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ABSTRACT: We report the structure of an aluminum
borohydride ethylenediamine complex, Al(EDA)3·3BH4·EDA.
This structure was successfully determined using X-ray powder
diﬀraction and was supported by ﬁrst-principles calculations.
The complex can be described as a mononuclear complex
exhibiting three-dimensional supramolecular structure, built
from units of Al[C2N2H8]3, BH4, and ethylenediamine (EDA)
molecules. Examination of the chemical bonding indicates that
this arrangement is stabilized via dihydrogen bonding between
the NH2 ligand in EDA and the surrounding BH4. The partial
ionic bonding between the Al and N atoms in EDA forms a
ﬁve-member ring (5MR), an Al[NCCN] unit. The calculated
H2 removal energies conﬁrm that it is energetically favorable to
remove the loosely bonded EDA and H atoms with N−H···H−B dihydrogen bonds upon heating. Our results suggest that the
NH2 terminal ligand in the EDA molecule combines with a H atom in the BH4 group to release H2 at elevated temperature, and
our results conﬁrm that the experimental result Al(EDA)3·3BH4·EDA can release 8.4 wt % hydrogen above 149 °C with
detectable EDA molecules. This work provides insights into the dehydrogenation behavior of Al(EDA)3·3BH4·EDA and has
implications for future development of promising high-performance metal borohydride ethylenediamine complexes.

1. INTRODUCTION
With the increasing demand for renewable energy, people
consider hydrogen as one of the suitable candidate energy
carriers because it is environment friendly and abundant in
earth. Recently, mass production of hydrogen fuel cell family
vehicles has been achieved by several companies with ongoing
large investments in this infrastructure. However, an eﬃcient
method to utilize safe and high density hydrogen storage in
hydrogen vehicle applications is still a key challenge.1−3 Great
interest has been focused on light complex metal hydrides such
as metal hydrides, amides, and borohydrides for hydrogen
storage. Among these materials, metal borohydrides such as
LiBH4,4,5 Mg(BH4)2,6,7 and Al(BH4)38,9 are considered as
promising materials because they have attractive properties of
high volumetric and gravimetric hydrogen densities. As an
example, Al(BH4)38,9 possesses a theoretical gravimetric
hydrogen density of 16.9 wt %, which reaches the system
target of 5.5 wt % for 2017 set by the U.S. DOE.10 However,
© 2016 American Chemical Society

dehydrogenation temperatures of metal borohydrides usually
happen at over 250 °C and produce impurity gases, such as
diborane, together with hydrogen,11 which is inappropriate to
be used in hydrogen fuel cell vehicles.
To overcome the kinetic and thermodynamic limitations of
the decomposition of metal borohydrides, several strategies like
catalytic doping,12 nanoengineering,13 and additive destabilization14 have been employed in recent years. Additionally, the
high stability of metal borohydrides can be tuned by the
formation of bimetallic borohydrides, such as Al3Li4(BH4)13,15
LiZn2(BH4)5,16 and NaZn(BH4)3.17 Their stability can be
decreased with increased Pauling electronegativity (χp) of the
metal cations in the structures, which weakens the B−H bonds
with metal cations. However, these methods do not solve the
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Al(EDA)3·3BH4·EDA was successfully solved from synchrotron
powder X-ray diﬀraction (PXRD) data and was supported by
ﬁrst-principles calculations. The thermal decomposition behavior of this compound was studied with in situ high temperature
PXRD measurements and was systematically compared with
pristine aluminum borohydride through structural analysis and
property evaluations. Meanwhile, the energies of dehydrogenation and the removal energies of EDAs in Al(EDA)3·3BH4·
EDA were calculated.

problem of undesired B2H6 gas generation during decomposition. On the other hand, complexes combined with
ammonia borane (AB) and metal borohydride ammoniates
(MBAs) have been developed. One of the fascinating strategies
in the development of these compounds is trying to formulate
the borohydrides with groups of Hδ+ enriched molecules such
as NH 3 to form novel nitrogen and boron-combined
materials.18 Both hydridic and protic hydrogen atoms are
contained in these compounds; as the result, they are proposed
to release hydrogen under much milder conditions. Upon
heating, a local combination of the N−H δ+ ···H δ− −B
dihydrogen bonds can be realized in these compounds.19 For
example, a series of MBAs, including LiBH4·NH3,20,21 Mg(BH4)2·2NH3,22 and Al(BH4)3·nNH3,23 have been synthesized
and studied as potential hydrogen storage materials. In these
examples, compounds of Al−B−N−H systems are considered
as one of the promising materials in terms of dehydrogenation
properties. Compared to the high decomposition temperatures
of the aluminum borohydrides, the aluminum ammoniate
complex showed much lower decomposition temperature,
together with a higher hydrogen purity.24 Despite the high
hydrogen content of AB (19.6 wt %), simple ammonia borane
decomposed with only 6.5 wt % H 2 released, and
decomposition was accompanied by borazine and aminoborane. A remarkable example of the dehydrogenation of AB
on the Al3+ template is observed for the [Al(NH3BH3)(BH4)3]
complex.25 The endothermic release of two equivalents of
hydrogen leads to the formation of [Al(NHBH)(BH4)3]n,
where the dehydrogenated ammonia borane remains coordinated to the Al atom. In the other group containing AB
molecules, ammonia borane metal containing derivatives
(MABs), such as LiNH2BH3 and NaLi(NH2BH3)2, were
synthesized with considerable improvement in performance,
but still most of these MABs release toxic ammonia and
NH2BH2 in addition to hydrogen.26,27
Recently, the ethylenediamine (EDA) containing complexes
were explored because of their high hydrogen capacity.28,29 The
EDA molecule is the simplest diamine and one of the
fundamental chelating agents for coordination compounds. It
is rich in protic hydrogen atoms. These EDA containing
complexes can be considered as a potential chemical hydrogen
storage material. It was demonstrated that some of the metal
borohydride ethylenediamine complexes (labeled as EMBs)
released traces of EDA molecules under decomposition, while
the rest of the complexes can generate high purity hydrogen
under similar conditions. The diﬀerent decomposition behavior
of these materials may be due to the diﬀerent metal−ligand
coordination strength because of the molecular and crystal
structures; electronegativity of these compounds is diﬀerent,
which aﬀects the chemical bonding properties among the Mg,
Al, and BH4 metal cations and EDA molecules and which thus
leads to diﬀerent dehydrogenation behavior. However, the
structure of Al(BH4)3·nEDA complexes remained unresolved in
the previous study.29 Therefore, to understand the mechanism
of the decomposition behavior of aluminum borohydride
ethylenediamines requires detailed studies of the relationship of
the crystal and electronic structures of the material in order to
allow targeted design of these materials to further improve the
dehydrogenation performance.
In this paper, Al(EDA)3·3BH4·EDA was synthesized via a
direct synthesis approach on the basis of a gas−gas phase
reaction between Al(BH4)3 and EDA. The compound has a
theoretical hydrogen capacity of 14.2 wt %. The structure of

2. EXPERIMENTAL DETAILS
2.1. Synthesis. The starting materials of LiBH4 (95%),
AlCl3 (99.9%), and ethylenediamine (EDA) (99.5%) were
obtained from Sigma-Aldrich and were used directly without
further puriﬁcation. First, Al(BH4)3 was obtained by the
reaction of LiBH4 and AlCl3 under a ﬂowing stream of highpurity Ar according to the reported method.30 Then, synthesis
of the Al(EDA)3·3BH4·EDA compound was realized by eq 1,
using Al(BH4)3 gas phase with excessive EDA gas, similar to the
method described in a previous report.29
Al(BH4)3 + 4C2H8N2 = Al(BH4)3 (C2H8N2)4

(1)

White powder was produced at the bottom of the reactor, and
the excess EDA was removed with a roughing pump. The ﬁnal
solid product was examined with powder X-ray diﬀraction
(PXRD) for structure, crystallinity, and phase purity analyses.
2.2. Diﬀraction Studies. PXRD experiments were
conducted at the Powder Diﬀraction beamline, Australian
Synchrotron. The as-produced ﬁne white powder samples were
packed into predried 0.7 mm boron−silica glass capillaries
inside an argon-ﬁlled glovebox which was then sealed with
vacuum grease for the measurements. An X-ray beam of a
wavelength of 1.0315 Å was used in conjunction with a
Mythen-II detector to collect the diﬀraction data. To estimate
the dehydrogenation pathway and to identify the reaction
products, time-resolved in-situ measurements were carried out
with the capillary sample assembled in an in-house designed
ﬂow cell and heated using a Cyberstar hot-air blower. The
sample was kept under 1 atm of high purity Ar atmosphere
(99.999%) during heating from 30 to 300 °C in steps of 10 °C
at a constant ramping rate of 6 °C/min. Diﬀraction data at each
temperature step were collected over approximately 120 s.

3. FIRST-PRINCIPLES CALCULATIONS
Density functional theory (DFT) calculations were performed
on the experimental structure using the CASTEP 8.0
software.31 The generalized gradient approximation (GGA)32
based on a Perdew−Burke−Ernzerhof (PBE) exchange
correlation function33 was used. The interactions between the
ionic core and the valence electrons were treated with ultrasoft
pseudopotentials.34 Atomic pseudopotentials performed for
atoms in this work corresponded to Al 3s23p1, B 2s22p1, N
2s22p3, C 2s22p2, and H 1s1. DFT-D semiempirical correction
method represented by the Tkatchenko−Scheﬄer (TS)
scheme35 was used to account for hydrogen bonding and van
der Waals (VdW) interactions. The cutoﬀ energy of the plane
wave basis set was 400 eV in all calculations, and Monkhorst
Pack k-point mesh was used in the calculation to ensure that
the total energy value convergence was within 1 meV/atom.
During the optimization process, the tolerance convergence
accuracy was set when the total energy was less than 2.0 × 10−6
eV/atom, the maximum force on each atom was less than 0.01
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eV/nm, the maximum stress was less than 0.01 GPa, and the
maximum displacement between cycles was less than 1 × 10−5
eV. DFT optimization of the structural model was performed
with relaxed lattice parameters and atomic positions without
space group symmetry constraints. The hydrogen and EDA
removal energy calculations in Al(EDA)3·3BH4·EDA were
performed in a 2 × 2 × 2 supercell to avoid unphysical
interactions between neighbor cells and to make the computational results comparable. Isolated H2 or EDA molecule energy
was calculated in a 15 × 15 × 15 Å3 cubic cell.

Table 1. Experimental and Crystallographic Details for
Al(EDA)3·3BH4·EDA
formula sum
formula weight
crystal system
space group
cell parameters

4. RESULTS AND DISCUSSION
4.1. Crystal Structure Analysis. Figure 1 shows the
Rietveld reﬁnement of the synthesized sample using high-

cell volume
Z
calcd density
RB
Rwp
GoF
2θ
measured temperature
diﬀractometer

C32 N32 H176 B12 Al4
1247.61 g/mol
monoclinic
P21/a (14)
a = 15.6538(5) Å
b = 11.2713(3) Å
c = 13.1701(4) Å
β = 111.7985(13)°
2157.57(12) Å3
4
0.9601 g/cm3
2.56%
3.64%
1.883
2θmin = 3°; 2θmax = 83°
26 °C
Mythen-II

complex exhibiting three-dimensional supramolecular structure,
which comprises building units of Al[C2N2H8]3, BH4, and
ethylenediamine (EDA) molecules. The structure is associated
together by H···H bonds between [Al(EDA)3]3+, EDA, and
BH4 groups. Each Al3+ cation is linked via six N atoms to three
chemically equivalent EDA molecules to form an octahedrally
coordinated complex as shown in Figure 2b. Each surrounding
EDA molecule has lone pairs on two N atoms, which form
chelate [AlNCCN] ﬁve-member rings (5MR) with a central
Al3+ cation. This stable coordination is commonly observed in
many coordination polymers. Short H···H distances, namely,
1.658−1.745 Å, form between hydrogen atoms in BH4 groups
and the NH2 fragment in [Al(EDA)3]3+ complexes. It is likely
that dihydrogen bonds occur between the BH4 and the
[Al(EDA)3]3+ groups to stabilize the crystal structure. The
weak H···H bonds in the range of 1.968−2.203 Å between the
noncoordinated EDA molecule and the BH4 groups form
zigzag chains along the a axis. Similar features were observed in
the structures of Mg(BH4)2·3EDA and Mg(BH4)2·4EDA.28 In
both these Mg containing compounds, a [Mg(EDA)3]2+
complex formed with Mg−N distances of 2.21−2.24 Å, which
are much longer than Al−N distances ranging from 2.003 to
2.111 Å in the [Al(EDA)3]3+ complex. This indicates possible
stronger bonding in the [Al(EDA)3]3+ complex. Moreover, the
structure of Mg(BH4)3·3EDA does not contain the noncoordinated EDA molecules.
4.2. Decomposition Pathway. The thermal decomposition behavior for Al(EDA)3·3BH4·EDA sample measured with
in situ PXRD is presented in Figure 3. The PXRD patterns
show two separate decomposition steps from room temperature to 300 °C. When the sample is heated from 30 to 100 °C,
the peak intensities are almost unchanged, while all diﬀraction
peaks shift slightly to lower 2θ angles. This reveals that the unit
cell increases slightly with temperature, and the material is
stable in this temperature range. Starting from 110 °C, peak
intensities gradually decrease and no new peaks appear,
indicating that the sample is partially decomposed but that
no polymorphic phase transition occurs. At 150 °C, all sharp
peaks have totally disappeared, and the sample decomposes
into an amorphous phase A with two broad bumps around 8.9
and 14.8° in the PXRD pattern. From 200 °C, the broad bump
around 8.9° disappears and only the broad bump around 14.5°

Figure 1. Rietveld reﬁnement proﬁle for Al(EDA)3·3BH4·EDA phase
showing observed (blue), calculated (red), and diﬀerence (gray) plots.
The allowed Bragg reﬂections (tick marks) are shown for Al(EDA)3·
3BH4·EDA (blue).

resolution PXRD data. All diﬀraction peaks can be indexed in
the high-resolution PXRD pattern suggesting that the reaction
proceeded successfully and that a pure substance was obtained.
Bragg peaks in the room temperature diﬀraction patterns from
the sample were indexed to a monoclinic unit cell using code
DICVOL06.36 The structure was subsequently solved in the
space group of P21/a (No. 14) by global optimization in direct
space, using the program FOX.37 Diﬀerent models were
attempted, and ﬁnally, a model with the [Al(EDA)3]3+ complex
combined with one free EDA and three independent BH4−
anions yielded a satisfactory solution. A good ﬁt and several
dihydrogen bonds with appropriate geometry conﬁrmed the
assumptions made. Rietveld reﬁnement was performed using
TOPAS v4.2 (Bruker 2008), and the reﬁned lattice parameters
are a = 15.6538(5) Å, b = 11.2713(3) Å, c = 13.1701(4) Å, β =
111.7985(13)°, and V = 2157.57(12) Å3. Because of the weak
scattering of H atoms from PXRD data, the structure was
reﬁned with the BH4 and EDA groups as relaxed rigid bodies
with nominal bond distances as starting values. The diﬀraction
proﬁle ﬁt is shown in Figure 1, with the agreement factors of
Rwp = 3.64%, RB = 2.56%, and GoF = 1.883. The results of the
structure determination, experimental details, and atomic
positons are presented in Table 1 and Table S1. First-principles
calculations were then performed to search and validate the
lowest energy structure conﬁguration. More details can be
found in the CIF ﬁle (CCDC 1463851).
The crystal structure of Al(EDA)3·3BH4·EDA, shown along
the b axis in Figure 1a, can be described as a mononuclear
10194
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Figure 2. Three dimensional crystal structure of Al(EDA)3·3BH4·EDA (a) presented in a unit cell viewing along b axis and (b) local atomic structure
of Al(EDA)3 complex (Al3+ cation coordinates with three EDA molecules) with BH4 group.

Given the noncoordinated weakly H···H bonded EDA with
surrounding BH4 groups in the structure, it is expected that this
EDA can easily detach from the structure upon heating.
4.3. Chemical Bond Analysis. To understand the bonding
character and decomposition mechanism of Al(EDA)3·3BH4·
EDA compound, we employed ﬁrst-principles calculations to
investigate the optimized crystal structure, electronic structure,
and thermodynamic properties of decomposition, including the
energies of dehydrogenation and the removal energies of EDA
molecules in Al(EDA)3·3BH4·EDA. For comparison, a pristine
aluminum borohydride compound, β-Al(BH4)3, was also
calculated, for which the crystal structures and calculated data
are shown in Figure S1 and Table S2. The calculated lattice
parameters for Al(EDA)3·3BH4·EDA are in good agreement
with the experimental data with about 3−4% diﬀerence, which
shows the reliability of our calculation method. The calculated
total and partial electronic density of states (DOS) for both
compounds are shown in Figure 4. In general, there are ﬁnite
energy gaps of 2.8 and 5.8 eV for Al(EDA)3·3BH4·EDA and βAl(BH4)3, respectively, which exhibit nonmetallic features. The
actual gap could be even larger since DFT is known to
underestimate the band gap of semiconductors and insulators.
The calculated band gap, 2.8 eV, of Al(EDA)3·3BH4·EDA is in
the range of wide semiconductors (e.g., GaN 3.4 eV, GaP 2.26
eV) and is much narrower than that of β-Al(BH4)3. This
implies that the coordination of the EDA groups narrows the
band gap. The occupied states at EF are mainly contributed by
N and H atoms from EDA molecules. The lower valence band
(VB) region (below −10 eV) is dominated by N 2s, C 2s, and
H(EDA) 1s states; the upper VB (from −8 eV to EF) is clearly

Figure 3. In-situ variable temperature synchrotron powder XRD of
Al(EDA)3·3BH4·EDA compound. Black lines show crystalline phase,
red lines show amorphous phase A, and blue lines show higher
temperature amorphous phase B.

remains. This indicates that amorphous phase A further
decomposes into another amorphous phase B at higher
temperatures. In the temperature range from 200 °C to the
highest temperature measured in this study, 300 °C, no further
signiﬁcant change is observed in the PXRD patterns. Our
results agree well with the reported diﬀerential scanning
calorimetry (DSC) and thermal analysis/mass spectrometry
(TG/MS) results, where two exothermic peaks were observed
at 149 and 198 °C. 29 TG/MS analysis showed two
dehydrogenation steps for the Al(EDA)3·3BH4·EDA sample,
with 4.8 wt % hydrogen released in the ﬁrst step and 8.4 wt %
hydrogen released in total. A trace amount of EDA was
detected along with hydrogen generation of 96.1% H2 purity.
10195

DOI: 10.1021/acs.jpcc.6b02575
J. Phys. Chem. C 2016, 120, 10192−10198

Article

The Journal of Physical Chemistry C

Figure 4. Total and partial electronic density of states for (a) Al(EDA)3·3BH4·EDA and (b) β-Al(BH4)3. The Fermi level is set to 0 eV and marked
as the vertical dash line.

Figure 5. Electron localization function (ELF) for Al(BH4)3·4EDA and Al(BH4)3. 2D cross sections cut through Al (purple), B (pink), N (blue), and
H (white) atoms (rainbow scale is used ELFmin = 0.02, ELFmax = 0.9).

excess kinetic energy density because of Pauli repulsion.39,40
ELF can be used as an indicator for understanding the chemical
bonding in solids. As shown in Figure 5, the large value of ELF
at all H sites indicates either strongly paired electrons or closedshell bonds. It can be seen in Figure 5a that the high ELF value
between Al and N and the negligibly small value of ELF at the
Al site with distorted square distribution shape indicate that the
bonding interaction between Al and N is partially ionic. It
shows that there is some charge transfer from Al to N atoms.
The ELF distribution at the H site in BH4 group is not
spherically symmetric, and it is polarized toward the H atom in
the [Al(EDA)3]3+ group indicating the inﬂuence of the H···H
bonding between the two groups. A similar ELF feature can be
seen in Figure 5b, where the ELF distribution at the H site in
the noncoordinated EDA group is distorted toward the
neighboring BH4 group. It indicates that the H···H bonding

indicated by strong sp hybridization of states among Al 3p, N
2p, and H(EDA) 1s. This may result in a strong association
between the Al atom and the coordinated EDA molecules,
stabilizing the structure. The top of VB is composed of B 2p
and H(BH4) 1s hybridized states, which reﬂects the picture in a
tetrahedral unit like BH4. Our calculated electronic DOS of βAl(BH4)3 is similar to the results by Miwa et al.38 The VB is
well separated into two regions (from −9 to −6 eV and from
−4 eV to EF). The occupied states are primarily dominated by
B 2s2p and H 1s orbitals, with negligible contribution from Al
orbitals. This shows essentially ionic interaction between Al
atoms and BH4 groups.
The electronic structure was further analyzed by examining
the valence electron localization function (ELF). ELF is based
on the Hartree−Fock pair probability of parallel spin electrons
and can be calculated in density functional theory from the
10196
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released at 149 °C as shown in the MS results29 is consistent
with this N−H···H−B dihydrogen bond mechanism. Between
150 and 180 °C, there was a 18.3 wt % drop from TG results,
which corresponds to both noncoordinated EDA and the
hydrogen being released within this temperature range. The
earlier calculation results are in good agreement with reported
experimental dehydrogenation data showing that 96.1% purity
hydrogen can be released with EDA as the only detectable
impurity gas.

also exists in between these two groups. In the case of Al(BH4)3
shown in Figure 5c, the negligibly small value of ELF at the Al
site with distorted triangle distribution and the high ELF value
in between Al and B atoms indicate the partially ionic bonding
between Al and B atoms in the plane. It also shows strong Al−
H bonding with high ELF value in between. This explains the
decomposition of β-Al(BH4)3 at a high dehydrogenation
temperature of about 250 °C with B2H6 as impurity.9
4.4. Dehydrogenation Mechanism. From the electronic
structure analysis presented earlier, with the oppositely charged
Hδ+ from EDA units and Hδ− from BH4 units in the crystal
structure of Al(EDA)3·3BH4·EDA, the N−H···H−B dihydrogen bonding occurs between the EDA and BH4 units with the
H···H distance in the range of 1.658−2.203 Å. The intramolecular N−H···H−B dihydrogen bonds may contribute to
the recombination of Hδ+ and Hδ− and may be the key to
achieving the relatively low dehydrogenation temperature of
Al(EDA)3·3BH4·EDA, 149 °C.29 Two types of hydrogen atoms
can be identiﬁed in the Al(EDA)3·3BH4·EDA: the H atoms in
the EDA groups and the H atoms in the BH4 groups. The initial
step in the decomposition can be classiﬁed into two scenarios:
(1) the noncoordinated EDA leaves the structure and (2) the
combination of Hδ+ and Hδ− from BH4 and EDA, forming H2
gas. These two proposed decomposition mechanisms were
investigated by separately removing the EDA group or by
removing the Hδ+ and Hδ− from the BH4 and EDA with the
short distances. The removal energies can be calculated by
using eq 2:
ΔE = Etotal(EMB − X) + Etotal(X) − Etotal

5. CONCLUSION
In summary, the Al(EDA)3·3BH4·EDA compound has been
synthesized, which has a monoclinic crystal structure (space
group P21/a) with lattice parameters a = 15.6538(5) Å, b =
11.2713(3) Å, c = 13.1701(4) Å, β = 111.7985(13)°, and
volume of 2157.57(12) Å3. First-principles calculations were
carried out to study the structural properties of the Al(EDA)3·
3BH4·EDA as a potential hydrogen storage material. The
electronic structure of Al(EDA)3·3BH4·EDA was analyzed via
the electronic densities of states and the valence electron
localization function analysis. The DOS and ELF analysis
manifested strong correlation as N−H···H−B dihydrogen
bonds occur between NH2 ligand in the EDA group and H
atoms in the BH4 group. The partial Al−N ionic bonding in
[Al(EDA)3]3+ is conﬁrmed. The DFT calculation indicated that
it has a band gap of 2.8 eV as a wide band gap semiconductor.
The removal energies were further investigated to explain the
dehydrogenation properties of Al(EDA)3·3BH4·EDA compared
to pristine β-Al(BH4)3. It was also illustrated that the N−H···
H−B dihydrogen bonding improves the dehydrogenation
properties compared to the pristine β-Al(BH4)3. EDA
coordination number and EDA/BH4 group ratio have
signiﬁcant impacts on decomposition mechanism, such as
hydrogen capacity, purity, and dehydrogenation temperature.
Our results would be illuminative for understanding the
dehydrogenation behavior and the design of future metal
borohydride ethylenediamine complexes.

(2)

where Etotal is the total energy of a 2 × 2 × 2 supercell of
Al(EDA)3·3BH4·EDA; Etotal(X) presents the energy of an
isolated H2 or EDA molecule; and Etotal(EMB − X) is the total
energy of a supercell of Al(EDA)3·3BH4·EDA after several X
molecules have been removed. The calculated removal energies
are listed in Table 2. By comparing the removal energies of four

■

Table 2. Removal Energies To Remove H2, EDA Molecule
from a Supercell of Al(EDA)3·3BH4·EDA
removed molecule
2H(N−H···H−B) the shortest H−H
bond
2H(N−H···H−B) 2nd shortest H−H
bond
EDA (noncoordinated)
EDA (Al[C2N2H8]3)
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217.462
229.768
255.979
407.363

■

types of molecules, we found that removing the noncoordinated EDA required a relatively low energy of 255.979
kJ/mol, which conﬁrms that EDA molecule can be easily
released. The removal energies of two diﬀerent distance N−
H···H−B dihydrogen bonds are 217.462 and 229.768 kJ/mol,
implying that their removals are the most energetically
favorable. This suggests that the H atom in the NH2 fragment
of the EDA molecule combines with the H atom in the BH4
group to release H2 at elevated temperature. These H−H
interactions are expected to have profound impacts on the
thermal behavior of the Al(EDA)3·3BH4·EDA compound. On
the other hand, the removal energy for coordinated EDA in
[Al(EDA)3]3+ is much higher at 407.363 kJ/mol, suggesting
that removing this group is energetically unfavorable while
heating. The ﬁrst main H2 peak with 4.8 wt % hydrogen
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