehydrogenation mechanism.

B CONCLUSION

In conclusion, we synthesize the first metal-substituted
derivative of HBB by reacting with a strong Lewis base, n-
BuLi, in Et,0 solution. Compared to the widely adopted
hydride approach for metal substitution, this method
significantly enhances the reaction efficiency and facilitates
the product separation. This compound starts to decompose at
100 °C and can release 8.2 wt % H, at 350 °C without
detectable gaseous byproducts. The lithium substitution
reduces the dehydrogenation enthalpy to near zero, which is
promising candidate for on-board applications.
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Includes "B NMR of LiHBB, and XRD and IR of LiHBB
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