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Ab initio investigation of ammonia-borane complexes for hydrogen storage
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The structural, electronic, and thermodynamic properties of ammonia-borane complexes with
varying amounts of hydrogen have been characterized by first principles calculations within density
functional theory. The calculated structural parameters and thermodynamic functions (free energy,
enthalpy and entropy) were found to be in good agreement with experimental and quantum
chemistry data for the crystals, dimers, and molecules. The authors find that zero-point energies
change several H, release reactions from endothermic to exothermic. Both the ammonia-borane
polymeric and borazine-cyclotriborazane cycles show a strong exothermic decomposition character
(approximately —10 kcal/mol), implying that rehydrogenation may be difficult to moderate H,
pressures. Hydrogen bonding in these systems has been characterized and they find the N-H bond
to be more covalent than the more ionic B-H bond. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2730785]

I. INTRODUCTION

Hydrogen storage, an important requirement for the
commercialization of hydrogen-based energy, poses a chal-
lenge for materials science. The idea of storing hydrogen in a
solid phase is attractive in order to meet the goals necessary
for on-board storage for fuel cell operation in automobiles
and electrical tools. Among the possible classes of materials,
chemical hydrides stand out as a strong candidate.' In par-
ticular, ammonia-borane complexes have more recently been
suggested as promising candidate materials for hydrogen
storage‘*_6 because of their high gravimetric (19.6 wt % H,)
and volumetric hydrogen densities and moderate decomposi-
tion te:mpe:rature:.7_10 Recent experimental investigations on
these systems show that by using a nanoscaffold of silica as
catalyst,4 or by milling and doping samples,s’6 the kinetics of
hydrogen release is improved and the exothermic nature of
the hydrogen release reaction can be suppressed. However,
hydrogen release reactions and the options for regeneration
are not fully studied for these systems. These are crucial
issues for the practical use of ammonia borane (BH;NHj3) as
a hydrogen storage system.

There have been several experimental studies on the
thermal decomposition of ammonia borane (AB).‘HO These
studies agree on a two-stepwise exothermic decomposition.
The first step releases about 1 mol of H, and the decompo-
sition residue consists mainly of polymeric aminoborane
[BH,NH,], with some aminoborane (BH,NH,) and borazine
(B3N3Hg) in the gas phase. In this paper, the ammonia-
borane thermal decomposition reactions will be studied
along two different paths: route A, the polymeric ammonia-
borane cycle, and route B, the borazine-cyclotriborazane
cycle. The release of hydrogen along these routes can be
summarized as follows:
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A. Route A—the polymeric ammonia-borane cycle
Reaction 1—The formation of Polyaminoborane (PAB):
x BH;NH;(,) — [BH,NH,], + Hy(y)- (1)

Reaction 2—The formation of Polyiminoborane (PIB):
[BH,NH,], — [BHNH], + XHy (), (2)

which ultimately leads to the formation of boron nitride
(reaction 3):

[BHNH], — xBN + xH, ) 3)

In practice, reaction 3 requires a large temperature
(~1500 K) for hydrogen release. In addition, boron nitride
(BN), the product of this reaction, is very stable and makes
the reverse reaction impractical for hydrogen storage.

B. Route B—the cyclic polymeric ammonia-borane
cycle

An alternative decomposition route of BH;NH; is by
formation of cyclic polymeric compounds, such as borazine
(B3N3Hg), cyclotriborazane (H,BNH,); (CTB), and polybo-
razylene ([B;N3;H,],) (PB). The hydrogen release reactions
that form cyclic polymeric compounds are

Reaction 4—Dehydropolymerization of borazine:

3BH;NH3(;) — B3N3Hg() + 6Hy)s (4)
followed by

B3N3Hg(g) — [B3N3Hy ], + Hyp). ()
Reaction 5—Borazine-cyclotriborazane cycle:

B3N3Hg () + 3Hy(q) <= (H,BNH,)5 ). (6)

Transformation of ammonia-borane into CTB:

© 2007 American Institute of Physics
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3BH3NH3(X) — (HzBNHz):;(s) + 3H2(g) (7)

Some theoretical efforts using quantum chemistry calcu-
lations have been made to characterize the thermodynamic
properties of these compounds in the context of molecular
systems.”f15 Although molecular calculations can give im-
portant clues about the thermodynamics of these systems,
most of these systems appear in the solid (crystalline or poly-
mer) phase and an appropriate description of the AB com-
pounds in these solid phases is needed since there is evi-
dence of significant H-H bonding between hydrogens on
different BH;NH; molecules,'” and the solid-solid reaction
energies are likely to be different from those in the gas
phase. Earlier density functional theory (DFT) calculations
on the energetic and structural properties of ammonia
borane,'”'® did not apply zero-point energy corrections and
predicted an endothermic reaction for the dehydrogenation of
AB, in disagreement with experimental data.”"°

This work attempts to provide a more general evaluation
of the energies of hydrogen release in ammonia-borane reac-
tions including all decomposition products reported experi-
mentally. The structures of the systems studied are shown
and summarized in Fig. 1. Our first principles study intends
to present not only the thermodynamic limits of the hydrogen
realease reactions, but also a much-needed insightful atom-
istic picture of the energetics, structural, vibrational, and
electronic properties in the hydrogenation and dehydrogena-
tion processes in ammonia-borane compounds.

Il. METHODOLOGY

We have explored the molecular and solid forms of
ammonia-borane complexes by using DFT (Ref. 18) as
implemented in the Vienna Ab initio simulation package
(vasp).'*% Exchange and correlation were treated in the gen-
eralized gradient approximation (GGA) of Perdew-Wang 91
(Refs. 21 and 22) and projector-augmented potentialsz‘g'24
with valence states 2s,2p; for B, 25,2p5 for N, and 1s for H
were used. Convergence was tested for supercell size effects,
Brillouin sampling, and energy cutoff. Plane waves with ki-
netic energy cutoff of 700 eV are used and the Brillouin-
zone integration is done on a 4X4X4 (8X1X1)
Monkhorst-pack k point mesh for the crystalline (polymeric)
phases. The molecules (H, and borazine) were calculated in
a large supercell (12X 11X 13 A% to avoid interaction
between the molecule and its image.

To determine and refine the structures of ammonia-
borane complexes, full ionic relaxation was performed by
using the conjugate gradient method until the forces were
converged to 0.025 eV/A. For crystalline structures, a vol-
ume relaxation has been also carried out in addition to the
ionic relaxation. Experimental input on these systems or
analogous molecules was used as starting positions for the
relaxations. The AB solid was relaxed from the position
given by the neutron crystallographic data.” For PAB, the
analog structures for polyethylene (both orthorhombic and
monoclinic) and AB have been used. The polymeric PAB
and PIB chains were optimized starting from the relaxed
molecules organized in different oligomers and including
their possible conformations.”** For the cyclic compounds
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such as borazine, CTB, and PB, the initial structures were
taken from available experimental data and quantum chem-
istry calculations.”* !

Phonon frequencies of ammonia-borane complexes were
obtained with the direct method®” on 3 X 3 X 3 supercells for
crystalline structures and 6 X 1 X1 cells for polymeric sys-
tems. The Hellmann-Feymann forces on all atoms in the su-
percell were calculated with displacements of 0.04 A for
each ion in three independent directions. Tests with smaller
displacement were performed and no significant change of
the force constants was observed indicating that the displace-
ments were in the harmonic regime. Based on these forces,
the dynamical matrix for each system was evaluated only at
the I" point of the Brillouin zone and the phonon frequencies
and their modes were obtained by diagonalizing it.

lll. RESULTS
A. Geometry and chemical bonding

To discuss the structural properties of ammonia-borane
complexes we compare our results obtained with DFT in
Tables I and II with the available experimental information.
For all the systems studied the calculated geometrical prop-
erties are in good agreement with the experimental data and
with other theoretical results obtained by quantum chemistry
calculations. 1731 1n particular, our results agree very
well with the results obtained by the most refined quantum
chemistry methods."" This is an indication that the chemistry
is correctly described by the DFT-GGA approximation. Our
data for the crystalline structures in Table II also agree well
with the experimental data available” and DFT calculations
on ammonia borane using the same functional.'’

Note that the BN dative bond, formed by the donor-
acceptor complex between the lone pair of NH; and the 2p
empty orbital of BH;, is shorter in the AB crystal than in the
molecule. The opposite effect occurs for the PAB and PIB,
for which the B-N bond gets longer going from the molecule
to the polymer. The former effect has been proposed to be
due to the short-range dipole-dipole interactions in the mo-
lecular ammonia-borane crystal.33 Interestingly, the DFT-
GGA calculations are able to correctly capture this feature.

An important issue to address is the nature of the bonds
between B, N, and H. The bond character can be obtained by
analyzing the electron localization function (ELF).**~" This
function is defined between 0 and 1, where a value of 1
means strong localization characteristic of covalent bonds or
lone electron pairs. Values close to 0.5 reflect an electron-gas
type. The ELF plots are similar for the different AB systems
and we discuss two of them in more detail: PIB and PB, as
they capture the different electronic environments and
chemical bonding observed in our calculations for AB com-
plexes (Fig. 2). The calculated electronic structure data of the
ammonia-borane complexes are available as supplementary
material.

The first interesting point is the symmetry difference in
the ELF for the hydrogen atoms bonded with boron and ni-
trogen. In the case of nitrogen, the calculated ELF is more
spherically symmetric, centered on the H sites, while for bo-
ron the ELF is elliptical and polarized away from the H site.
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FIG. 1. (Color online) Structures of ammonia-borane complexes: (a) ammonia borane, (b) polyaminoborane, (c) polyiminoborane, (d) borazine molecule, (e)
cyclotriborazane, and (f) p-polyborazylene. The blue atoms are B, the green atoms are N, and rose are the H atoms.

The polarization away from the boron indicates a more ionic
bond than for the hydrogen bonded to N. The observations
on the ELF plot are consistent with the projected density of
state for the hydrogen bonded to nitrogen and boron, respec-
tively (Fig. 3). Hydrogen bonded with boron accounts for
most of the states in the region close to the Fermi level. The
states of the hydrogen bonded to the nitrogen are in regions
of lower energy and closer to where the states of nitrogen are
localized. Of interest is the nature of the B-N bonds in PIB
and PB. In the ELF for both systems the covalent character
of the B-N bonds is clearly shown by the high values in the

region between the BN sites. The ELF characteristics for
hydrogen are found to have the same behavior regardless of
the kind of compound (chain or cyclic). This reflects a local
nature of the bonding between H and these atomic species.

B. Vibrational and thermodynamics properties

Figure 4 displays the vibrational density of states ob-
tained by the direct method for ammonia-borane complexes.
The experimentally measured infrared peaks are indicated by
arrows for comparison. In this section, we will discuss the
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TABLE I. Calculated and experimental geometric parameters of ammonia-borane complexes: bond lengths r

(A) and bond angles 6 (deg).

System BN "BH 'NH Ou -1 OuN-H THH' 0s N8B
BH;NHj 1.5978 1.2220 1.0291 110.64 107.22 2.2012

Expt. 1.58(2) 1.18(03) 1.07(04) 2.23(04)
BH3NH;gimer) 1.6328 1.2315 1.0392 111.96 107.95 1.8769

BH;NH;, 1.6461 1.2161 1.0237 113.34 107.83

Expt. 1.6576 1.2160 1.0140

[BH,NH,], 1.6035 1.2059 1.0248 115.02 106.52 110.12
BH,NHy () 1.3928 1.2000 1.0141 122.32 113.33

Expt. 1.403

[BHNH], 1.4317 1.1964 1.0201

HBNH,, 1.2464 1.1730 0.9987

Expt. 1.2381

Borazine 1.4342 1.1993 1.0139 123.15
CTB 1.5844 1.2208 1.0397 111.45 104.30 115.59
Expt. 1.570 1.12

Polyborazylene 1.4073 1.2010 1.0137 121.12

general characteristics of the vibrational density of states fo-
cusing on the differences between the systems studied.

We observe an overall agreement with the experimental
results for all the systems involved (AB, PAB, PIB, CTB,
and PB).*10338 1t jg important to clarify that the experimen-
tal data for PB is in solution of HCl,38 which makes the
direct comparison not so straightforward. The higher fre-
quency regime (~3500-3700 cm™!) is associated with the
stretching of N—H bonds. These modes shift to higher fre-
quencies from CTB to AB, PAB, and PIB. This effect is due
to the shortening of the NH distance, as can be observed in
Table I. A similar trend is observed in the region of
2500 cm™!, which corresponds to the stretching of the B—H
bond. Around 1610 and 1000 cm™', there are modes related
to the NH; (NH,) bend. Note that these modes disappear in
the PIB case. The same happens for the modes around
1100 cm™" which are related to the BH;(BH,) bending
mode. The stretching mode for the BN double bond is found
to be in the region of 1350 cm™!. The discrepancy with the
experimental values at high frequencies is related to the
overestimation of the BH and NH bond lengths in our first
principles calculation as compared to experiment, at least for
the case of ammonia borane. The modes related to the BN

bond are well described within DFT, as can be expected from
the good agreement between calculated and experimental
B-N bond lengths.

The bond frequencies make it possible to assess the vi-
brational contribution to the thermodynamic properties as a
function of temperature within the harmonic approximation.
We will treat the cases of solids and molecules separately.
The total Gibbs free energy is given by

G(N,V,T)=H(N,V,T)-T.S(N,V,T). (8)

For the solids, the enthalpy H can be written as a combina-
tion of several terms,

H(N,V,T)=E°

elec

+ Evib(T) + pV? (9)
where Eglec is the ground state energy obtained by first prin-
ciples calculations, p the pressure, and V the volume. Since
the effect of pressure on the free energy of solids is small we
neglect the pV term. The term E,;,(7) is the vibrational en-
thalpy contribution above the ground state energy, as ob-
tained within the harmonic approximation by:28

TABLE II. Optimized structural information obtained in this study by first principles calculations.

System a (A) b (A) c (A) a (deg) B (deg) v (deg) Volume (A?)
BH;NH;(crystal) 5.302 4.939 5.172 90.0 90.0 90.0 135.44
BH;NH;(expt) 5.395(2) 4.887(2) 4.986(2) 90.0 90.0 90.0 131.5(16)
BH,NH (potymen) 2.629 .. . . o e
HBNH g1y mer) 2518

Cyclotriborazane 4.402 12.230 11.211 90.0 90.0 90.0 603.57
Polyborazylene 4.300 e
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FIG. 2. (Color online) Examples of electronic environment in the ammonia-
borane complexes: electron localization function (ELF) of (a) polyiminobo-
rane (PIB) and (b) polyborazylene (PB). The isosurface of ELF=0.9 is
shown. Rainbow scale used: ELF=1(red) to ELF=0(blue).

e}

frw )dw, (10)

ﬁwg(w)coth( 2, T

1
Ein(T) = EVJ

0

where T is the temperature, » is the number of degrees of
freedom, 7 is the Planck constant, kj is the Boltzmann con-
stant, and g(w) and w are, respectively, the phonon density of
states and the frequencies obtained by the direct method.

The finite temperature-dependent term can be separated
from the zero-point energy (E,pg) by taking the limit of Eq.
(10) as the temperature goes to zero.
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FIG. 3. Projected electronic density of states for the hydrogen bonded with
nitrogen (Hy) and boron (Hg) for polyiminoborane and polyborazylene.
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FIG. 4. Calculated vibrational density of states for ammonia borane (AB),
polyaminoborane (PAB), polyiminoborane (PIB), cyclotriborazane (CTB),
and polyborazylene (PB). The infrared experimental data available is indi-
cated by arrows. For PB, the experimental value is for B;N;Hg3;HCI (see
text).

©

1
EZPE =lim EVib(T) = —rf ﬁwg(a))dw (1 1)
T—0 2 0

For the molecules (hydrogen and borazine), additional
terms based on ideal-gas behavior have been included to de-
scribe the translational [(3/2)kzT], rotational [kzT for H, and
(3/2)kgT for borazine], and the pV terms (kgT). In the gas
phase the term relative to the enthalpy is then given by

H,(N,V,T)=E°

elec

+ Evib(T) + Emolecule(T) . (12)

The E,ojecule 18 the contribution from the molecular degrees
of freedom and is given by (7/2)kgT for H, and 4kgT for
borazine.

In the harmonic approximation, the vibrational entropy
as a function of the temperature is.*?

Downloaded 04 Jun 2007 to 18.82.7.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



184703-6 C. R. Miranda and G. Ceder

J. Chem. Phys. 126, 184703 (2007)

TABLE III. Polymeric and cyclic ammonia-borane complex route reaction energies in kcal/mol for the crys-

talline systems.

AH
Reaction No. Reactants Products This work
1 H3BNH3(J) - [HZBNHZJX HZ(A’)
Eqjec —871.88 =711.35 -156.76 +3.77
+Epp -824.76 -675.62 -150.71 -1.57
2 [H,BNH,], — [HBNH], Hy()
Eqjec =711.35 -553.09 -156.76 +1.50
+Ezpgp -675.62 —534.48 —-150.71 -9.57
4 B3N3H) - 2[B3N;H, ], Hy)
Egjec -1662.64 -1509.36 -156.76 +3.48
+Epg -1604.27 -1462.90 -150.71 -9.34
5 B3N3H6(g) 3H2(g) — B3N3H12(3)
Eeec -1662.64 —470.28 -2147.23 +14.31
+E pp -1604.27 —452.13 -2039.42 +16.98
6 3H;BNHy,, — B3N;H ) 3Hy(
Eqjec -2615.64 -2147.23 —-470.28 -1.87
+Epp —2474.28 -2039.42 —452.13 -17.27

-hw
—ln{l —exp( T )} dw. (13)
B

Tables IIT and IV summarize the total electronic en-
thalpy, the corresponding zero-point correction, and the reac-
tion enthalpy at O K for the crystalline and gas phases for the
polymeric ammonia-borane complexes cycle (route A). The
quantum chemistry results for the gas phase are also included
for comparison. The DFT results are in good agreement with
quantum chemistry calculations.' ™"

The results in Table IV indicate that the zero-point en-
ergy corrections are an important factor to be considered. In
particular, this contribution is responsible to get the correct
exothermic character of polyaminoborane formation (reac-
tion 1) for both the crystalline and molecular case. In addi-
tion, Table IV also shows the importance of calculating the
energies in the solid phase of the products. If only reactions

between molecular species are considered,11 the iminoborane
formation (reaction 2) has a strong endothermic character
(30.25 kcal/mol at 300 K) in disagreement with thermal de-
composition experiments.“f10

The thermodynamic properties (Helmholtz free energy,
enthalpy, and entropy) of the crystalline phase of AB are
shown in Fig. 5 with the corresponding quantities at 0 K as a
reference. The calculated results compare well with the
available experimental data (squares). This indicates that the
harmonic approximation provides a good description of the
thermodynamics of ammonia borane. A deviation of the ex-
perimental values is expected for temperatures above 230 K,
where a structural transition from the orthorhombic to tetrag-
onal structure takes place for the crystalline AB.”

We show in Fig. 6 the thermodynamic properties for the
other crystalline and polymeric phases of the ammonia-
borane complexes. To the best of our knowledge, experimen-
tal data for these quantities are not available in the literature.
However, based on the good agreement with experiments for
ammonia borane, and the correct description of the vibra-
tional properties for these systems, we expect that our calcu-

TABLE IV. Polymeric ammonia-borane complex cycle reaction energies in kcal/mol for the molecular systems.

AH
AH Quantum
Reaction No. Reactants Products This work chemistry”
1 H;3;BNHj(, — H,BNH,, S BT
Egiec —855.27 —696.68 -156.76 +1.83
+Epp -811.77 —666.79 —-150.71 -5.73 —6.8
2 H,BNH,, — HBNH,, Hy(q)
E e —696.68 -500.83 -156.76 +39.09
+Epg —666.79 —485.09 -150.71 +30.99 29.5

“Reference 11.
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lations provide a suitable description of the thermodynamic
data for the systems studied: PAB, PIB, CTB, and PB.

C. Decomposition reactions

Supported by the calculated thermodynamic properties,
we can determine the changes in enthalpy and free energy for
the thermal decomposition reactions of ammonia-borane
complexes. In this section, we discuss the reactions pre-
sented in Egs. (1), (2), and (5)—(7). In Fig. 7, the differences
between the products (b) and reactants (a) are shown
for the free energy (AG=Goqucts— Greactants)» €nthalpy

(AH=Hproducls_Hreactams)’ and entropy (TA5= TSproducts
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at 0 K. The entropic contribution of the hydrogen molecule
T(SHZ(T)—SH?(T:O)) is also shown separately.

Let us first consider route A with the polyaminoborane
formation reaction (reaction 1). Energy differences between
reactant A (BH;NH;) and products B (BH,NH,+H,) are
shown in Fig. 7(a). The reaction free energy and enthalpy are
negative for all temperatures in agreement with the experi-
mentally observed exothermic character of this reaction. The
experimental enthalpy value at 300 K (Ref. 8) is shown by
the filled square and is comparable to the value found in our
calculations. At lower temperatures the entropic contribution

Free Energy (Kcal/mol)
1
I

Enthalpy (Kcal/mol)

300 400 500

Temperature (K)

600

FIG. 6. Thermodynamic properties obtained by ab-initio calculations: free energy and enthalpy of ammonia-borane complexes as a function of temperature.

The reference is the total electronic energy at 0 K (see Table III).

Downloaded 04 Jun 2007 to 18.82.7.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



184703-8

C. R. Miranda and G. Ceder

J. Chem. Phys.

126, 184703 (2007)

ZO‘I‘II .
L (a) p '\‘) % (b) -
+ — +
10 L i‘x‘I — H2 | g Hz
s X% X
= S BH,NH BHNH
3 o[ BHaNH@  [BHNH, g o ‘L_ NHol | Ix
g 2 2 ™ i TN
> ' $ Hareean
5 ;_10_ ——————— ~ Lt eaa ]
L“ﬁ’ o) AF
Q ) o
L === -" -T.AS .\'\ LE -20 AH <
—— TS ~. 1 e -T.AS
20 b g AH- Ho \'\~\_ . -T.SH2
R . " AHey
0 200 400 600 0 200 400 600
Temperature (K) Temperature (K)
10 | G ﬁﬁ ()
. 100 ﬁﬁ ]
| DT L L L =
SRR (S]
5 s £
N T $
ol ~ X = -
5-10 F====== —— ] 5 O,
o AF ~. il 5 AF T =—
W f---aH S g [---a ~—_
""" -T.AS . seswa o T.AS P
20 + ~. 4 .
—-=- TS, N —=- TS,
2| 1 -100 L L 2 L
0 200 400 600 0 200 400 600
Temperature (K) Temperature (K)
40 ¥ T . .
I 4 I;II? (e)
oy oy
ol 3BHNHe CTBo

Energy (Kcal/mal)

400

0 200
Temperature (K)

FIG. 7. (Color online) Thermodynamic properties for the thermal decomposition reactions of ammonia-borane complex reaction Helmholtz free energy
difference (full line), reaction enthalpy (dashed line), reaction entropy (dotted), and the entropic term of the H, molecule (dotted-dashed line). The square
represents the experimental data available for the reaction enthalpy (Refs. 8 and 9). (a) Polyaminoborane formation, (b) polyiminoborane formation, (c)
borazine-cyclotriborazane cycle, (d) dehydropolymerization of borazine, and (¢) ammonia borane into CTB transformation.

of the H, molecule dominates the reaction entropy. Above
300 K, the reaction entropy difference decreases with tem-
perature as a result of the larger contribution of the
ammonia-borane entropy. The polyiminoborane formation
reaction (reaction 2), shown in Fig. 7(b), shows similar char-
acteristics and is also exothermic. The free energy and en-
thalpy differences are even larger in this step (around

—9.5 kcal/mol) than for the previous reaction.

We now turn our attention to the cyclic compound route
as an alternate path for ammonia-borane decomposition. The
possibility of dehydropolymerization of borazine following
reaction 4 has been suggested.3 ¥ We find a large negative
reaction free energy and enthalpy difference varying between
—8 and —12 kcal/mol with increase in temperature. It is in-
teresting to note that the entropic contribution competition
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between the borazine and hydrogen molecules leads to a
nearly constant reaction free energy difference with tempera-
ture [see Fig. 7(c)].

Finally, we find that for the formation of cyclotribora-
zane by hydrogenation of borazine (reaction 5), the reaction
free energy and enthalpy are positive at 7=0 K, and respec-
tively increase and decrease with temperature. At tempera-
tures around 300 K the reaction becomes exothermic and the
enthalpy remains nearly constant slightly below 0 kcal/mol
[see Fig. 7(d)]. On the other hand, the transformation of am-
monia borane to cyclotriborazane followed by hydrogen re-
lease is a strong exothermic reaction. The free energy and
enthalpy reactions vary between —17 and —35 kcal/mol in
the range of 0—600 K.

IV. DISCUSSION

By exploring the thermal decomposition of ammonia bo-
rane by first principles calculations, our results provide in-
sights into the thermal stability of ammonia-borane com-
plexes. From the theoretical point of view, it is clear from
our results that DFT-GGA can capture the chemistry of these
molecular systems. Computed bond lengths and vibrational
frequencies agree well with experimental information. In
particular, subtle bonding features, such as the shortening of
the N-B bond in going from molecular ammonia borane to
the solid state, are well represented in the GGA approxima-
tion. The dihydrogen bond between the hydrogen bonded to
boron and the hydrogen bonded to nitrogen, responsible for
the stability of AB in the solid state, is similarly described
well. We find that the nitrogen-hydrogen bond has a covalent
character while the hydrogen-boron bond is more ionic with
the electrons polarized away from the boron nucleus. The
computed vibrational properties of the ammonia-borane sys-
tems are in good agreement with published infrared
measurements,&lo’3 338 and variations in the H-B and H-N
stretching modes correlate well to changes on the bond
length.

Only for the ammonia-borane system can the calculated
thermodynamic properties be validated by experimental data.
Based on the quantitative agreement found for the vibra-

tional properties, we believe that our calculations can also
provide reliable thermodynamic data for the other systems.
The enthalpy changes in the various decomposition reactions
on the ammonia-borane systems are summarized in Fig. 8.
We have shown the reaction enthalpies with and without
zero-point energies to demonstrate the importance of this
contribution. The zero-point energy (ZPE) changes the char-
acter of several reactions from endothermic (without the
ZPE) to exothermic (with ZPE). Clearly, zero-point energy
cannot be neglected when predicting reaction enthalpies in
the ammonia-borane system. 116

Our predictions for the heat release along the AB
— PAB — PIB dehydrogenation path are in agreement with
experimental studies”' indicating that ammonia borane re-
leases hydrogen along the polymeric route by two separate
exothermic reactions. Using a low heating rate the two exo-
thermic steps can be separated in experiments.7‘9 Polymeric
aminoborane has been reported to be the main product in the
first step of the ammonia-borane thermal decomposition, but
molecular aminoborane and borazine have also been ob-
served, and their amounts increase with increasing heating
rate.”’ Our results indicate that the generation of borazine
instead of PIB does not drastically change the reaction en-
thalpy for the full release of 2H,, though if borazine is pro-
duced during the conversion of AB to PAB, a larger exother-
mic heat would be found for the first H, release, than if only
PAB were produced. This may explain why our predicted
enthalpy for the reaction from AB to PAB is less negative
than what has been found experimentally.9 Another possibil-
ity for this discrepancy is that a more stable form of PIB
exists than what we have used for our calculations. Limited
experimental data indicates that this is an amorphous
polymer,7_9 while we have used a single infinite polymer
chain in our calculation. It is possible, and likely, that inter-
chain interactions in the amorphous solid lower the energy
further from what we have calculated. In addition, there
would be the effect of small oligomers saturated with BH3
and NHj; end groups which could lower energy as it has been
recently obtained by Li et al.’

The results in Figs. 7 demonstrates that the reactions by
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which ammonia borane decomposes all have negative free
energy change indicating that the temperature at which hy-
drogen is released from these compounds is determined
purely by the kinetics of the decomposition. This seems to be
in agreement with the fact that different reaction tempera-
tures are found for different heating rates” and may enable
control of the reaction temperatures by using suitable cata-
lysts. The exothermic nature of reactions does, however, con-
firm that regeneration will be difficult and may require very
high hydrogen pressure.

When normalized to the release of one H, molecule, the
reaction energies in Table III and Fig. 8 also give the chemi-
cal potential of hydrogen in the reactions. More specifically,
the reaction energies are the negative of the chemical poten-
tial. Somewhat surprisingly, the chemical potential of hydro-
gen increases from reaction 1 (AB—PAB) to reaction 2
(PAB — PIB) suggesting that polymeric aminoborane is not a
thermodynamically stable intermediate phase between
ammonia-borane and polymeric iminoborane. This could be
an artifact due to our approximation of the PAB state as a
single infinite polymer chain, as discussed earlier, or could
be real. In the latter case, it is still possible that PAB occurs
as a metastable product along the kinetic decomposition path
of AB to PIB. The fact that the nature and amount of decom-
position products observed depend sensitively on the heating
rate’ seems to point at kinetically controlled product selec-
tion in the reactions rather than thermodynamic selection.

The dehydrocoupling borazine reaction (reaction
4—polyborazylene formation) has been successfully
achieved in experiments when borazine is heated to
307 K.***7 Our data on Fig. 7(c) predict an exothermic reac-
tion for the complete temperature range studied, indicating
that for borazine, as for AB and PAB, the temperature at
which hydrogen is released is kinetically controlled. The re-
verse hydrogenation of polyborazylene has been the focus of
some recent studies.

There have been experimental attempts to construct a
reversible hydrogen storage system from the polymerization
of borazine to cyclotriborazane. Borazine hydrogenation [re-
action (5)] has been attempted by using Ni and Pd catalysts
at temperatures in the ranges of 363-373 K (Ni) and
313-323 K (Pd).* Our calculated thermodynamic data [Fig.
7(d)] indicates that the hydrogenation of borazine is accom-
panied by a significant free energy increase for all tempera-
tures which may explain the unsuccessful experimental at-
tempts to produce cyclotriborazane. Instead, formation of a
polymeric solid has been observed.*® We have also explored
the dehydrogenation reaction of the solid-solid transforma-
tion of ammonia borane into cyclotriborazane (reaction 6).
Once more, our data predicts a strong exothermic character
of reaction 6, and the kinetics would play a major role also in
this reaction. The possible reversibility of the reaction should
be achieved by using different chemical paths rather than a
direct reversibility.

Our data as a whole support the findings that the rehy-
drogenation process of amino borane will be difficult. Both
along the polymeric and cyclic ammonia-borane path are the
dehydrogenation reactions exothermically leading to a strong
positive free energy increase for the inverse hydrogenation

J. Chem. Phys. 126, 184703 (2007)

reactions. Because of the positive reaction entropy in most
hydrogen release reactions, an increase in temperature will
only make the regeneration more difficult.

V. CONCLUSIONS

In summary, we have studied through first principles cal-
culations the structural, electronic, vibrational, and thermo-
dynamic properties of ammonia-borane complexes in the
context of their potential application for hydrogen storage.
We find that zero-point motion changes the enthalpy of many
reactions from endothermic to exothermic when releasing
hydrogen. From the prospect of hydrogen storage, it is un-
likely that ammonia borane can be regenerated by using the
ammonia-borane polymeric and borazine-cyclotriborazane
cycles due to the strong exothermic character of the reac-
tions. Alternative ways to modify the relative thermody-
namic stability of hydrogenated and dehydrogenated com-
pounds should be investigated for the practical use of
ammonia borane as an on-board hydrogen storage material.
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