COMMUNICATION

www.rsc.org/chemcomm | ChemComm

High energy density materials from azido cyclophosphazenes
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Azido substituted cyclophosphazenes were prepared and their
standard heats of formation were calculated based on
experimentally determined heats of combustion.

Compounds that contain azide are most often highly energetic and
some tend to be unstable. However, over the last years, relatively
stable azido substituted carbon-nitrogen heterocycles have been
reported with densities >1.7 g cm > and with very high heats
of formation,' e. g, 44',6,6'-tetra(azido)azo-1,3,5-triazine with
AH® = +6164 kJ kg~ '. The high heats of formation arise from
the large number of inherently energetic N-N and C-N bonds.
This energy source is in contrast to that for the classic energetic
materials such as HMX (1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetra-
azacyclooctane) and TNT (trinitrotoluene),> where energy is
obtained from oxidation of the carbon backbone. In the former
cases, because a higher percentage of the decomposition products
will be dinitrogen, these nitrogen-rich compounds tend to be
promising high energetic materials and may be significantly more
environmentally benign.’

Despite their high enthalpies of formation and accompanying
tendency to be sensitive to friction, impact and heat, the introduc-
tion of amino groups into the nitrogen rich organic heterocycles
appeared to enhance their thermal stability.* However, until now,
most research is based on compounds with both carbon-azido and
carbon-amino or nitrogen-amino substitutents.”> Yet the chemistry
and properties of energetic materials with P-azido and P-amino
moieties have been discussed only rarely in the scientific literature.®

The spirocyclic compounds of cyclophosphazene trimers and
tetramers were suggested to have higher energy compared to
their ansa isomers.” A few reports have suggested use of inorganic
heterocycles such as spirocyclic fluorophosphazenes® and azido
substituted cyclophosphazenes® as high energy materials. There is
no evidence to support the high energy of these cyclophosphazene
compounds in the form of energy calculations based on experi-
mentally obtained thermodynamic data.'® The focus of the present
work is the syntheses of energetic materials based on cyclophos-
phazenes which may offer alternative energetic compositions.

For the first time, we report calculated enthalpies of formation
for cyclophosphazene azides based on experimentally determined
heats of combustion. While there are a few reports of azido sub-
stituted cyclophosphazenes, none of these azido substituted cyclo-
phosphazene tetramers has been structured crystallographically.
In this work, the crystal structure of an azidocyclophosphazene,
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obtained from the reaction of sodium azide with bis[2.4-
(dibutylamino)]hexachlorocyclophosphazene tetramer, is given.

Increasing the number of nitrogen atoms in heterocycles results
in considerable gain in the standard enthalpy of formation in the
resulting compounds.!! Each phosphorus atom in a cyclophos-
phazene ring can typically accommodate two azido or amino
groups. With the aim of preparing high energy materials based
on cyclophosphazene azides, we have reacted N;P;Clg (1),
N;3P;Cls(NMe,) (2)'2 and N3P3Cly[1,1-(NHa),] (3)"* with sodium
azide. Reactions at 25 °C in acetone led to complete replacement
of chlorine by azide leading to the formation of N3P3(N3)g (4),'
N3P3(NMe)(N3)s (5)'° and N3P3(N)4[1,1-(NH,),] (6)'® (Scheme 1).

The reaction mixture was filtered through filter paper and the
solvent evaporated to leave the spectroscopically pure product.
Compounds 4 and 5 are liquids, while at 25 °C 6 is a solid. Each
was characterized by NMR, HRMS, and infrared spectroscopy.
Compound 4 was reported to be highly friction sensitive and
was known to detonate without warning.'* This has been our
experience. However, the bis(dimethylamino) (5) and diamino (6)
compounds are substantially more stable. Introduction of smaller
amounts of hydrogen and carbon enhances the good oxygen
balance and reduces sensitivity to detonate due to friction. As a
result, 5 and 6 were significantly easier to handle than 4 and, in our
hands, there have been no signs of instability. The density of 5 and
6 are 1.67 and 1.79 g cm ™3, respectively.

Recent results from our group'’ and others'® have shown the
application of low-melting salts prepared from triazole and
tetrazole as high-energy materials. But, attempted quaternization
reactions of 5, 6 and 8 (vide infra) with methyl iodide and other
electrophiles were unsuccessful. The electron withdrawing nature
of cyclophosphazenes may account for this failure.'’

The standard enthalpy of formation of an energetic compound
is a very important characteristic which can be calculated from
heats of combustion using Hess thermochemical equations. The
standard enthalpies of formation of the chlorophosphazene trimer
and tetramer were reported as —811.33 and —1083.03 kJ mol !,
respectively.”” In a calorimetric experiment in an oxygen
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atmosphere, the cyclophosphazenes were reported to burn
according to eqn (1).° Based on this, 4-6 were assumed to burn
in the presence of oxygen according to eqns (2)—(4), respectively. In
order to confirm the formation of P40y, the solid obtained after
burning was dissolved in D,O and the *'P NMR spectrum was
recorded. The spectrum showed only a strong peak at 0 ppm
indicating the formation of phosphoric acid.

(PNCL),(s) + 5n/4 O3 (g) — n/4 P40y () + n Cly (g) (1)
[P3N3(Na)e] (s) + 14/4 O, (g) — 3/4 P4Oyo (5) +42/4 N> (2) (2)

[P3N3(N3)s(NMey)] (s) + 29/4 O, (g) — 3)
3/4 P4O1o(s) + 38/4 N (2) + 2 CO, + 12 HyO (1)

[P3N3(N3)4(NH»)o]] (s) + 17/4 05 (g) — 4)
3/4 P40y (s) + 34/4 N, (g) + 4 H,O (1)

The standard molar enthalpy of combustion (A H,,°) of the
samples can be derived from the constant volume combustion
energy (A.Un,) by means of the following equation:

AcHpw® = AU + AnRTAn =Y nproducts,g) —
Y infreactants,g)

Here Xn; is the total molar amount of the gases in products or
reactants. Typical calorimetric experiment?! results (averaged over
three measurements each) of the constant volume combustion
energy (A.Un) of 4,5 and 6 are given in Table 1. From these values
and eqns (2), (3) and (4), the standard molar enthalpies of
combustion (AH,,°) for 4, 5 and 6 are —4142.3 —5409.0 and
—4393.3 kJ mol !, respectively The literature values for standard
molar enthalpies of formation of CO, (g) = —395.51 kJ mol ",
H,0 () = —285.83 kJ mol ™! and POy (s) = —2984 kJ mol .
Substituting these values in the designed Hess thermochemical
equations for 4, 5 and 6 (eqns (5)~(7)) the molar enthalpies of
formation are calculated and are shown in Table 1.

AgHy” [P3N3(N3)g] (s) = AgHm® [P4Oy0] () — (5)
AcHy® [P3N3(N3)g] (s)

A¢H " [P3N3(N3)s(NMe,)] (s) = {3/4 AtHy," [P4O10] (s) +
2 AcHy" [COy (g) + 3 AcH L °[H20] (1)} — (6)
AcHy® [P3N3 (N3)s(NMe,)] (s)

ApH " [P3N3(N3)g(NHy)o] (s) = (3/4 AcH,,” [P4Oy0] (5) + 7)
AcH i °[H20] (1)) — AcHy® [P3N3 (N3)4(NH,)o] (s)

The positive heats of formation are indicative of rather high
energies associated with azido derivatives. Not surprisingly, the
heats of formation of the azido-substituted cyclophosphazene
trimers are positive compared with the negative value reported

Table 1 Standard molar enthalpies of formation of the azido
derivatives of cyclophosphazene trimers

Densitgf/ AUl AcH %l AcH ol
Compounds gem kJ mol ™! kJ mol ™! kI kg™!
4 — —4158.9 1904.3 4920.7
5 1.67 —5419.4 1528.6 3929.6
6 1.79 —4403.7 1869.5 5580.7
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for P3N;Clg.° The energy released on burning of one kg of a
compound is an important parameter to be considered for
energetic applications. Hence, it is significant to compare the
heats of formation in kJ kg~ as is shown in Table 1. These
values indicate that the compounds 4-6 would expect to release a
considerable amount of energy on burning, thus may potentially
have interesting uses.

Based on the opportunity to introduce additional azide
functionalities into a single stable moiety, we have synthesized
N4P4Clg[2,6-(--BuNH)], (7) according to the literature procedure
from the reaction of N4P,Clg with n—dibutylamine.22 When the
latter was further reacted with sodium azide in acetonitrile at 25 °C,
N4P4CL(N3)4[2,6-(--BulNH)]x(8), which contains two unsubstituted
chlorine atoms, was obtained? (Scheme 2).

The presence of chlorine atoms diminished our interest in
determining thermodynamic properties and the release of the
chlorine gas is harmful from an environmental perspective.
However, since 8 is a stable solid which provided an opportunity
for structural study. The solid-state structure of 8 was obtained>*
which is the first reported crystal structure of a tetrameric
azidocyclophosphazene. The structure (Figure 1) shows that the
gem Nj substitution and the Cl ligands are trans-oriented. The
orientation of both gem-substituted N3 groups is cis to each other
and point towards the 7-Bu groups. This orientation is preferred to
prevent steric crowding as the NH groups form a hydrogen bond

Fig. 1 Thermal ellipsoid plot (30%) showing the hydrogen bonding
association via N9-H9---N2. Only two molecules and only the N9
hydrogen atoms are shown for clarity. Hydrogen bonding interaction
indicated by dashed lines.
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with a neighboring ring nitrogen (N9-H9---N2' = 3.143(3) A; i =
—x,y,—z + 1/2; see electronic supplementary information (ESI)t)
generating a twisted intermolecular eight membered ring. The
phosphazene core in 8 is in the typical chair conformation and has
similar but slightly elongated P-N bonds (0.01 A-0.02 A) and
more acute P-N-P (5°-6°) angles than the parent halogenated
cyclotetraphosphazene, N4P,Clg.?® The azido P-N bond and angle
are similar to the only other azido phosphazene,1,3,5-N5-1,3,5-R5-
cyclotriphosphazene (R = 2,6(bis(4-tert-butylphenyl)phenyl).>®

In conclusion, we have synthesized azido substituted cyclophos-
phazenes and for the first time calculated the standard heats of
formation based on experimentally determined heats of combus-
tion. The magnitude of these positive heats of formation suggests
that these materials may have energetic applications. While
the azido phosphazene trimers are liquids, we are able to report
the first crystal structure of an azido substituted cyclophosphazene
tetramer.
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