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Ammonia alane (AIH3NH3, AA) is a solid hydrogen carrier with a high gravimetric hydrogen storage capacity of
12.86 wt%. In this study, we present the first experimental investigation of AI-N-H compounds synthesized via
three distinct routes: (i) Lewis acid-base reaction, (ii) metathesis, and (iii) cryo-milling. Characterization tech-
niques including FTIR spectroscopy, thermal analysis, X-ray photoelectron spectroscopy, and solid-state 'H and
27A] MAS NMR spectroscopy revealed the coexistence of multiple aluminum environments. However, the suc-
cessful formation of AA could not be confirmed. Ambient storage and mild thermal activation (at 80 °C) led to
the formation of Al-N polymers, likely resulting from dehydrogenation and partial deammoniation, underscoring
the thermal instability of these phases. These findings highlight the need for a rigorously controlled synthesis-to-
characterization workflow under inert and subzero conditions (below —45 °C) to enable the isolation,
comprehensive characterization, and evaluation of pristine AA for solid-state reversible hydrogen storage

applications.

1. Introduction

The search for efficient chemical hydrogen storage materials is a
major focus in the development of sustainable energy technologies. Two
main strategies are currently being pursued: (i) physisorption, which
relies on weak van der Waals interactions in porous materials such as
metal-organic frameworks (MOFs) [1] or carbon-based adsorbents [2];
and (ii) chemisorption, which involves the formation of strong chemical
bonds, particularly in chemical hydrides. Among these hydrides,
ammonia borane (BH3NH3, AB, 30.87 g mol 1) has emerged as a model
compound. It has been extensively studied due to its high hydrogen
content (19.6 wt%) and stability at room temperature under an inert
atmosphere. Its decomposition follows a well-defined pathway leading
to B-N polymeric species, and its structure-property relationships have
been thoroughly characterized over the past two decades [3,4]. In
contrast, its aluminum analog, namely ammonia alane (AlH3NHs, AA,
47.0 g mol™Y), remains underexplored, despite belonging to the same
chemical family and being already reported in mid-20th century studies

* Corresponding author.

by Wiberg and May [5]. The lack of structural and spectroscopic data on
AlH3NH3 prompted us to investigate this aluminum-based hydride [6].
Notably, AA has a gravimetric hydrogen density of 12.86 wt%. Like AB,
it contains both hydridic and protic hydrogen, carried by the aluminum
and nitrogen atoms, respectively. These atoms are connected via a da-
tive covalent bond.

As previously mentioned, the first attempt to synthesize aminoalane
(AA) dates back to the seminal work of Wiberg and May [5]. By reacting
AlH3 with NHj3 in diethyl ether (DE) at —80 °C (Fig. 1), they isolated a
white precipitate identified as AA. Upon thermal treatment, this com-
pound underwent polymerization, first forming polyaminoalane (PAA)
around 20 °C, then polyiminoalane (PIA) between 20 and 100 °C, and
ultimately aluminum nitride (AIN) at elevated temperatures (approxi-
mately 430 °C). They further investigated the effect of increased
ammonia stoichiometry and identified intermediate species such as
AlH5(NH3) (NH3), AIH(NHy)2, and Al(NH)3 (Fig. 1). This foundational
study elucidated the stepwise transformation of AA into AIN via
ammonolysis and thermal condensation pathways.
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Building on this work, Ochi et al. [7] employed tetrahydrofuran
(THF) as an alternative solvent and provided the first infrared spectro-
scopic evidence of PAA as a precursor to AIN. Subsequently, Janik and
Paine [8] introduced a novel route by reacting LiAlH4 with NH4Br in
diethyl ether, yielding PIA after thermal treatment at 100 °C. Their
preference for DE over dimethyl ether (DME) or THF was driven by the
need to minimize oxygen contamination in the final AIN product. Other
studies [9-12] focused on optimizing hydrogen generation through
metathesis reactions involving halogenated ammonium salts in
ether-based solvents. These efforts demonstrated promising yields (e.g.,
5.50 wt% Hp for the LiAlH4/NH4Cl system in DE), although the precise
structure of the resulting polymeric phases remains poorly understood.

Despite these studies, the chemistry of AA and its polymeric dehy-
drogenation products remains poorly understood. Furthermore, dis-
crepancies between expected reactivity and observed atomic
arrangements such as the presence of weak hydrogen interactions
beyond the van der Waals limit (approximately 2.4 A) [6,13] may in-
fluence the stability of AA. Additional challenges arise from the spon-
taneous dehydrogenation of AA and related intermediates at or near
room temperature. This low thermal threshold limits both storage con-
ditions and the use of conventional characterization techniques (e.g.,
solid-state nuclear magnetic resonance (NMR), X-ray diffraction,
vibrational spectroscopy), particularly under ambient conditions.

In this context, the present study aims to reproduce the historical
synthetic routes described above, while extending them through a sys-
tematic characterization of the reaction intermediates, their structural
evolution, and the transformation mechanisms as functions of both
temperature and storage duration. Our ultimate goal, provided that pure
AA can be successfully synthesized and safely stored, is to evaluate its
true potential as a hydrogen storage material.

Although several studies have reported on the synthesis and thermal
decomposition of AA and related AI-N-H systems, most have remained
largely empirical, providing limited structural and mechanistic under-
standing. The formation pathways of intermediate species, as well as the
influence of synthesis conditions on phase stability and hydrogen release
behavior, are still largely unknown. In particular, the nature of
aluminum coordination environments and their role in stabilizing
metastable AI-N-H species remain open questions. In this work, we
address this lack of knowledge by systematically comparing three syn-
thetic strategies, namely, Lewis acid-base reaction, metathesis, and cryo-
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milling, through comprehensive structural, spectroscopic (FTIR, 'H, and
27 A1 MAS NMR, and XPS), and thermal analyses. This approach allows us
to clarify the relationships between synthesis route, product composi-
tion, and thermal stability, thereby providing new insights into the
chemistry of Al-N-H materials and their potential for solid-state
hydrogen storage.

2. Experimental
2.1. Materials and methods

The following precursors were used for the synthesis of the AA
samples studied: lithium aluminum hydride (LiAlH4), alane N,N-
dimethylethylamine complex solution (Ca;HsN(CHs)2-AlHs, 0.5 M in
toluene), ammonium carbonate ((NH4)>CO3), and ammonium bromide
(NH4Br). All chemicals were purchased from Sigma-Aldrich and stored
in an argon-filled glovebox (MBraun M200B; O3 < 10.0 ppm, H20 < 0.1
ppm). Anhydrous diethyl ether (C4H;00, Sigma-Aldrich) was used as the
solvent for both synthesis and filtration. A pressurized ammonia cylin-
der (purity 99.96%, HoO < 400 ppmv) was supplied by Linde. To pre-
vent solvent exposure to air and moisture, all sampling was conducted
under an argon flow using conditioned glassware. The required glass-
ware, syringe and needle for solvent handling, and magnetic stirrer were
thoroughly washed, dried at 80 °C for 4 h, placed under vacuum for at
least 30 min, and finally stored under an argon atmosphere.

Synthesis by metathesis-dehydrogenation in solvent was carried out
adapting the procedure described in Refs. [8,14]. In the argon-filled
glovebox, lithium aluminum hydride (0.2 g, 5.3 mmol) was dissolved
in 50 mL of diethyl ether within a Pyrex® three-neck round bottom flask
with a magnetic stirrer. Ammonium bromide (0.51 g, 5.3 mmol), equi-
molar to LiAlH4, was weighed separately and introduced into the reac-
tion mixture (LiAlH4/diethyl ether solution). The flask had been
previously transferred to an argon-vacuum line, connected to a bubbler
and immersed in an isopropanol bath kept at low temperature (—20 °C)
using a cryostat (Table 1). The solution was kept under stirring at 200
rpm for 2-4 h. Then, the mixture was filtered under argon atmosphere,
the solid residue rinsed with fresh solvent (2 x 10 mL). To avoid a
dehydrogenation, the filtrate was not put under vacuum but directly
analyzed. Sample 1 presented here was not washed, as washing does not
sufficiently remove the Li,CO3 byproduct, which is insoluble in DE, like

Metathesis dehydrogenation at -45 °C and cryomilling at -196 °C

H <> H H H H®  HE
Br '+,|\j Hydrogen interactions A|| Li* I\|j | Hz | |
H qu _Y._”“ —_— H I i\ {'Al S— i N Al
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LiBr
Lewis acid-base reaction at -80 °C t“Hz
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Fig. 1. Reaction toward the formation of ammonia alane.
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Table 1
Reaction routes, precursors, temperature, and time, leading to AA-based
compounds.

Sample Pathway Precursors Experimental Washing

name conditions step”

M1 M/D" LiAlH,/ Magnetic stirring, No

(NH4)2CO3 —10 °C, 24h

M2 M/D LiAlH,4/NH4Br Magnetic stirring, Yes
—10°C, 24h

M3 M/D LiAlH4/NH4Br Magnetic stirring, Yes
20 °C, 24h

L L A-B¢ AlH3/NHj3 (1) Magnetic stirring, Yes
—78°C, 2h

CM Cryo- LiAlH4/NH4Br BPR! 80:1, 30 Hz, No

milling —196 °C, 2 x 5 min

@ with 2 x 10 mL of DE.

b M/D: Metathesis-dehydrogenation.
¢ L A-B: Lewis Acid-base reaction.

4 Ball-to-powder ratio.

AA. By this method, 3 samples of AA, denoted M1 to M3, were syn-
thesized as reported in Table 1.

Synthesis via metathesis-dehydrogenation in solvent was carried out
by adapting the procedures described in Refs. [8,14]. Inside an
argon-filled glovebox, lithium aluminum hydride (0.2 g, 5.3 mmol) was
dissolved in 50 mL of diethyl ether in a Pyrex® three-neck round-bottom
flask equipped with a magnetic stirrer. Ammonium bromide (0.51 g, 5.3
mmol), equimolar to LiAlH4, was weighed separately and added to the
LiAlH,4/diethyl ether solution. The flask was previously transferred to an
argon-vacuum line, connected to a bubbler, and immersed in an iso-
propanol bath maintained at —20 °C using a cryostat (Table 1). The
reaction mixture was stirred at 200 rpm for 2-4 h. Filtration was per-
formed under an argon atmosphere, and the solid residue was rinsed
with fresh solvent (2 x 10 mL). To prevent dehydrogenation, the filtrate
was not subjected to vacuum but analyzed directly. Sample 1 was not
washed, as washing does not effectively remove the Li,CO3 byproduct,
which is insoluble in diethyl ether, similar to AA. Using this method,
three AA samples, denoted M1 to M3, were synthesized, as summarized
in Table 1.

Our synthesis via Lewis acid-base reaction was inspired by the work
of Wiberg and May [5]. The procedure involved a double argon-vacuum
ramp conducted under a fume hood. Liquefied ammonia gas was added
to a cooled alane/ether mixture (—78 °C, using dry ice in a polystyrene
box). An excess of ammonia was used to ensure complete reaction with
alane, targeting a 1:4 alane-to-ammonia molar ratio. The resulting white
precipitate was filtered, transferred to the glovebox, and washed twice
with 10 mL of diethyl ether (DE). The samples were then either dried
under vacuum or left undried for further analysis. As shown in Table 1,
one sample, denoted as L, was synthesized.

Cryogenic ball milling was carried out using a RETSCH CryoMill
machine, operating with liquid nitrogen (—196 °C) to maintain a cryo-
genic environment. Stainless steel balls with a diameter of 8 mm (2.94 g
each, totaling 8.83 g) were used. The milling conditions are summarized
in Table 1. Four samples produced through cryogenic ball milling were
designated as CM. The quantity of reactants was carefully calculated to
ensure that hydrogen generation did not exceed 2 bar, thereby avoiding
excessive pressure buildup within the reactor.

All samples were prepared and transferred under an inert atmo-
sphere in an argon-filled glovebox to prevent degradation due to air or
moisture contamination. They were subsequently stored in a freezer at
—20 °C to minimize any potential hydrogen release. Sample analysis was
performed using Fourier transform infrared (FTIR) spectroscopy with
attenuated total reflection (ATR) sampling, employing a Nicolet 710
spectrometer (64 scans, 4 cm™! resolution).

Powder X-ray diffraction (PXRD) patterns were collected using a
PANalytical X'Pert Spinner diffractometer equipped with a Cu Ka radi-
ation source (Ko = 1.5406 A, Ky2 = 1.5444 A, Ky = 1.3922 A), operating
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at 45 kV and 20 mA. Scans were performed in continuous mode over a 20
range of 10.02° to 69.98°, with a step size of 0.033°. For samples M3 and
CM, a sample holder with a beryllium window was used, while the
remaining samples were analyzed using a holder covered with Kapton®
film.

Thermogravimetric analysis coupled with mass spectrometry (TGA-
MS) was performed using a TGA/STA449F1 NETZSCH instrument under
the following conditions: sample mass of 2-7 mg, 100 pL aluminum
crucible, heating rate of 5 °C min~!, and argon flow of 30-50 mL min~ L.
Both instruments were calibrated within the studied temperature range
(30-400 °C for TGA). The monitored mass-to-charge (m/z) values
included 2 (Hy), 17 (NH3), and 28 (N3). Solvent-related fragments were
identified at m/z 31 for diethyl ether and m/z 91 for toluene. Additional
m/z signals were examined during the analysis; however, no other vol-
atile species were detected. Some AA samples were heat-treated under
vacuum at 80 °C. It is acknowledged that these compounds undergo
temporal evolution, and uncertainties related to the timing of analysis
may affect the resulting data.

Magic-Angle Spinning (MAS) NMR spectroscopy measurements were
performed using a Varian 600 MHz spectrometer operating at a mag-
netic field strength of 14.09 T, corresponding to Larmor frequencies of
599.76 MHz for 'H (spin 1/2) and 156.28 MHz for 2”Al (spin 5/2). The
MAS frequency was set to 20 kHz, and the sample temperature was
maintained at —20 °C to prevent dehydrogenation, as spinning without
temperature control induces heating. Powdered samples were packed
into 3.2 mm zirconia rotors inside an argon-filled glovebox. 'H spectra
were acquired using a one-pulse sequence with a recycle delay of 4 or 5
s. The L series spectra were recorded using a presaturation sequence
followed by a rotor-synchronized spin-echo pulse sequence (echo delay
of 2 ms), which enhances spectral resolution by suppressing contribu-
tions from strongly coupled protons (via magnetic dipolar interactions),
thereby reducing broad components in the NMR spectrum. 2’Al spectra
were acquired using a single short pulse (small flip angle) to ensure
quantitative accuracy, as long radio-frequency pulses can lead to non-
uniform excitation due to quadrupolar interactions. The recycle delay
varied between 1 s and 4 s. Experimental data were processed and fitted
using Dmfit software, applying the “czsimple” model. The deconvolu-
tions are qualitative and intended primarily for visual guidance; satellite
transitions were not included in the fitting procedure. It should be noted
that liquid-state Al NMR analysis did not yield any signal due to the
poor solubility of the final products in common solvents.

X-ray photoelectron spectroscopy (XPS) analyses were conducted
using a Thermo Electron ESCALAB 250 spectrometer equipped with a
monochromatic Al Ka radiation source (1486.6 eV), operated at 150 W
(15 kV, 10 mA). Spectra were acquired directly from powdered samples
arranged on a sample holder within a high-vacuum chamber (<10~°
Torr). The analyzed area had a diameter of approximately 500 pm.
Survey spectra were recorded with a step size of 1 eV at a pass energy of
150 eV, while high-resolution spectra were acquired with a step size of
0.1 eV at a pass energy of 20 eV. All binding energies were referenced to
the C 1s peak of the aliphatic C-C component at 284.8 eV. The spec-
trometer's energy scale was calibrated using standard reference mate-
rials: Au 4f7/2 at 84.0 eV, Ag 3d5/2 at 368.2 eV, and Cu 2p3/2 at 932.6
eV. Charge compensation was applied using a low-energy electron flood
gun (—2 eV). Quantification was performed based on the peak areas of
the high-resolution spectra, corrected using appropriate sensitivity fac-
tors. Background signals were removed using the Shirley method [15].
Surface atomic concentrations were determined from photoelectron
peak areas using the atomic sensitivity factors reported by Scofield [16].
No significant changes were observed upon repeated scans, indicating
minimal beam-induced damage during data acquisition.

2.2. Experimental observations

In general, polar aprotic solvents such as DE, THF, and dioxane do
not efficiently dissolve ionic salts. However, LiBr, formed in situ from
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the reaction between LiAlH4 and NH4Br, exhibits sufficient solubility in
DE. This justifies the use of NH4Br and LiAlH4 in this system.

The visual appearance of the powders obtained from the various
synthesis routes varied noticeably. Samples M1 and M3 exhibited a light
gray color, similar to that of LiAlHy4, while samples M2 and L appeared
white, consistent with the observations reported by Wiberg and May [5]
for the latter. In contrast, sample CM displayed a dark gray color, even
darker than the original LiAlH4. These visual differences are further
illustrated in the supplementary material (Fig. S1).

Manual milling of NH4Br and LiAlH,4 was initially attempted for AA
synthesis; however, XRD analysis revealed only the diffraction peaks of
NH4Br and LiAlHy4 (Fig. S2). NMR spectra further confirmed the presence
of unreacted LiAlHy4 (Fig. S3), indicating that no reaction occurred under
these conditions. Detailed experimental procedures and analytical
spectra are provided in the supplementary material. To improve reaction
efficiency and mitigate potential hydrogen release caused by ball im-
pacts, cryo-milling was subsequently employed at —196 °C.

Among the three synthetic strategies explored, the Lewis acid-base
route is the most effective. This method enables the formation of
Al-N-H compounds without generating undesirable by-products such as
LiBr or metallic aluminum, which are observed for the metathesis and
cryo-milling methods. Importantly, this approach leads to the formation
of an additional, less stable Al environment, highlighting its particular
relevance for accessing metastable Al species that cannot be reached
through the other routes. The metathesis route is easier to implement
experimentally compared to the Lewis acid-base reaction and proceeds
under milder conditions than cryo-milling, but very delicate solvent
handling and filtration must be performed and complexation reactions
can occur leading to undesired products. Finally, cryo-milling offers the
simplest experimental setup since no solvent is used. This greatly min-
imizes exposure of the product to ambient conditions; this also aligns
with the solvent-free nature of the process, preventing undesired
complexation during synthesis.

2.3. Computational methodology

To investigate the Al-N bonding environment, density functional
theory (DFT) calculations were performed using the B3LYP hybrid
functional and the 6-311G(2d,p) basis set, as implemented in Gaussian

09. Full computational details are provided in the supplementary ma-
terial. Simulations of liquid-state NMR (Fig. S4), infrared (IR) spectra

/ AA \
-0.0647 a.u. 0.0647 a.u.

)

-0.0526 a.u.

0.0526 a.u.

LUMO

- j
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(Fig. S5), and vibrational mode representations (Fig. S6) were also
conducted, offering theoretical references for comparison with the
experimental data.

Density functional theory (DFT) calculations yielded a total energy of
—300.45 Hartree for the optimized structure, consistent with previously
reported values ranging from approximately —299.2 to —301 Hartree
[17-19]. During geometry optimization and molecular dynamics simu-
lations, we observed that polyaminoalane (PAA) exhibits a pronounced
tendency toward intramolecular cyclization, primarily through the for-
mation of four-membered rings. While this behavior appears systematic
under the simulated conditions for short molecular fragments, it remains
uncertain whether similar cyclization tendencies occur in longer PAA
chains.

The electronic distribution in AA and linear PAA was investigated by
visualizing the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), as shown in Fig. 2. The
HOMO is predominantly localized over the Al-H bonds, indicating that
these hydrogen atoms are electron-rich and may exhibit nucleophilic
reactivity. In contrast, the LUMO is primarily centered on the NHj
group, suggesting that this moiety could serve as the main electron
acceptor during molecular interactions or reactions (Fig. 2). For PAA,
the terminal aluminum atom represents the primary reactive site.
Additionally, the nitrogen atoms N1 and N2 may participate in further
reactions, potentially leading to molecular branching.

Mulliken charge calculations for AA revealed a partial electronic
density of +0.57 on aluminum, —0.23 on its hydridic hydrogen atoms,
—0.79 on nitrogen, and +0.30 on its protic hydrogen atoms. These
values reflect the electronic distribution within the molecule. Notably,
aluminum exhibits a lower electronegativity (y = 1.61 on the Pauling
scale) compared to boron (y = 2.04), which may influence its chemical
behavior and bonding characteristics.

3. Results and discussion
3.1. FTIR spectroscopy

The FTIR spectra of all samples are presented in Fig. 3. The first
domain, spanning 2800-3400 cm ™, corresponds to N-H stretching
modes from ammonium compounds [20], consistent with the bands
observed for the NH4Br reactant (Fig. S7). N-H vibrations involved in
heteropolar N-H---H-Al interactions from the direct reaction exhibit

-0.432 a.u. 0.0432 a.u.
HOMO
4 [ o
c‘*"*"
v
-0.0294 a.u. 0.0294 a.u.
LUMO

Fig. 2. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distributions for AA and PAA. Values are reported in atomic

units (a.u.).
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Fig. 3. FTIR spectra of the synthesized samples M1, M2, M3, L and CM.

higher wavenumbers, between 3000 and 3450 em L Diethyl ether (DE)
was not used in the direct synthesis, and the cryo-milling procedure
involved no solvent and remained strictly isolated from air. These ob-
servations suggest that the broad absorption band is more likely asso-
ciated with N-H rather than O-H vibrations. The broad nature of this
signal likely results from a highly amorphous compound that has already
undergone partial polymerization, a phenomenon commonly observed
in ammonia borane and its polymers formed via dehydrocoupling [4]. A
decrease in the intensity of N-H stretching vibrations was observed
across all samples, consistent with the spectra of related compounds
reported by Uchida et al. [21]. This attenuation may be attributed either
to the formation of new interactions with limited IR visibility or to a
phase transition from crystalline to amorphous. The latter appears more
plausible, as supported by the XRD patterns discussed below.

The Al-H bonds were identified through stretching vibrations
observed in the 1600-1400 cm ' region [22]. Symmetric and asym-
metric N-H bending modes appeared within the 1500-1000 cm ™! range.
The absorption band at 905 cm ™! was assigned to Al-N-H stretching,
while the band peaking at 730 cm ™! was attributed to N-Al-H vibrations
and rotational modes, in agreement with previous studies [7-9,23].
Despite structural transformations, the emergence of the Al-N bond,
central to this study, was clearly observed in the 600-900 cm™! range.
The band in the 420-460 cm ™! range may correspond to asymmetric
bending of NH3 and AlH3 or can be AIH,NH3, [7], though this assignment
applies only to freshly synthesized samples.

The experimental infrared spectra were also compared with the
simulated spectra of AA and PAA (Fig. S5). A good overall agreement
was observed, particularly in the 500-1000 cm ™! region, where the main
vibrational features are clearly present in the spectra of the synthesized
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samples.

3.2. XRD patterns

The X-ray diffraction (XRD) patterns of the samples are shown in
Fig. 4. For M1, several diffraction peaks were observed; however, reli-
able phase identification could not be achieved, despite comparisons
with potential candidates such as (NH4)2CO3 or LioCOs. At present, the
observed peaks remain unidentified, though they are likely associated
with a crystalline Al-N-H compound, possibly AA or a derivative
thereof.

The X-ray diffraction patterns of M2 and M3 show distinct Bragg
reflections corresponding to LiBr, confirming the presence of this by-
product as expected from the metathesis reaction. Additionally, resid-
ual NH4Br was detected in both samples by comparison with the refer-
ence diffraction pattern of NH4Br (Fig. S8), suggesting incomplete
reaction under the applied conditions. In contrast, the diffraction
pattern of CM shows no detectable NH4Br reflections, indicating a more
complete reaction between the precursors. Across all samples, M2, M3,
and CM, no diffraction peaks could be attributed to a crystalline AI-N-H
compound, even after repeated washing with diethyl ether. This
observation is consistent with previous findings reported by Wang et al.
[91.

The XRD pattern of L displays features characteristic of an amor-
phous Al-N-H compound. Based on this observation, along with the
diffraction patterns discussed previously, the results suggest that the
Al-N-H compounds formed under the studied conditions are predomi-
nantly amorphous. An exception is M1, which may exhibit partial
crystallinity due to the use of a carbonate reactant (Table 1).

3.3. TGA-MS

The thermolytic decomposition of the samples was investigated
using thermogravimetric analysis (Fig. 5), with the evolved gases
analyzed by mass spectrometry (Fig. S9). M1 remained stable up to
200 °C, after which decomposition began. A release of CO, was observed
starting at 200 °C, corroborating the presence of carbonate species such
as LioCO3 or (NH4)2COs. This was followed by the release of NH3 above
300 °C. Due to the inability to isolate well-defined reaction products and
the inconclusive nature of the analytical data, this synthetic pathway
was not pursued further.

M2 began to decompose at 50 °C, as evidenced by hydrogen release

. = NHBr Be
| ® e LiBr o
CM A
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3
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2 | = -
2 |M3 I\ o e A 3.
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- ]
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Fig. 4. XRD patterns of the synthesized samples M1, M2, M3, L and CM. The
vertical dotted line corresponds to a reflection from the beryllium window of
sample holder used for M3 and CM.
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starting at this temperature. This corresponds to a weight loss of 8.9 wt%
within the 50-150 °C range. In contrast, M3 did not exhibit a similar
hydrogen release, suggesting that part of its hydrogen content may have
already been lost during synthesis and/or subsequent storage. Between
150 °C and 200 °C, both M2 and M3 showed a thermal plateau. At
higher temperatures (200-400 °C), both samples released ammonia as
the main gaseous product, along with some additional hydrogen. This
resulted in a total weight loss of 34.4 wt% for M2 and 17.9 wt% for M3
over this temperature range.

CM exhibits a limited weight loss of approximately 1.5 wt% at
400 °C. This observation suggests two possibilities: either most of the
hydrogen was released during the cryo-milling process, although no
overpressure was detected in the reactor upon opening, or no hydrogen
release occurs up to 400 °C, which seems unlikely for AI-N-H com-
pounds. The synthesis of CM was performed under solvent-free condi-
tions and at extremely low temperatures (—196 °C), potentially yielding
highly reactive or metastable products. Under our current setup, it is not
possible to maintain the sample at —196 °C after synthesis until the time
of analysis. The TGA-MS instrument is located in an argon-filled glo-
vebox, which necessitates bringing the sample to room temperature
after synthesis. This temperature change may have led to partial
degradation or slow hydrogen release over time. As previously
mentioned, X-ray diffraction confirmed the presence of crystalline LiBr,
one of the two expected reaction products, indicating that the reaction
did occur. This raises the question of whether an amorphous aluminum
nitride phase was also formed.

For sample L, a total weight loss of 49.8 wt% is observed in the 50-
400 °C range. A simultaneous release of toluene and ammonia occurs at
106-107 °C, followed by hydrogen release between 60 and 200 °C. An
additional hydrogen release is detected at 430 °C (Fig. S9). This
hydrogen peak at 430 °C may correspond to the findings of Wiberg and
May [5], who reported complete dehydrogenation at this temperature
over a 4-h period.

From a broader perspective, three distinct thermal stability behav-
iors are observed, depending on the synthesis method used. On one
hand, M1, M2, and M3 exhibit roughly two decomposition steps: an
initial step below 250 °C with varying characteristics, followed by
complete decomposition above 250 °C. On the other hand, CM remains
stable, whereas L shows significant decomposition, losing about half of
its mass by 400 °C. These differences can be attributed to the synthesis
conditions, specifically the lower temperature employed in the direct
synthesis of L compared to the metathesis-based routes. Compounds
synthesized via metathesis may have already undergone partial
hydrogen release during or after synthesis, while L may have retained all
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its volatile components prior to analysis. Additionally, the presence of
residual toluene in L might contribute to its stability, potentially through
weak coordination or solvation effects (as reported for AB, for example
[24]), thereby delaying hydrogen release until thermal activation. It is
also worth noting that, aside from the residual solvent, L appears to be
compositionally purer than the metathesis-derived samples, which
contain residual by-products as evidenced by XRD.

3.4. MAS-NMR spectroscopy
3.4.1. 'H NMR

The 'H MAS NMR spectra display several distinct resonances ranging
from —0.4 to 7 ppm (Fig. 6). Notably, a broad and intense signal

centered at 7 ppm is attributed to ammonia molecules coordinated to
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Fig. 6. 'H MAS NMR spectra of samples M1, M2, M3, L and CM, as well as
those of samples L TT80 and M2 TT80. Narrow signals detected at 6.6 and 1.6
ppm are assigned to residual toluene from the synthesis L.
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electrophilic aluminum centers, consistent with the formation of Lewis
acid-base adducts such as AIH3NH3. A weak signal at 4.3 ppm, along
with a broader component around 3.7 ppm, is assigned to Al-H species
[22].

Additional resonances at 2.1, 1.3, and 0.8 ppm may correspond to
weakly coordinated ammonia or hydrogen atoms within a disordered
polyaminoalane-like framework. Two weak and highly shielded signals
observed at —0.1 and —0.3 ppm suggest the presence of molecular Hy
trapped within amorphous domains.

A comparison of the 'H MAS NMR spectra reveals significant dif-
ferences between the M and L series. Based on the spectral features of
M3 (discussed in the %Al section below), a thermal treatment was
applied to M2 at 80 °C (denoted M2 TT80). This temperature was
chosen to induce partial structural rearrangement without triggering
complete gas release. The same treatment was also applied to sample L
(denoted L TT80). The relative signal intensities vary across samples. In
freshly prepared material such as M2, Al-H appears to be the dominant
environment. In contrast, NHs-type environments become predominant
in M2 TT80 and M3. Interestingly, sample CM does not exhibit any
detectable NHgs-related resonance, which may explain the low mass loss
observed in TGA-MS. The most plausible explanation is the premature
release of NHj prior to or during synthesis. Finally, L and L TT80 show
nearly identical spectral profiles. However, the signal around 1 ppm
(associated with Al-H) appears more pronounced in L TT80, potentially
indicating a higher polymer content. Nevertheless, the non-quantitative
nature of these spectra limits the depth of analysis.

3.4.2. Al MAS-NMR

The 2’Al MAS NMR spectrum of LiAlH4 was recorded (Fig. S10). A
characteristic resonance at 98 ppm is attributed to tetrahedral
aluminum in (AlH4)™ [25], while the signal at 1634 ppm corresponds to
metallic aluminum [26]. A minor resonance at —33 ppm, assigned to
six-coordinate aluminum in LigAlHe, was also observed. This signal
likely arises from partial degradation of LiAlH4 during storage [25].

Fig. 7 shows the central region (centerband) of the 27A1 MAS NMR
spectra of the studied samples. The complex lineshape observed between
110 ppm and 10 ppm suggests the presence of multiple aluminum en-
vironments. Since /Al is a half-integer spin nucleus (I = 5/2), the
central transition (—1/2 < +1/2), which appears in this region, is
subject to second-order quadrupolar broadening under MAS, in addition
to chemical shift effects. The observed lineshapes deviate significantly
from the typical second-order quadrupolar patterns seen in crystalline
samples. Instead, they are consistent with the Gaussian Isotropic Model
(GIM) [27,28], which reflects a broad distribution of local electric field
gradient (EFG) tensors and, consequently, a wide range of coordination
geometries.

Deconvolution of the spectra for M2, M2 TT80, and M3 revealed
recurring peaks at chemical shift values of 107, 96, and 70 ppm. The
peak at 107 ppm is attributed to an RgN-AlH3 environment (where R
represents aromatic or aliphatic carbon groups) [22]. The resonance at
96 ppm, although close to the typical chemical shift of LiAlH4, cannot be
conclusively assigned to unreacted LiAlH4, as this is not supported by
XRD data. An additional signal at 80 ppm suggests the formation of new
species, likely associated with partial hydrogen desorption followed by
the formation of polyaminoalane-type compounds, as proposed by
Wiberg and May [5]. These findings support the hypothesis that the
synthesis proceeded as intended, although full structural identification
of the material is still pending. Nevertheless, the possibility of slight
sample decomposition during synthesis, storage, or analysis cannot be
entirely ruled out.

In the spectrum of sample CM, a dominant signal at 107 ppm and a
secondary resonance at 9 ppm were observed, indicating aluminum
environments more closely related to AIN-like phases than to hydrogen-
rich species. This interpretation is supported by TGA results, which
showed no significant mass loss, implying that the material is either
thermally stable or that hydrogen release occurred during or shortly
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Fig. 7. Al MAS NMR experimental spectrum (black curve) and model
deconvolution (red curve), of samples M2, M3, L and CM, as well as those of
samples L TT80 and M2 TT80. The chemical shifts identified in these spectra
are correlated with the AI-N-H compounds shown in Fig. 8. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

after synthesis. The unresolved resonance at 171 ppm corresponds to the
outer part of the central transition associated with the main 107 ppm
signal.

A comparison of samples M2, M3, and CM suggests that all have
undergone partial hydrogen release. The resonances initially observed at
107 ppm (purple peak) and 97 ppm (blue peak) progressively decrease
in intensity with increasing temperature, indicating the gradual loss of
two hydrogen-rich environments. In contrast, the signal at 70 ppm
(green peak) increases in intensity, suggesting the formation of a rela-
tively hydrogen-deficient environment. Additionally, two new reso-
nances appear at 38 ppm and 9 ppm (ochre and brown peaks in M2
TT80, M3, and CM). These are tentatively attributed to hydrogen-poor
species, possibly corresponding to intermediate polymeric phases such
as polyaminoalane or polyiminoalane. Notably, the NMR spectrum of
M3 closely resembles that of thermally treated M2 TT80, indicating
structural evolution during synthesis and storage, unlike the freshly
synthesized M2 sample. The presence of metallic aluminum and LisAlHg
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in M2 and M3 suggests an insufficient bromide stoichiometry to fully
react with lithium ions. Cryo-milling appears to favor the formation of
metallic Al due to the higher mechanical energy input. In contrast,
sample L shows no metallic Al signal, highlighting the relative stability
of aluminum triamide or ammonia alane species under milder synthetic
conditions.

Sample L exhibits a low-intensity peak in the 120-100 ppm region,
similar to those observed in other samples, along with a sharp resonance
centered at 12 ppm. This signal can be attributed to six-coordinate
species such as aluminum triamide [Al(NH3)3] or aluminum hydride-
ammonia adducts [AlH3NH;3], as proposed by Wiberg and May under
similar conditions [5]. This assignment is further supported by mass
spectrometry data, which show ammonia release at 106 °C. Notably,
thermal treatment of sample L (L TT80) results in the near-complete
disappearance of the 12 ppm signal, strongly suggesting that this envi-
ronment corresponds to a labile six-coordinate adduct rather than cubic
AIN. This synthesis route appears to be the most effective for producing
AA or alane triamide.

In summary, the ?Al MAS NMR data provide the first structural
fingerprint of partially dehydrogenated and polymerized Al-N-H spe-
cies, most likely derived from AA (Fig. 8). The instability of these species
may be influenced by the necessity of bringing the samples to room
temperature for analysis. The diversity of observed chemical shifts in-
dicates a complex speciation landscape, comprising tetrahedral, octa-
hedral, and potentially three-coordinate aluminum environments. Given
the limited reference data available for such compounds, a more
detailed structural assignment will be pursued in a forthcoming study.
This will involve advanced solid-state NMR techniques, including
'H-%7A1 CPMAS, MQMAS, and 2D HETCOR experiments.

3.5. X-ray photoelectron spectroscopy

In order to have deeper insight into the chemical state of our AI-N-H
samples, XPS analyses were performed on our samples. The spectra are
presented in Fig. 9.

The Al 2p spectra of M2 and M3 exhibit multiple components that
require spectral deconvolution. In both samples, the dominant contri-
bution is centered at 74.5 eV, characteristic of AI-O environments, and
is attributed to aluminum oxide, along with a contribution from metallic
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Fig. 8. Experimental 2’Al MAS NMR chemical shifts of the observed Al-N-H
compounds, tentatively assigned to the predominant species potentially derived
from AA. The identification of these species remains hypothetical and requires
further experimental confirmation to validate their structural nature.
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aluminum (Al,03/Al), consistent with the NMR data (Fig. S11) [29].
The presence of aluminum oxide suggests partial surface oxidation,
likely resulting from brief exposure to air during sample handling and
transport. Although samples were handled under an inert atmosphere as
much as possible, minor atmospheric contamination during transfer may
have led to superficial oxidation. This interpretation aligns with previ-
ous findings by Parkhomenko et al. [30], who showed that oxygen
incorporation in AIN thin films predominantly occurs at the surface. A
secondary component at 73.9 eV is observed, which is close to binding
energies reported for AIN-type environments [29,31-33]. In contrast,
the CM sample shows a much weaker Al 2p signal at 74.5 eV, suggesting
a lower surface concentration of aluminum species.

The Br 3d spectra of M2, M3, and CM reveal two distinct components
in each sample. The main contribution, centered at 69.0 eV, is attributed
to residual LiBr. A secondary peak at 68.0 eV may correspond to NH4Br,
further supporting the interpretation of incomplete reaction under the
conditions employed.

The corresponding N 1s spectra reinforce these interpretations. In
M2, a small peak at 397.6 eV is attributed to Al-N species, while a more
intense contribution centered at 399.8 eV is assigned to physisorbed or
coordinated NHs molecules. The N 1s spectrum of M3 shows a poor
signal-to-noise ratio, making reliable deconvolution difficult. This may
reflect the absence of nitrogen species or the complete degradation of
surface nitrogen functionalities, possibly due to extensive oxidation. In
CM, the NHgs-related signal is less pronounced, indicating a reduced
ammonia content. Intriguingly, the N 1s region of CM displays a
dominant peak at 401.5 eV, attributed to NH4Br or potentially other
unidentified nitrogen-containing species. The detection of NH4Br in this
sample is particularly unexpected, as no corresponding signal is
observed in M2 or M3. Furthermore, XRD analysis does not reveal the
presence of crystalline NH4Br.

In the L samples, the Al 2p region shows a dominant peak centered at
73.9 eV, characteristic of AI-N coordination [29,31-33], along with a
higher binding energy component at 75.0 eV corresponding to Al,O3
[29]. Upon thermal treatment at 80 °C, the Al-N signal in L TT80 in-
creases in intensity, suggesting that mild dehydrogenation enhances
Al-N coordination. Deconvolution of the N 1s region reveals two com-
ponents: a peak at 399.9 eV, attributed to physisorbed or weakly bound
NH;3, and a dominant signal at 397.4 eV, assigned to nitrogen atoms
incorporated into an AIN-like framework. These results support the
hypothesis of progressive dehydrogenation upon mild heating.
Furthermore, the aged L TT80 sample (denoted L TT80 old) displays
significantly reduced Al 2p and N 1s signal intensities, indicating ni-
trogen loss and highlighting the material's limited stability over time
under ambient conditions.

In summary, the surfaces of the M2, M3, and L samples retain a
chemical signature consistent with AI-N bonding. In contrast, the CM
sample appears to be oxidized, with negligible surface concentrations of
aluminum and nitrogen. These findings underscore the poor stability of
Al-N-H compounds and highlight the critical influence of synthetic
parameters and storage conditions on preserving their surface chemical
composition. The formation and preservation of AA are highly sensitive
to temperature throughout the entire workflow, from synthesis and
glovebox transfer to storage and characterization. Even brief exposure to
ambient conditions can trigger partial dehydrogenation or structural
evolution. Therefore, to preserve the as-synthesized environments,
particularly those rich in hydrogen, stringent temperature control is
essential. This necessitates the development of an integrated, inert-
atmosphere experimental workflow encompassing synthesis through
to storage. In practice, such a strategy would require maintaining all
critical steps below —45 °C, in line with the thermal stability threshold
reported by Wiberg and May [5], who identified this temperature as
critical for inhibiting AA decomposition.
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Fig. 9. N 1s and Al 2p XPS spectra of samples M2, M3, L and CM.

4. Conclusion

This study presents a comprehensive experimental investigation of
ammonia alane-based compounds synthesized via three distinct routes
(Lewis acid-base reaction, metathesis, and cryo-milling). These syn-
thetic approaches reveal clear differences in their practicality and effi-
ciency for preparing AI-N-H compounds. The metathesis route appears
intrinsically limited by the low reactivity of the solid precursors, sug-
gesting that higher activation energy or nanosized precursors would be
necessary to drive the reaction to completion. Additionally, this method
involves a filtration step at room temperature, raising concerns about
the potential evolution of unstable species during liquid-solid separa-
tion. The cryo-milling approach addresses some of these limitations by
enhancing precursor reactivity through repeated mechanical stress and
avoiding solvent-mediated reaction. However, the formation of the LiBr
by-product that is not removable under solvent-free conditions, signifi-
cantly limits the effectiveness of the method. Moreover, even under
cryogenic conditions, the mechanical energy input appears excessive,
promoting the formation of metallic aluminum rather than the desired
Al-N-H phase. Among the three strategies, the Lewis acid-base reaction
emerges as the most reliable and reproducible route. It offers rapid re-
action kinetics, a controlled chemical environment, and avoids the for-
mation of undesired by-products. Provided the entire process is
conducted below —45 °C, this method appears to be the most promising
pathway for producing Al-N-H materials.

Solid-state 'H and 2’Al MAS NMR spectroscopy confirm the coexis-
tence of various aluminum environments, including Al-N coordination
and residual metallic aluminum. Thermal activation at 80 °C promotes
the formation of a polymeric phase, likely responsible for enhanced
Al-N bonding, consistent with progressive hydrogen or ammonia
release. In contrast, prolonged ambient storage leads to a significant loss

of nitrogen functionalities and aluminum signals, underscoring the
intrinsic instability of these compounds. Collectively, these findings
confirm the instability of AA, which remains elusive in isolated form, as
well as the susceptibility of related Al-N-H phases to thermal and
environmental degradation. Future fundamental work is planned,
employing advanced 2D solid-state NMR techniques, including 2’Al
multiple quantum MAS (MQMAS), 'H-?"Al heteronuclear correlation
(HETCOR), and cross-polarization MAS (CPMAS), to further elucidate
the transient coordination environments and degradation pathways.
These insights will be critical for the rational design of stabilized AI-N-H
compounds for reversible hydrogen storage applications.

Given the thermal sensitivity of AA, experimental infrastructure
must be specifically adapted to its poor stability. This includes main-
taining subzero temperatures throughout all critical stages, from syn-
thesis and glovebox transfer to storage and characterizations.
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