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Abstract

HB(N5)3M (M = Li, Na, K, and Rb) have been investigated as potential high-energy density materials in the present paper by means
of density functional theory. They all show kinetic stabilities as to the breakup of N5 ring. Their kinetic stabilities decrease in the order of
Li, Na, K, and Rb. Compared to HB(N5)3K and HB(N5)3Rb, HB(N5)3Li and HB(N5)3Na have higher transition state barriers and are of
significantly higher energy content, and thus they are suggested to be more practical and suitable as potential high-energy density
materials.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

In the recent years, poly-nitrogen and nitrogen-rich
compounds have received copious attention due to their
chemical interest and potential use as high-energy density
materials (HEDMs) that are environmentally friendly [1–
15]. However, it is still an open question and a great chal-
lenge for the experimental chemists to synthesise and han-
dle poly-nitrogen and nitrogen-rich compounds, owing to
the highly endothermic heats of formation.

Up to now, only few poly-nitrogen compounds have
been prepared experimentally, besides the long-known
N3
� anion. N4 has been prepared from the N4

+ cation,
and positively detected as a gaseous metastable molecule
with a lifetime exceeding 1 ls [16]. The successful isolation
of surprisingly stable salts N5

+[SbF6]� [17], decomposing
only at 70 �C and relatively insensitive to impact, as well

as the recently exciting preparation of CN12 [15], has put
the spotlight on the search for other stable poly-nitrogen
and nitrogen-rich compounds. For example, the recently
synthesised and characterized N5

+[P(N3)6]� and
N5

+[B(N3)4]� [18] are of significantly high nitrogen
content.

The detection of N5
� anion [19,20] holds a great promise

for the bulk synthesis of pentazole N5
� salts. Winter et al.

[21] had experimentally explored metal complexes contain-
ing 1,2,4-triazolato and tetrazolato ligands, which are
thought to have the coordination chemistry similar to that
of N5

� ligand, and they put their efforts to identify con-
cepts of metals and ligands that will help to stabilize the
N5
� ligand.
Some theoretical studies of substituted pentazoles have

also been carried out. Previously, Ferris and Bartlett [22]
investigated theoretically the stability and vibrational
property of the pentazole HN5, using coupled-cluster and
many-body perturbation theory (MBPT). Glukhovtsev
et al. [23] reported the structures and stability for its lith-
ium derivatives (N5Li) by using ab initio methods. Nguyen
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et al. [24] carried out extended Hückel theory calculations
of TM(CO)3(g5-N5) with TM = Fe2+, Mn, and Cr�, which
suggested that the pentazole complexes would be formed if
the fragments could be brought together. Pyykkö et al.
[3,25] had predicated the possible existence of the two
new classes of compounds, Sc(g7-N7) and g5-N5–M–g7-
N7 (M = Ti, Zr, Hf, and Th), where the N5 and N7 ligands
are stabilized as planar rings by the interaction of their p
system with the transition metal atom in the g7 and/or
g5 bonds. They also explored a series of high energy nitro-
gen-rich pentazolides of groups 6 and 13–16 [26]. Accord-
ing to their work, a high ratio 40:1 of nitrogen to metal
is achieved in the anion [M(N5)8]2

� (M = Cr, Mo, W). Lein
et al. [27] predicted the ferrocene-like Fe(g5-N5)2 to be a
strongly bonded complex with D5d symmetry. Burke
et al. [28] employed a theoretical characterization of pen-
tazole anion with metal counter ions by using ab initio
and density functional methods, where the counter ions
considered are Na, K, Mg, Ca, and Zn. They also consid-
ered the spin states in determining the structure and
decomposition of transition metal pentazoles, such as
FeClN5, Fe(N5)2, Fe(H2O)4ClN5, and Fe(NH3)4N5 [29].
Tsipis and Chaviara [30] studied the structure, stability,
and the bonding feature of the mono- and bispentazolato
compounds of the first row transition metals (V, Cr, Mn,
Fe, Co, and Ni) by density functional method. Li et al.
reported the structure and kinetic stability studies on
MN5 of group 1 and MN5

+ of group 2 [31,32]. The main
purpose of above theoretical investigations is to design
nitrogen-rich compounds that store energy, and yet they
are stable enough for practical applications as HEDMs.

Based on the above studies of pentazoles and inspired by
the synthesised N5

+[B(N3)4]� [18] to explore more stable
HEDMs containing N5 ring and B atom, we presently
design a series of compounds with general formula
HB(N5)3M (M = Li, Na, K, and Rb), which are expected
to be stable as potential HEDMs, to examine their struc-
tures, bonding features, and stabilities by density func-
tional methods.

2. Theoretical methods

Two DFT methods, B3LYP and BP86, are employed in
the present study with 6-311++G** basis set for H, B, N,
Li, Na, and K atoms, and SDD pseudo potential and basis
set for Rb atom. B3LYP denotes a hybrid Hartree–Fock
(HF)/DFT method, which uses the combination of Becke’s
three-parameter functional [33] with the Lee–Yang–Parr
correlation functional [34]. BP86 is a pure DFT method,
which combines Becke’s 1988 exchange functional [35] with
Perdew’s 1986 correlation functional [36]. The geometries
of all structures are fully optimized, and the harmonic
vibrational frequencies are determined by evaluating ana-
lytically the second derivatives of the energy with respect
to the nuclear coordinates. The number of imaginary vibra-
tional frequencies (NImag) determines if the optimized
structures are local minima or higher-order saddle points.

The zero-point energy (ZPE) of each species is used to cor-
rect its total energy. The NBO [37] analysis is performed at
the same levels of theory, in order to understand the bond-
ing character of these compounds. All the computations
were carried out with the Gaussian 03 program [38]. In
the present case, the B3LYP and BP86 methods agree with
each other fairly well for predicting the structural and elec-
tronic characteristics of all molecules. Thus, the results
from B3LYP method are mainly discussed in the text.

3. Results and discussion

The geometric parameters of HB(N5)3M (M = Li, Na,
K, and Rb) are summarized in Figs. 1 and 2 shows the opti-
mized structures for transition states (TS) of HB(N5)3M
(M = Li, Na, K, and Rb) with respect to the breakup of
an N5 ring. Table 1 presents the zero-point energies
(ZPE, kcal/mol) and the total energies after ZPE correction
(EZPE, hartrees) for all the title compounds and their corre-
sponding TS, as well as the imaginary frequencies (IF,
cm�1) of TS. Table 2 tabulates the Wiberg bond indexes
(WBIs) and bond orders from the natural population anal-
ysis with natural localized molecular orbitals (NLMOs/
NPA) of M–N bonds, natural atom charges (NACs) on
metal atoms, the adjacent N atoms, and the N5 rings
(qM, qN, and qNR), the decomposition reaction enthalpies
(DH, kcal/mol) at 298.15 K temperature and 1.0 atm pres-
sure, and transition state barriers (TSB, kcal/mol) with
respect to the breakup of an N5 ring for the title
compounds.

All the compounds HB(N5)3M (M = Li, Na, K, and Rb)
with C3v symmetry are predicted to be local minima on
their potential energy surface. As shown in Fig. 1, these
compounds come from the interaction of one HB(N5)3

fragment and alkali metals. In the N5 ring, each N atom
is sp2 hybridized with one pz orbital out of ring plane to
take part in the delocalized P5

6 bond. And the N5 rings
of the title compounds show the similar geometric param-
eters to the individual N5

� anion. The B atom is of normal
sp3 hybridization to bond three pentazoles and one H
atom, and each metal is three-coordinated to connect to
three adjacent N atoms from the HB(N5)3 fragment.
Detailed NBO analysis shows that the NAC on each metal
atom ranges from +0.90 to +0.97, owing to the variety of
alkali atoms’ reducing capacities from Li to Rb, and the
NAC is about �0.15 on N atoms that are neighbors to
the metal atom. The WBIs are less than 0.06 for these com-
pounds, and decrease in the order of metal atom number.
The M–N bond orders from the natural population analy-
sis with natural localized molecular orbitals (NLMOs/
NPA) hold the same change trend and are less than 0.03.
All these mean that each metal in HB(N5)3M (M = Li,
Na, K, and Rb) is in its +1 oxidation state with one s elec-
tron transferred to the HB(N5)3 fragment, and the M�N
bonding is fairly ionic in nature.

The kinetic stability of the title compounds is also inves-
tigated by processes in which the metallized compounds
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undergo breakup of an N5 ring and subsequent product of
an azide and N2. Their corresponding TS shown in Fig. 2
are confirmed to connect the title compounds and the prod-
ucts. The TS barriers are all about 20 kcal/mol (see Table

2), which indicates that the title compounds are kinetically
stable. As shown in Table 2, the TS barriers decrease in the
order of the metal atom number. HB(N5)3Li is the most
stable with the highest TS barrier of 24.2 kcal/mol, while

Fig. 2. Optimized structures for transition states of HB(N5)3M (M = Li, Na, K, and Rb) with respect to the breakup of an N5 ring. Bond lengths are in
angstroms and angles are in degrees.

Fig. 1. Optimized structures for compounds HB(N5)3M (M = Li, Na, K, and Rb). Bond lengths are in angstroms and angles are in degrees.
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HB(N5)3Rb is relatively worst stable with 21.0 kcal/mol TS
barrier. Compared to the 27 kcal/mol TS barrier of the
individual N5

� anion calculated at the same level of theory,
all the title compounds have somewhat smaller TS barriers.
And it is also shown that the natural charges residing in the
N5 rings of the title compounds are only about �0.5 based
on the NBO analysis, which is significantly smaller than the
�1 value of the individual N5

� anion. As we know, B atom
is of electronic deficiency, and in the title compounds it is
short of one electron which should be obtained from the
ligands by p back-donation. Since H atom is not able to
back-donate, the electron can only come from the N5 rings,
thus lowering the electronic density in the N5 rings, which
should be the explanation factor for the title compounds
that have smaller natural charges in the N5 ring and lower
TS barriers.

The decomposition reaction enthalpies (DH) at 298.15 K
temperature and 1.0 atm pressure of the studied systems
are estimated by the following reactions (based on the
enthalpies after ZPE correction):

HBðN5Þ3M! 1=2HBBHþ 15=2N2 þM

ðM ¼ Li;Na;K; and RbÞ

As we can see from Table 2, since N2 molecule is the
most stable form of nitrogen, it is not unexpected that
the reactions are considerably exothermic for all the com-

pounds based on their fairly large negative values of DH,
which shows their high energy content. Different from the
variety of TS barriers, DH values do not increase or
decrease simply in the order of the metal atom number.
HB(N5)3Na has the largest DH value of 498.5 kcal/mol,
and the DH value of HB(N5)3Li is a bit smaller by about
4 kcal/mol, which essentially shows their potential as
HEDMs. Nevertheless, compared to HB(N5)3Na and
HB(N5)3Li, the K and Rb analogues have significantly
smaller DH values by about 360 kcal/mol.

Summarily, HB(N5)3M (M = Li, Na, K, and Rb) are
kinetically stable, and thus might be obtainable using suit-
ably chosen precursor compounds and by synthetic strate-
gies. HB(N5)3Na and HB(N5)3Li hold a great promise for
potential HEDMs, thanks to their high kinetic stabilities
and essentially high energy content.

4. Summary

Potential high-energy density materials HB(N5)3M
(M = Li, Na, K, and Rb) have been studied in the present
paper using B3LYP and BP86 methods with 6-311++G**
basis set for H, N, B, Li, Na and K atoms, and SDD
pseudo potential and basis set for Rb atom. All the species
with C3v symmetry are located as local minima on their
PES. Their TS barriers for the breakup of an N5 ring are

Table 2
Wiberg Bond Indexes (WBI) and bond orders from the natural population analysis with natural localized molecular orbitals (NLMO/NPA) of M–N
bonds, and natural atom charges (NAC) on metal atoms, the adjacent N atoms, and the N5 rings (qM, qN, and qNR), decomposition reaction enthalpies
(DH) at 298.15 K temperature and 1.0 atm pressure, and transition state barriers (TSB) with respect to the breakup of an N5 ring for the title compounds.

M–N NAC TSB (kcal/mol) DH (kcal/mol)

WBI NLMO/NPA qM qN qNR

B3LYP

HB(N5)3Li 0.053 0.025 0.906 �0.189 �0.500 24.2 �494.8
HB(N5)3Na 0.035 0.017 0.938 �0.166 �0.510 22.7 �498.5
HB(N5)3K 0.021 0.012 0.962 �0.148 �0.517 21.6 �136.0
HB(N5)3Rb 0.013 0.007 0.977 �0.137 �0.521 21.0 �140.4

BP86

HB(N5)3Li 0.052 0.024 0.907 �0.191 �0.473 19.4 �444.4
HB(N5)3Na 0.035 0.020 0.938 �0.167 �0.500 17.9 �448.0
HB(N5)3K 0.023 0.013 0.959 �0.150 �0.506 17.0 �85.7
HB(N5)3Rb 0.014 0.008 0.975 �0.138 �0.511 16.4 �90.7

Table 1
Zero-point energies (ZPE) and total energies after ZPE correction (EZPE) for the title compounds and their corresponding TS as to the breakup of N5
ring, as well as the IF of the transition states.

B3LYP BP86

ZPE (kcal/mol) EZPE (hartrees) IF (cm�1) ZPE (kcal/mol) EZPE (hartrees) IF (cm�1)

HB(N5)3Li C3v
1A1 57.2 �854.31566 53.1 �854.38867

HB(N5)3Na C3v
1A1 56.1 �1009.08574 54.5 �1009.16369

HB(N5)3K C3v
1A1 55.8 �1446.73307 53.5 �1446.85720

HB(N5)3Rb C3v
1A1 55.6 �870.89864 52.9 �871.00786

HB(N5)3Li (TS) Cs
1A0 54.4 �854.27710 536.2i 52.1 �854.35782 454.5i

HB(N5)3Na (TS) Cs
1A0 53.5 �1009.04956 547.5i 51.2 �1009.13512 466.0i

HB(N5)3K (TS) Cs
1A0 53.2 �1446.69872 556.9i 50.9 �1446.83015 475.4i

HB(N5)3Rb (TS) Cs
1A0 53.0 �870.86514 561.1i 50.7 �870.98167 480.2i

44 J. Cui et al. / Progress in Natural Science 19 (2009) 41–45



about 20 kcal/mol, indicating their kinetic stabilities, and
thus the title compounds might be observed experimentally
by suitable precursor compounds and synthetic strategies.
The kinetic stabilities decrease in the order of Li, Na, K,
and Rb. Among the title compounds, HB(N5)3Na and
HB(N5)3Li hold a great promise for potential HEDMs,
thanks to their high kinetic stabilities and essentially high
energy content.
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