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Kinetic Stability and Propellant Performance of Green Energetic Materials
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Introduction

Environmentally compatible green energetic materials are a
topic of intense research worldwide.[1,2] Novel high-energy-
density materials (HEDMs) synthesized in recent years,
such as hexanitrohexaazaisowurtzitane (CL-20), various tet-
razole- and tetrazine-based salts, nitrated cubanes, furazans,
and furoxans have been suggested for ranges of applications
such as primary and secondary explosives,[3,4] pyrotechnics,[5]

propellant formulations, and so forth.[1,2,4]

As opposed to a typical explosive, an oxidizer is a mole-
cule with a positive oxygen balance. Oxidizers suitable for
solid rocket propellants are very few in numbers and the
majority of formulations used today are based on ammoni-
um perchlorate (AP, NH4ClO4). Environmental concerns
have been pushing the development towards a new genera-
tion of green propellants. Ammonium dinitramide (ADN,

NH4N ACHTUNGTRENNUNG(NO2)2) is one of the more promising oxidizers for
this purpose.[1]

The design, synthesis, and characterization of new high-ni-
trogen compounds are very difficult due to their energetic
nature. The inherent instability of nitrogen-rich molecules
arises from the very large thermodynamic driving force for
N2 gas production, as an N�N bond (�38 kcal mol�1) or N=

N bond (�100 kcal mol�1) is transformed into an N�N
bond (�228 kcal mol�1). What separates a potential useful
molecule from one that is not is the rate at which this trans-
formation occurs, the kinetic stability. Therefore, quantum
chemical studies are key in predicting decomposition rates
and precede synthetic efforts. Ideally an HEDM suitable for
handling at room temperature should have a free-energy ac-
tivation barrier for decomposition that exceeds roughly
30 kcal mol�1. This value is estimated assuming first-order
decomposition kinetics, and corresponds to a half-life of 35
years at room temperature. However, smaller barriers can
be acceptable under low-temperature conditions.

Stable and metastable high-nitrogen and -oxygen com-
pounds are naturally of large academic interest. However,
knowledge of the stability and mere nitrogen/oxygen con-
tent is insufficient if one wants to assess a compound�s po-
tential practical use as an explosive or propellant; a poten-
tial species also needs to exhibit good performance charac-
teristics. In the case of propellant formulations these include
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combustion parameters such as specific impulse and com-
bustion temperature. Information regarding these can be
theoretically obtained using different program codes, by typ-
ically utilizing free-energy minimization.

This work is focused on four energetic anions (Scheme 1)
with varying oxygen content; the dinitramide anion [N-ACHTUNGTRENNUNG(NO2)2]

� , the trinitrogen dioxide anion [N(NO)2]
� , the pen-

tazole anion (or pentazolate) [N5]
� , and the oxopentazole

anion (or oxopentazolate) [ON5]
� . Depending on the choice

of counterions, these species can be tuned to either explo-
sive or propellant applications. In addition to investigating
the kinetic stability of these anions in the gas phase and so-
lution we have theoretically estimated their potential as
solid rocket propellants in conjunction with the ammonium
cation [NH4]

+ .

Dinitramide and trinitrogen dioxide : The stability of dinitra-
mide salts is a highly complex issue, and the experimentally
determined decomposition barrier of solid-state ADN is typ-
ically reported in the range of 29 to 42 kcal mol�1.[6–10] How-
ever, the decomposition barrier for the free dinitramide
anion (c.f. 1 in Scheme 1) has been theoretically estimated
to be 47 kcal mol�1.[9,10] The large barrier can be attributed
to stabilization of the anion through considerable electron-
resonance delocalization. The actual real-life stability of 1 is
strongly coupled to its ability to polarize charge, and its
chemical environment has been shown to be of great impor-
tance.[9,10] In addition, phase transitions due to eutectics of
dinitramide salts with their corresponding nitrate decompo-
sition products further complicate the thermal behavior.[8–10]

The stability of dinitramide anions in common solvents is
typically good. However, theoretical estimations of solvated
decomposition kinetics have not been reported.

The trinitrogen dioxide anion (see 2 in Scheme 2 below),
which is structurally related to 1, was first detected by Mor-
uzzi and Dakin in 1968 in drift cell experiments.[11] Its exis-
tence in the gas phase has since been corroborated by sever-
al groups.[12–14] The stability of 2, relative to NO +N2O +e�,
has been measured to be (2.0�0.2) eV ((46�4.6) kcal
mol�1) using coincident photoelectron and photofragment
translational spectroscopy.[13] Collision-induced dissociation
studies also support the existence of an isomer with an esti-
mated stability of (0.76�0.1) eV ((18�2.3) kcal mol�1).[14]

There is also evidence to suggest an isomer with a bond
strength of approximately 1.3 eV (30 kcal mol�1),[14] as well
as a weakly bound [NO–N2O] cluster bonded by approxi-
mately 0.2 eV (5 kcal mol�1).[15] Despite its apparent stability
in the gas phase, no attempts to chemically synthesize 2

have been reported, and no detection or characterization of
the ion in solution is known.

It should be noted that several theoretical studies of trini-
trogen dioxide isomers have been undertaken.[12,14, 16–18]

However, little correlation with the experimental results
have been achieved. For instance, the high stability of the
valence-bound isomer 2 has not been reproduced theoreti-
cally. Low-level calculations on the structure and stability of
several different weakly bound [NO–N2O]� complexes fur-
ther confuse the situation.

A deeper understanding of the criteria for kinetic stability
in nitrogen- and oxygen-rich structures such as these is im-
portant, not only because of the high relevance of dinitra-
mides as oxidizers and in explosives, but also for the prog-
ress of energetic materials research in general. We have per-
formed a thorough quantum chemical study of the dinitra-
mide anion (1) and the trinitrogen dioxide anion (2) in the
gas phase, as well in solutions in THF. Kinetic stability, per-
formance characteristics of 1 and 2, and possible routes to
the synthesis of 2 are discussed.

Pentazoles : The successful synthesis of the chainlike N5
+

cation in 1999 by Christe and co-workers[19] sparked re-
newed interest in all nitrogen compounds. Extensive theo-
retical and experimental work on the cyclic pentazole anion
(N5

�, c.f. 3 in Scheme 1) resulted in its detection in the gas
phase by mass spectroscopy in 2002[20] and 2003.[21] The de-
composition barrier for the cyclic N5

� anion has been esti-
mated to be 26 kcal mol�1 by using high-level ab initio calcu-
lations.[21] As the detection of the pentazole anion in the
condensed phase by NMR spectroscopy has proven diffi-
cult[22–24] it is still a topic of ongoing research.[25–27]

The stability of many aryl pentazoles is well established;
their decomposition barriers are typically around
20 kcal mol�1.[25,28–30] Other pentazole compounds are also
known. Hammerl and Klapçtke have, for instance, shown
the existence of tetrazolylpentazole by using low-tempera-
ture 15N/1H NMR spectroscopy.[31] The stability of tetrazolyl-
pentazole and its corresponding anion pentazolyltetrazolate
was calculated to be 15–16 and 21–22 kcal mol�1, respective-
ly, using B3PW91 and MP2 calculations,[31] and later to be
11.4 and 17.7 kcal mol�1, respectively, using CCSD(T) calcu-
lations.[32]

An interesting and poorly understood molecule in the
pentazole family, with possible applicability as an HEDM, is
the cyclic oxopentazole anion (ON5

�, c.f. 4 in Figure 5
below). Cheng et al. have previously considered this mole-
cule very briefly, together with other XN5

� (X=S, Se, and
Te) derivatives.[33] The barrier for concerted cleavage of
ON5

� into N2O and N3
� in the gas phase was then estimated

to be 32.7 kcal mol�1 at the B3LYP/6-31+G* level. The cal-
culation of nuclear-independent chemical shifts (NICS) and
the existence of 4n+2p electrons also confirmed the aro-
matic nature of the ring.[33] Hammerl et al. have investigated
the isoelectronic neutral FN5 molecule using CCSD(T) cal-
culations, and predicted a decomposition barrier of
6.7 kcal mol�1.[32] Very recently, Noyman et al. investigated

Scheme 1. The dinitramide (1), trinitrogen dioxide (2), pentazole (3), and
oxopentazole (4) anions.
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the effect of separating the s and p molecular orbitals
(MOs) of polynitrogen systems by introducing oxygen
atoms.[34] Among other things they concluded that coordina-
tion of oxygen to the nitrogen ring system of pentazolate (3)
did not stabilize the molecule (i.e. , oxopentazolate, 4). The
lowest transition state leading away from 4 is reported to be
only 25.2 kcal mol�1 higher than the ground state at the
B3LYP/cc-pVDZ level, thereby producing two N2 molecules
and one NO� anion.[34]

We found it prudent to make a more thorough investiga-
tion into the kinetic stability and performance of this exotic
molecule, and to compare it with the pentazole anion (3).

Results and Discussion

Kinetic stability in the gas phase and in THF

Dinitramide : As already mentioned in the Introduction, the
behavior of solid-state dinitramide salts is a complex issue
due to charge polarization, surface chemistry, and phase
transitions. Fortunately, the behavior in solution is likely to
be more easily understood due to the removal of specific in-
teractions with the counterions (NH4

+ in the case of ADN)
that are present in the crystal lattice and on crystal surfaces.
Thus we can assume that solvated dinitramide salts are suffi-
ciently described using only the free dinitramide anion in a
single-solvent medium. Solute–solvent energies can then be
estimated using implicit solvation models (such as the polar-
izable continuum model (PCM) or conductor-like screening
model (COSMO)).

Two possible decomposition routes have been considered
for the free dinitramide anion (Figure 1). Firstly, the direct
transformation into nitrate and nitrous oxide through TS1,
secondly a bond cleavage into the NNO2 radical anion and

nitrogen dioxide (1!5). In the gas phase the lowest-energy
pathway appears to be TS1, requiring an enthalpy of activa-
tion of 46 kcal mol�1. However, the dissociative pathway is
likely to be in close competition, due to its more favorable
change in entropy.

More important is the behavior in solution. As shown in
Figure 1, solvation by THF stabilizes the smaller NNO2 radi-
cal anion and nitrogen dioxide (5), relative to the dinitra-
mide anion (1), and lowers the dissociative barrier by more
than 7 kcal mol�1, which results in an enthalpy of activation
of 42 kcal mol�1. The process is a pure dissociation, that is,
the maximum energy along the reaction coordinate is
reached at infinite separation of the two resulting species.
This was shown using a high-resolution scan of the nitro-
gen–nitrogen SCF energy surface at the UB3LYP/6-
31+G(d) level, using the default PCM model of Gaussi-
an 03.[44] The entropic gain associated with dissociation due
to additional degrees of freedom as one species is trans-
formed into two is likely to decrease the actual barrier
height by a few kilocalories. Thus, the decomposition barrier
for dinitramide anions in low and medium polarity solvents
will be in the vicinity of 40 kcal mol�1, in good agreement
with experimental estimates for several solid and molten di-
nitramide salts.[35]

Trinitrogen dioxide : Modeling the kinetic stability of the tri-
nitrogen dioxide anion (c.f. 2 in Scheme 2) is a complex
matter, mostly due to the proximity of different spin states.
For this reason single-determinant wave function methods,
such as HF and MP2, produce unreliable energies. This is
unfortunate, because most of the theoretical work on the
subject has been done using such methods.[12,14,16] We believe
that the theoretical work presented here is an important
step towards reaching a consensus on the trinitrogen dioxide
paradigm.

The trinitrogen dioxide anion (2) exhibits many similar
structural and electronic traits to the dinitramide anion (1).
Most important is electron-resonance delocalization, which
is illustrated by Lewis structures and an electrostatic surface
potential map in Scheme 2. The ability to evenly distribute
charge ensures that the nitrogen–nitrogen bonds are
strengthened relative to otherwise weaker single bonds. If

Figure 1. The decomposition of the free dinitramide anion (1) proceeds
through intramolecular NO2 transfer in the gas phase, and through nitro-
gen–nitrogen bond cleavage in THF solvent. Enthalpies of activation are
46.1 and 42.1 kcal mol�1, respectively, when calculated at the CBS-QB3
level of theory.

Scheme 2. The electrostatic surface potential of the trinitrogen dioxide
anion (2) mapped onto a constant electron-density contour, after a
B3LYP/6-31+G(d) calculation. Values ranging from �109.8 to
�100.4 kcal mol�1, together with selected electron-resonance structures
indicate stabilization through considerable electron delocalization.
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one considers the closed-shell singlet species, there are three
rotational conformers of trinitrogen dioxide: 2, 7, and 8
(Figure 2). These are separated by rotational barriers with
enthalpies of activation equaling 16 and 17 kcal mol�1, re-
spectively, which enables equilibration of the states at room
temperature. The second conformer, 7, lies 8 kcal mol�1

higher in energy than 2, and is hence destabilized by an
equal amount. The third conformer, 8, has a much higher
relative enthalpy of approximately 17 kcal mol�1, and can be
considered irrelevant from a thermodynamic point of view.

Looking at the potential energy surface (PES) leading
away from 2, there are four possible fractionation products
to consider. These are shown in Equations (1)–(4) together
with their zero-point-energy-corrected relative energies cal-
culated at the CBS-QB3 level. Figure 2 also shows the corre-
sponding relative enthalpies and free energies in the gas
phase and in solution.

Resat et al. measured the energetics for Equation (3) and
found it to be (46�4.6) kcal mol�1 using photoelectron-pho-
tofragment coincidence spectroscopy measurements.[13] They
concluded that this value may be taken as a measure of the
stability of 2 if it is assumed that some of the NO+N2O
products are produced with no internal excitation, and that
the parent N3O2

� molecule is cold. However, their measured
value for Equation (3) is considerably higher than our com-

puted value of 27.0 kcal mol�1

for the same process. The large
discrepancy can hardly be at-
tributed to an error in the com-
puted value, since the computa-
tional approach is highly accu-
rate (CBS-QB3), and therefore
we find that the assumption of
no internal excitation in the
products must be questioned.
Comparisons of experimental
and computational data indi-
cate that the N3O2

� molecule
observed in the experiment
agrees well with the characteris-
tics of cold 2. On the basis of
the photoelectron spectrum at
266 nm, the vertical and adia-
batic ionization energies of
N3O2

� can roughly be estimated
to be 3.1 and 3.8 eV, respective-

ly; our computed values for 2 are 3.1 and 4.0 eV, respective-
ly. Furthermore, radiation at 266 nm leads to photodissocia-
tion with NO, N2, and O� as the most probable products.
According to computations, the only allowed electronic exci-
tation in this region has an absorption maximum at 271 nm.
Geometry optimization of the excited state indicates that
the photon absorption indeed leads to dissociation into NO,
N2, and O�.

Torchia et al.[14] have also questioned the assumption that
vibrationally cold dissociation products are formed in the
experiment reported by Resat et al. They argue that as
much as 1.3 eV of vibrational energy is likely in the dissocia-
tion products at the threshold energy for photodetachment.
The dissociation energy for Equation (2) was estimated to
be 18 kcal mol�1 based on energy-resolved collision-induced
dissociation experiments and ab initio calculations at the
MP2 level. In light of the more accurate calculations pre-
sented here, it is advisable that the wealth of experimental
data produced on this system is reexamined.

If one considers intramolecular chemical transformations
on the singlet PES of trinitrogen dioxide, three transition
states have been identified (Figure 3), all accessed through
conformer 7. The concerted formation of N2 and an NO2

anion, through TS4, is a highly exothermic reaction with a
reaction enthalpy of �55.9 and �64.3 kcal mol�1 in the gas
phase and THF, respectively. This process has an activation
enthalpy of 32–33 kcal mol�1, and will likely be one of the
main decomposition pathways at elevated temperatures.
TS5 is calculated to be somewhat lower in energy than TS4,
with an enthalpy of activation of 30 kcal mol�1, and produces
the loose [NO–N2O]� cluster 13. Diffuse functions (+) are
needed in the basis set to converge onto this minimum. For
this reason we have estimated its relative energy using the
G2X extrapolation (instead of the composite CBS-QB3
method). It is important to note that 13 has a bonding en-
thalpy of 4.3 kcal mol�1, relative to free NO and N2O

� (9).

Figure 2. The rotational conformers 2, 7, and 8 of the trinitrogen dioxide anion, with interconnecting transi-
tion-state structures. The possible dissociation products 9, 10, and 11 are also shown. Bond lengths are shown
in �ngstrçm.
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This value corresponds well with the experimental bond
strength of 0.2 eV (4.6 kcal mol�1), presented by Coe et al.[15]

As mentioned earlier, the true kinetics for decomposition
of the trinitrogen dioxide anion is complicated by the prox-
imity of different spin states. Equation (2) (2!3NO�+ N2O)
corresponds to the lowest bond-dissociation enthalpy
(27.9 kcal mol�1), compared to the other alternatives. How-
ever, it requires a change of spin, which is likely to slow
down the process. Figure 4 shows the PES of 2 and 7 along
the nitrogen–nitrogen dissociation reaction coordinate, both
on the singlet and triplet surfaces, close to the crossing geo-
metries. The B3LYP energies agree fairly well with the more
accurate methods, and at longer distances the energies con-
verge on the values for the dissociated products (i.e. , 9 and
11).

The minimum on the hyper-
dimensional seam of crossing
between the singlet and triplet
surfaces, the minimum-energy
crossing point (MECP), is ideal-
ly localized using a multirefer-
ence method such as CASSCF
or MR-CI. However, we have
instead performed broken-sym-
metry calculations with the less
costly DFT B3LYP method. In
many cases, single-reference
methods, such as DFT, are
known to work surprisingly well
for this purpose.[36] In view of
the lower level of theory used,
we have not calculated the sur-
face gradients and spin–orbit
coupling matrix elements re-
quired for a full Laudau–

Zener[36,37] treatment for the probability of crossing. It has,
however, been estimated that spin-forbidden reactions are
slower than spin-allowed by a factor of 1 to 4 orders of mag-
nitude.[36] Close to room temperature this corresponds to
raising an adiabatic reaction barrier by 1.4 to 5.5 kcal mol�1.
By using this estimate, and our calculated relative energies
of MECP1 and MECP2 in Figure 4, we can make a crude
comparison to other reaction barriers. We will leave it for
future work to decipher the spin-forbidden process at a
higher level of theory.

MECP2 is the lowest crossing point leading away from 2
(via 7), and has a relative energy of 22.4 kcal mol�1 after a
B3LYP/6-31+G(d) optimization. A single-point calculation
at the CCSD(T)/6-311+GACHTUNGTRENNUNG(2df) level raises this energy to
24.0 kcal mol�1. However, at this level of theory and geome-
try, the triplet energy lies above the singlet by 6.0 kcal mol�1,
which indicates that the B3LYP crossing is too early, that is,
the energy and the nitrogen–nitrogen distance of the real
crossing should be higher. In the gas phase this is of less im-
portance as the triplet surface at long distances approaches
the higher value corresponding to 11 (Figure 2). That is, the
rate-determining enthalpy barrier for 2 in the gas phase
should exceed at least 27.9 kcal mol�1. Adapted frequency
analysis showed that both crossing points are minima on the
3 N–7 dimensional seam of crossing. By using the obtained
frequencies, the enthalpy correction for MECP2, relative to
2, was calculated to be �2.7 kcal mol�1.

MECP2 could be of greater importance for the kinetics in
solution, as the triplet surface dramatically drops in energy
at larger distances (Figure 2). Figure 4 shows that the cross-
ing point should be very similar in geometry in going from
the gas phase to solution, and single-point calculations at
several levels of theory support this. The relative solvation
energy for MECP2 was calculated to be +4.8 kcal mol�1 at
the B3LYP/6-31+G(d) level. A most conservative estimate
of a corresponding adiabatic enthalpy barrier in solution is
thus given by 24.0+1.4�2.7+4.8=27.5 kcal mol�1.

Figure 3. Three possible decomposition routes of conformer 7 are shown. All energies are given relative to 2
(Scheme 2). Bond lengths of selected species are shown in �ngstrçm.

Figure 4. Scans of the nitrogen–nitrogen bond in 2 and 7 at the UB3LYP/
6-31+G(d) level indicates the possibility of spin-forbidden intersystem
crossing onto the triplet surface. Geometry-optimized minimum-energy
crossing points (MECP) are indicated as dots. Scans of singlet and triplet
7 in THF are also shown. Lines converge towards 9 and 11, for singlet
and triplet states, respectively.
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We can conclude that, in contrary to several other compu-
tational studies on the matter of trinitrogen dioxide, our cal-
culations offer a strong complement to the experimental
work by Resat et al.,[13] Torchia et al. ,[14] and Coe et al.[15]

The barrier for decomposition in the gas phase is close to
30 kcal mol�1. Larger as well as significantly smaller experi-
mental bond strengths can be explained using different rota-
tional conformers, loose complexes, and a strong photon ab-
sorption at 271 nm. A spin-forbidden intersystem crossing
process likely governs the kinetics in solution. Our most
conservative estimate puts the stability of 2 in solution in
the same range as that of the pentazole anion. However, as
the stability could be higher, more advanced multireference
calculations should be attempted. Regardless, the trinitrogen
dioxide anion (2) appears to have a sufficient kinetic stabili-
ty to enable synthesis and experimental detection at reason-
able temperatures.

Pentazolate : The stability of the pentazole anion (3) has
been thoroughly investigated theoretically by several
groups[20–22,27, 30,38] and requires little additional comment.
Our calculations on 3 were primarily performed to enable
comparison with oxopentazolate (see 4 in Figure 5).

Scheme 3 shows the concerted ring opening of 3, through
TS7, which requires an enthalpy of activation of
28 kcal mol�1. In THF the solvent appears to stabilize the
ground state relative to the transition state, with approxi-
mately one kilocal per mole. The product species, nitrogen
gas and azide (14), lie 9 and 14 kcal mol�1 below 3 in the gas
phase and THF, respectively.

Oxopentazolate : The oxopentazole anion (4) is found to be
considerably more stable than the parent pentazolate (3).
Figure 6 shows three decompo-
sition routes for 4. The previ-
ously considered concerted
rupture into nitrous oxide and
azide (15) through TS8 has an
enthalpy of activation of
38 kcal mol�1 in the gas phase.
This is a significantly higher
barrier than the 33 kcal mol�1

reported by Cheng and Li.[33]

However, knowledge of this
transition state alone is insuffi-
cient if one wants to describe
the kinetic stability of the mol-
ecule. Since 4 is of a lower
symmetry than 3, additional de-
composition pathways exist.

Rigorous work was done in
identifying all transition struc-
tures leading away from the
ground state, including scans of
the PES along all nitrogen–ni-
trogen bonds. The lowest, and
hence most relevant, transition

Figure 5. The stability of pentazolate (3) is increased slightly in THF, rel-
ative to the gas phase. The enthalpy of activation changes from 27.8 to
28.7 kcal mol�1, at the CBS-QB3 level of theory.

Scheme 3. The electrostatic surface potential of oxopentazolate (4)
mapped onto a constant electron-density contour, after a B3LYP/6-
31+G(d) calculation. Values ranging from �109.8 to �100.4 kcal mol�1,
together with selected electron-resonance structures indicate stabilization
through considerable electron delocalization.

Figure 6. The kinetic stability of 4 has been investigated using high-level ab initio CBS-QB3 calculations. The
lowest transition-state structure (TS9) for decomposition has a relative Gibbs free energy of 28.9 kcal mol�1

relative to 4 in the gas phase and exceeds 30 kcal mol�1 in low-polarity solvents.
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state leading away from 4 is TS9. This transition state corre-
sponds to an enthalpy of activation of 30.1 kcal mol�1 in the
gas phase and 31.5 kcal mol�1 in THF, and produces nitrogen
gas and the unstable trinitrogen oxide anion (16), which is
likely to rupture into one additional nitrogen molecule and
a nitrogen oxide anion (17) through TS11.

It was noted that the recently published calculations on a
4!2 N2 +NO� transition state[34] does not include a frequen-
cy analysis of the obtained geometry. Unfortunately the re-
ported geometry is not optimized, which results in an activa-
tion barrier that is too low. Upon optimization, the applied
Cs symmetry constraints prevent the correct transition state
(TS9) from being found. Frequency analysis performed by
us on the reported transition-state geometry, as well as the
one obtained after optimization results in two imaginary fre-
quencies. The optimized Cs geometry lies 6 kcal mol�1 above
TS9. This is fortunate for the stability of 4, as it would
appear that the direct concerted formation of two nitrogen
molecules is impossible, and the actual decomposition
occurs through the following: N5O

� (4)!TS9!ON3
�+ N2

(16)!TS11!N2 + NO� (17) (Figure 6).
When comparing the rate-determining TS9 barrier height

with TS7 of 3 (pentazolate), 4 appears 500 times more
stable in the gas phase and 1200 times more stable in THF.
The interest in the pentazole anion (3) is motivated by the
existence of arylpentazoles. Considering the extensive exper-
imental efforts put into the detection of this species, our re-
sults show that synthesis of oxopentazolate is a reasonable
quest worth pursuing.

Absorption spectra : Theoretical UV absorption spectra were
obtained for anions 1, 2, and 4 in the gas phase. The highest
probability transitions (in nm) are shown in Table 1. The
pentazole anion (3), however, has no allowed transitions in
this region.

Due to the very small changes in geometry for all ground-
state species in going from the gas phase to solution, elec-
tronic structures, and hence calculated electronic transitions,
are likely to be similar in both environments. In the case of
the dinitramide anion (1), which, as opposed to the other
anions, has several transitions of higher probability, our gas-
phase calculations are within 5 nm of the experimental
aqueous UV/Vis spectra of ADN.[39] The solvation effect on
the excitation energies were further tested for all anions
using time-dependent TD-B3LYP calculations together with
a standard PCM procedure. The largest difference was seen

for 3, where the transition wavelength increased by 7 nm
when going from the gas phase to a solution in THF. The
corresponding corrections for 1 and 4 were smaller than
1 nm. Thus, the presented values at the CC2 level in the gas
phase (Table 1) are expected be close to the real values in
solution.

The presented calculated UV absorption bands allow for
easy detection of both the trinitrogen dioxide anion (2) and
oxopentazolate (4) upon formation. This is a great analytical
advantage that is not available in the experimental efforts
aimed at producing the long sought pentazole anion (3).

Propellant performance : For practical reasons a solid rocket
propellant typically consists of a 70:30 weight mixture of
ammonium perchlorate (AP) oxidizer and aluminum (Al)
fuel. In addition to the oxidizer and the fuel a polymer
matrix is also needed. In AP-based propellants cross-linked
hydroxyl-terminated polybutadiene (HTPB) is typically
used for this purpose. However, the most suitable type of
matrix varies depending on the used oxidizer, and oxygen
deficient but highly energetic anions such as 2, 3, and 4
should preferably be used with more oxygen-rich matrices
to reach their peak performance. For this reason we have
chosen to include 10 wt % glycidyl azide polymer (GAP)[40]

in all our specific impulse calculations (Figure 7). This value
is meant to correspond to a minimum required amount in a
working formulation, and should preferably be optimized to
reach an exact performance estimate. By comparison with
the AP/Al reference we can estimate the difference in per-

Table 1. Calculated properties of energetic anions 1 through 4, and their corresponding ammonium salts.

Compound Oxygen balance[a] Relative stability in THF[b] Density[a,c] [gcm�3] DH0
f,anionðvacÞ [kcal mol�1] DH0

fðsÞ
[a,c] [kcal mol�1] Amax

[d] [nm] EI
[e] [eV]

1 + 25.8 5.8� 1011 1.8 (1.8[36]) �31.2 �36.2 (�35.4[37]) 279 (0.11) 4.4
2 �0.0 �1[f] 1.6 13.0 2.9 271 (0.40) 3.1
3 �36.4 1 1.5 58.2 47.9 – 4.7
4 �15.3 1200 1.6 53.1 45.6 240 (0.20) 3.8

[a] Calculated for the corresponding ammonium salt. [b] Estimated from calculated room-temperature rate constants, obtained from free-energy barriers
in solution. [c] Experimental data is given within parenthesis. [d] Calculated at the CC2/aug-cc-pVTZ level. Oscillator strengths are given within paren-
theses. [e] Adiabatic ionization energies are calculated at the B2PLYP/aug-cc-pVTZ level, with thermodynamic corrections from B3LYP/6-31+G(d) fre-
quency analysis. [f] Rough estimate, possibly considerably more stable.

Figure 7. Calculated specific impulses (Isp) of HEDMs 1 to 4 with ammo-
nium counterions and AP are shown at different loadings of aluminum
fuel and 10 wt % GAP binder. Maximum theoretical performances and
corresponding combustion chamber temperatures and aluminum loadings
are given within parentheses.
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formance when using the energetic anions 1–4 instead of
perchlorate.

Figure 7 shows calculated specific impulse (Isp) values for
the ammonium salts of 1–4 and AP after a nozzle expansion
from 7 to 0.1 MPa (1 atm), at varying loadings of Al fuel.
1·NH4, or ADN, outperforms the reference by more than
4 % at the same level of Al loading (30 wt%). This is slight-
ly lower than the 8 % proposed by other authors.[2] The devi-
ation is likely due to differences in the considered formula-
tions as well as the method of calculation. The chamber
combustion temperature (Tc) is slightly lower than the refer-
ence, that is, 4220 K.

2·NH4 reaches its maximum potential at 20 wt % loading
of Al, at which it outperforms the reference by 7 % andACHTUNGTRENNUNGachieves an Isp of 3060 ms�1 with a corresponding Tc of
3980 K. At 0 % Al loading, ammonium trinitrogen dioxide is
expected to outperform the other compounds due to its per-
fect oxygen balance, and achieve an Isp of 2570 ms�1 at a Tc

of only 2910 K. The high performance at low fuel loading
and the low combustion temperature makes this compound
relevant as a monopropellant.

3·NH4 is less suitable for propellant applications, as it pro-
vides a performance slightly lower than the AP/Al refer-
ence. This is expected, as the pentazole anion does not con-
tain any oxygen that can react with the metal fuel. After a
successful synthesis of the pentazole anion, it is likely to
find its main usage in explosive applications.

4·NH4 clearly shows the effect of added oxidative power
(oxygen) of the energetic anion on performance, relative to
the oxygen-free pentazolate (3). Ammonium oxopentazole
reaches its maximum potential at 15 wt % loading of Al,
where it provides a performance almost identical to the ref-
erence, at a significantly lower Tc (3710 K). If used as a mo-
nopropellant the compound is expected to achieve an Isp of
2360 ms�1 at the exceptionally low temperature of 2420 K.

Synthesis : It is not within the scope of this work to provide
a feasible synthesis path to either of the discussed ions.
However, we intend to briefly discuss some of our observa-
tions and ideas on the matter.

Since 2 has already been experimentally observed in the
gas phase, and our theoretical investigations point to a rea-
sonable stability as well as an excellent performance, it is a
highly interesting anion to pursue for future HEDMs. Simi-
lar to the case in the gas phase, one can envision 2 being
formed in solution through the exotic reaction between re-
duced nitrous oxide and nitrogen monoxide [Eq. (5)]. This
reaction would be exothermic by 25 kcal mol�1 in THF
(Figure 2) and provide a rapid route to 2. The crux of the
matter is naturally the reduction of nitrous oxide and the in-
herent instability of N2O

� towards O� and N2 formation,
which is known to proceed very rapidly.[41]

N2O� þNO! ½N3O2�� DH0
THF ¼ �25:4 kcal mol�1 ð5Þ

In a more likely approach, 2 can be expected to form if
hyponitrite anions (NO�) are generated in the presence of

nitrous oxide [Eq. (6)]. Templating by using metal catalysts
or hydrogen-bonding counterions might also present other,
more viable pathways to the formation of 2.

N2OþNO� ! ½N3O2�� DH0
THF ¼ �3:6 kcal mol�1 ð6Þ

The synthesis of the pentazole anion has been suggested
and attempted using substituted aryl pentazoles as precur-
sors.[21,23, 29] Future computational studies should be able to
show if selective oxidation of aryl pentazoles is possible. If
so, they could constitute a viable pathway to oxopentazo-
late.

Furthermore, the pentazole anion (3) is expected to form
strong ferrocene-like sandwich complexes in the presence of
metal cations (e.g., Fe2+),[38] which should favor its forma-
tion in solution. Since it is not inconceivable that the same
might apply for oxopentazolate (4), experimentalists at-
tempting synthesis should consider including metal ions also
in this case.

Conclusion

We have estimated the kinetic stability in the gas phase and
in solution of four energetic anions—the commercially avail-
able dinitramide anion, the intensively pursued pentazole
anion, its close relative the oxopentazole anion, and the tri-
nitrogen dioxide anion—by using high-level ab initio and
DFT calculations. The activation barrier to decomposition
of oxopentazolate is estimated to be 30 kcal mol�1 in the gas
phase and in solution, which corresponds to sufficient kinet-
ic stability to enable synthesis, analysis, and handling at
room temperature. The trinitrogen dioxide anion has a bar-
rier for decomposition larger than 27.5 kcal mol�1 in solu-
tion. Detection of trinitrogen dioxide and oxopentazolate
appears straightforward as they are predicted to exhibit
strong UV absorption bands at 271 and 240 nm, respectively.

Calculated heats of formation for the gas-phase ions as
well as their solid-state ammonium salts are reported. Theo-
retical rocket propellant performances with aluminum fuel
show that ammonium trinitrogen dioxide and ammonium
oxopentazole would outperform a standard ammonium per-
chlorate propellant at significantly lower combustion tem-
peratures. The compounds are also predicted to perform
well as monopropellants. Further study and attempted syn-
thesis of these materials are merited.

The synthesis of oxopentazolate and trinitrogen dioxide
presents formidable challenges to experimentalists. Howev-
er, considering the strong environmental incentive to re-
place toxic energetic materials, and the successes of recent
years in high-nitrogen synthesis, we can afford some opti-
mism.
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Computational Methods

The highly accurate multicomponent complete basis set (CBS-QB3)[42, 43]

method of Montgomery, Ochterski, and Peterson was used for obtaining
energetics in the gas phase, using the Gaussian 03[44] program. CBS-QB3
uses coupled cluster (CCSD(T)) energies, which are extrapolated to the
basis-set limit using MP2 and MP4 energies and empirical corrections.
Geometries and thermodynamic corrections were obtained at the
B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level.[42, 43] CBS-QB3 has been extensively tested in
several benchmarks and is expected to produce reliable results.[42, 43, 45–47]

The mean absolute deviation in the G2 test set is reported to be 0.87 kcal
mol�1.[42] The accuracy in predicting kinetics of pericyclic reactions is
most important to our study. Guner et al. evaluated this for 11 different
reactions[46, 47] and CBS-QB3 was found to have a mean absolute devia-
tion value of 1.9 and a standard deviation of 1.6 kcal mol�1, when com-
pared to experimentally determined activation enthalpies.

The B2PLYP[48] double-hybrid exchange-correlation functional by Swabe
and Grimme, included in the ORCA[49] program suite, was also applied
using an aug-cc-pVTZ basis. B2PLYP provide highly accurate energetics,
for example, the mean absolute deviation for the G3/05 test set is
2.5 kcal mol�1 with a polarized QZV basis.[50] Relative energies in the gas
phase were calculated for 298 K and 1 atm.

In some cases, in which diffuse functions were required during optimiza-
tion, we employed a G2-type extrapolation scheme,[51, 52] which we will
refer to as G2X [Eq. (7)]. G2X has been used with B3LYP/6-31+G(d)
geometries and frequencies. The accuracy for this type of method is ex-
pected to be within 2 to 3 kcal mol�1.[51, 52]

DEðG2XÞ ¼DEðMP2=6-311þGð3df,2pÞÞ�
DEðMP2=6-31þGðd0ÞÞ þ DEðCCSDðTÞ=6-31þGðd0ÞÞ

ð7Þ

Absorption spectra for the free anions in the gas phase were obtained
through CC2[53]/aug-cc-pVTZ calculations on the four lowest-lying excita-
tions, using the turbomole code.[54] Gas-phase calculations on the dinitra-
mide anion produce excitations in excellent agreement with experimental
aqueous measurements.[39] The effects of THF solvent were analyzed at
the td-RB3LYP/6-31+G(d) level of theory using the default PCM
method of Gaussian 03, and found to be minor. The rigidity of the CC2
method was also evaluated by comparison with experimental data avail-
able for the nitrate anion.[55] Excellent agreement was observed.

Solvation energies : To calculate reliable energies in THF solvent a quite
extensive procedure was devised (Figure 8). To correct the gas-phase en-
ergies (at the CBS-QB3 level) for solvent effects, all geometries and ther-

modynamic corrections were recalculated in the gas phase and in THF at
the B3LYP/6-31+G(d) level, using the default PCM method of Gaussi-
an 03.[44] To obtain solvation energies (DGsolv) the obtained geometries
were used in single-point calculations at the B2PLYP/aug-cc-pVTZ level,
utilizing the COSMO solvation model in the ORCA program. These en-
ergies were then corrected for thermal and entropic effects using the fre-
quencies calculated at the B3LYP level. Relative free energies in THF
(DG0

THF) were calculated for 1m concentrations, and are given by Equa-
tion (8):

DG0
THF ¼ DG0

gasðCBS-QB3Þ þ DGsolvðBÞ�DGsolvðAÞ ð8Þ

in which DGsolv for A and B were calculated as shown in Equation (9):

DGsolv ¼ EðB2PLYP=aug-cc-pVTZðCOSMOÞ==B3LYP=6-31þGðdÞ,
THF geometryÞ þGcorrðB3LYP, THF geometryÞ�
EðB2PLYP=aug-cc-pVTZ==B3LYP=6-31þGðdÞ,
gas-phase geometryÞ�GcorrðB3LYP, gas-phase geometryÞ

ð9Þ

Ionization potentials : Adiabatic ionization energies (EI) in the gas phase
were obtained from B3LYP/6-31+G(d)-optimized structures of anions 1–
4 and their corresponding radicals, at the B2PLYP/aug-cc-pVTZ level of
theory. The energies were corrected for thermal and entropic effects
using B3LYP frequencies.

Density estimations : By considering only small cations (NH4
+) and

larger anions (1–4), and assuming efficient packing of the species in a
solid lattice, an estimate of the salt density can be written as shown in
Equation (10):

1salt ¼ ðManion þMcationÞ=V ð10Þ

in which Manion and Mcation are the molecular weights of 1–4 and NH4
+ , re-

spectively, and V is the lattice volume, which is equal to the sum of the
individual anion and cation volumes. The volumes for anions 1–4 were
calculated from the 0.001 a.u. contour of their B3LYP/6-31G(d) electron
density using Gaussian 03[44] and the HS95v09[56] program. For the NH4

+

cation we instead used the experimentally determined volume[57] of
0.021 nm3. A similar procedure has been successfully demonstrated for
nitramine compounds,[58] and our results are in excellent agreement with
experimental data, which is available for the ADN salt.[39]

Enthalpies of formation : Enthalpies of formation for the gas-phase ions
(DH0

fðvacÞ) 1–4 were obtained at the CBS-QB3 level of theory. However,
despite the high accuracy of the CBS extrapolation for relative energies,
it proved somewhat lacking in its description of the exact energy for the
nitrogen molecule. For this reason we instead chose to use azide (N3

�) as
our nitrogen reference. Dixon et al. have previously calculated DH0

fðvacÞ
for azide to be 47.4 kcal mol�1 at 298.15 K, using a more advanced CBS
extrapolation scheme.[59] This value is in good agreement with gas-phase
acidity measurements that gives a DH0

fðvacÞ value of (48�2) kcal mol�1.[60]

Heats of formation for solid salts (DH0
fðsÞ) were obtained through Equa-

tion (11):

DH0
fðsÞ ¼ DHðNH4

þÞ0fðgasÞ þ DHðanionÞ0fðgasÞ þ DHL ð11Þ

in which DHL is the lattice enthalpy, which in the case of nonlinear poly-
atomic ions is given by Equation (12):[61]

DHL ¼ 2UL=RT ð12Þ

in which UL is the lattice energies of the ionic solids. We have calculated
UL for the ammonium salts of anions 1–4 using a relationship [Eq. (13)]
developed by Mallouk et al. ,[61] which was later expanded by Jenkins
et al.[62] and Gutowski et al.[57]

UL ¼ 2I½aðV�1=3Þ þ b� ð13Þ

in which I is the ionic strength (equaling 1, for 1:1 salts), a and b are em-
pirical constants (19.9 and 37.6 kcal mol�1 in the Gutowski method), and
V is the sum of the ionic volumes (in nm3), obtained as described in the
previous section on density.

Equation (13) has been shown to be applicable to a wide range of 1:1
salts, and the Gutowski approach has recently been deemed the theoreti-
cal method of choice for estimating solid-phase heats of formation for en-
ergetic salts.[63]

Figure 8. Thermodynamic cycle used for calculating relative free energies
in solution (DG0

THF). A denotes the reactant molecule and B a product or
a transition state.
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Rocket propellant performance : The specific impulse, or effective ex-
haust velocity (Isp), of a propellant is a most useful characteristic as it de-
scribes performance per mass of propellant. Specific impulses of the am-
monium salts of anions 1 through 4 were estimated at varying loadings of
aluminum (Al) fuel using NASA�s CEA code,[64, 65] assuming a chamber
pressure of 7 MPa (�1000 psi) and a nozzle expansion to atmospheric
pressure (0.1 MPa). The CEA code is based on known equations of
states for thousands of known compounds, and assumes an equilibrium
composition during expansion from an infinite area combustor. The cal-
culation of specific impulses for unknown compounds can be performed
after adding our calculated heats of formation to the CEA program�s da-
tabase. For polyglycidyl azide (GAP) a DH0

f value of 27.24 kcal mol�1 was
used.[40]

Estimated chamber combustion temperatures (Tc) are also reported.
These vary depending on the type of combustion that is predominant.
For example, the formation of AlO2 is a highly exothermic process,
whereas more incomplete combustion will result in lower temperatures.
Tc puts a practical limit on the type of material required in a rocket com-
bustion chamber and nozzle, and lower temperatures allow for lighter
and more affordable constructions.
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