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Abstract: The energetic plasticizer glycidyl azide polymer (GAP) is used for new
types of rocket propellants which are formulated with the objective of achieving
higher burning rates. The reaction profiles for several possible initial steps in the
decomposition of mixtures of the nitramines octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazacyclooctane (HMX), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
hexanitrohexaazaisowurtzitane (CL20) with a monomer of GAP-diol have been
examined computationally. Comparison of the activation energies for the
decomposition of the mixtures with those for the decomposition of the isolated
nitramines shows that the presence of GAP-diol decreases the activation energy
for the elimination of NO; by at least to 8 kJ mol-! for CL20, wheras the NO,
elimination from HMX is only favored by 1 kJ mol"! and NO, elimination from
RDX is inhibited in the presence of GAP-diol by 2 kJ mol .
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propellants



30 M. A. Bohn, A. Hammerl, K. Harris, T. M. Klapotke

Introduction

A mixture of the nitramine CL20 (hexanitrohexaazaisowurtzitane) with the
energetic binder GAP is being developed as a base for a new faster burning
rocket propellant [1, 2]. Experimental investigation has shown that the
decomposition reactions of mixtures of &-CL20 and B-HMX with GAP proceed
in different ways. Mixtures of CL20 with GAP decompose more quickly and
with an autocatalytic increase in rate, whereas the decomposition of mixtures of
HMX with GAP shows simply a linear increase in reactivity [3].

In this report, the initial step of the gas-phase decomposition of the nitramines
HMX, RDX and CL20 with a monomer of GAP-diol is modeled computationally
in order to gain a better understanding of the complex processes involved in the
decomposition of these mixtures. Here we focus on the elimination of NO,
which is the initial decomposition step with the lowest activation energy, another
paper will deal with other possible initial decomposition steps.

Results and Discussion

The decomposition of the isolated nitramines is discussed first in order to
identify similarities and differences in the behavior of the mixtures of the nitramines
with GAP-diol.

Decomposition of HMX

The decomposition of HMX has a complex mechanism, since many processes
may occur simultaneously. The decomposition depends on the temperature,
pressure, heating rate, particle size and purity of the sample. As a result, reported
experimental findings can appear contradictory if they are obtained under different
experimental conditions. Reported decomposition temperatures range from
230 [4, 5] to 277 °C [6]. Explosive decomposition at 257 °C [7] and melting at
270 °C [8] have also been reported, although the actual melting point is 282 °C.
The main products [9-11] of the decomposition are the small, gaseous molecules
N20, CH,0, H»0, CO, NO and HCN. Small amounts of N-methylformamide,
dimethylnitrosamine, dimethylformamide and octahydro-1-nitroso-3,5,7-trinitro-
1,3,5,7-tetrazacylclooctane (ONTNTA) have also been reported. A non-volatile
residue with a polyamide structure, comprising 3.5% of the total sample, remaining
after the decomposition is complete [10, 11].

The decomposition of HMX is a first order [5] autocatalytic reaction [9-11]
with characteristic initiation, acceleratory and decay phases [4, 7, 9, 16]. Each of
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these phases corresponds to a different physical state and a different rate-
determining step [7] and therefore to the formation of different products [9-11].
Kinetic isotope effects show that the reaction rate of the induction phase, in
which HMX is still in the solid state, is determined by C-H bond fission [4, 12]. In
the following acceleratory, or mixed-melt phase, the rate of decomposition is
determined by the destruction of inter- and intramolecular hydrogen bonds. C-N
bond fission is the rate determining step in the decay phase, in which HMX is
completely molten. A common rate determining step has also been proposed for
the first two phases [4].

In the first phase N>O, CH,O and NO [9-11] are observed. In the second, the
concentration of these compounds increases and H,O, CO and the amide products
are detected. Water is believed to catalyze further decomposition and to influence
the decomposition of the methylene nitramine intermediate [11-13]. ONTNTA,
HCN and methylformamide are produced later in the decomposition process [9].

The N-NO; bond is the weakest bond in the HMX molecule. Hence,
N-NO; bond fission has been identified as the most important initial step in the
decomposition [5, 11, 13-16]. Several other unimolecular decomposition pathways
have been proposed for the decomposition of HMX (Scheme 1, Table 1) [16].
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Scheme 1. Proposed pathways for the first step in the decomposition of HMX.
(a) Transfer of an oxygen atom from an NO, group to an adjacent
CH; group. (b) Heterolytic C-N bond fission. (¢) Elimination of
H>,CNNO:a. (d) Concerted depolymerization to four molecules of
H>CNNO:a. (e) Homolytic N-NO; bond fission. (f) Homolytic C-N
bond fission. (g) Elimination of HONO (nitrous acid). (h) Elimination
of HNO; (nitrous acid).
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Experimentally determined values for the activation energy of the
decomposition of HMX lie between 208.4 kJ mol™' [4] and 221.0 kJ mol™! [5].
N-NO; bond fission might be accompanied by an intramolecular C-H bond fission
because the activation energy of the rate determining C-H bond fission is much
higher than any experimentally determined activation energy for the decomposition
of HMX. Alternatively, a cage effect has been proposed, which is in accordance
with an initial homolysis of N-NO,, followed by a rate determining C-H bond
fission [7, 12]. The radical produced during the N-NO- bond fission is believed to
decompose to a H,CN radical and three molecules of both N,O and CH»O. This
could occur via the stepwise elimination of three molecules of CH,NNO; [5, 11-
13, 15]. This mechanism is supported by experimental molar product ratios [5,
11] and isotope scrambling experiments which show that the N-N bond in N>O is
not broken [11, 12]. Although N-NO; bond fission is the most energetically
favorable initial step in the decomposition, the endothermicity associated with
further decomposition through ring-opening or subsequent N-NO; fissions makes
the overall pathway less favorable [15]. The consecutive elimination of four
molecules of HONO has been calculated as a lower energy decomposition
pathway [15].

Decomposition of RDX

As expected, the decomposition mechanisms of RDX and HMX are very
similar, but have some important differences. All products found in the
decomposition of HMX are also found in that of RDX. Three further decomposition
products have been detected for RDX only: NO», [4, 17, 18 -19] HONO, [4, 17,
19] and an oxy-s-triazine compound (OST), [4, 17, 19] the exact structure of
which is not known. The decomposition of RDX begins slightly below its melting
point of 200 °C, [4, 17, 19, 20] which means that the decomposition occurs in the
liquid phase. In contrast to HMX, water does not seem to catalyze the
decomposition [17, 19]. However, an NO> catalyst has been proposed [5].

Although very little decomposition takes place in the solid state, classic
induction and acceleratory phases have been found for this stage of the
decomposition [17]. The main product of this process is the mononitroso equivalent
of RDX, which decomposes further to NoO and CH»O. The presence of CH,O
in the crystal lattice initiates the melting of RDX. It is believed that the rate of
decomposition is increased due to the change of state of RDX, and not as
a result of autocatalytic processes [17]. However, a distinctive induction phase
was not found [4].

The time dependence of the appearance of the products leads to the
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conclusion that four parallel decomposition pathways occur in the liquid phase.
Two unimolecular decomposition pathways, which together account for 40% of
the total decomposition, lead to OST, H,O, NO and NO,, and NO,, H,CN, NO
and CH,O, respectively. A third pathway, accounting for 30% of the decomposition,
involves reaction with NO and yields the nitroso equivalent of RDX, which in
turn decomposes to NoO and CH»O. The fourth process, which requires an as
yet unknown catalyst, also accounts for 30% of the decomposition and gives
N>O, CH,0, NO, and formamide. This catalytic path explains the large amounts
of some products remaining even after the sample of RDX has almost completely
decomposed.

Experimental [5, 18] and theoretical [21, 22] evidence show N-NO, bond
fission to be the most important initial step in the decomposition of RDX, as
found for HMX [5, 11, 13-16]. The other initial processes in the decomposition,
shown in Scheme 1, are also valid for RDX. A summary of calculated activation
energies is shown in Table 1.

There is both theoretical and experimental evidence to show that the concerted
depolymerization reaction to CH.NNO> molecules is more energetically favorable
for RDX than for HMX [20]. The calculated activation energies for oxygen
atom transfer from an NO; group to an adjacent CH» group are of the same
magnitude as those for concerted depolymerization [22].

Isothermal analysis gave an activation energy of 158.2 kJ mol™! for the
decomposition of RDX [5]. Kinetic isotope effects suggest that C-H bond fission
is the rate determining step. Again, it is possible that N-NO, and C-H bond
fission occur simultaneously, as discussed above for HMX. This mechanism is
supported by the short intramolecular O--H contacts in the molecule [23].

The successive elimination of three HONO molecules has been calculated
as the most energetically favorable decomposition path, although the decomposition
of the resulting intermediate is highly endothermic [22]. As for the decomposition
of HMX, the highly endothermic processes required after an initial N-NO, bond
fission make this pathway less favorable overall [22]. However, this mechanism
is supported by experimental molar product ratios and the lack of isotope
scrambling in the N,O formed during the decomposition. After oxygen atom
transfer from an NO, group to an adjacent CH, group, the intermediate can decompose
in a concerted fashion to form CH,0, N,O and methylene nitramine [15].

Decomposition of CL20
The decomposition of CL20 is similar to the decomposition of RDX and
HMX and subject to the same parameters, but is an even more complex process.
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Most of the differences can be attributed to the lower thermal stability of CL20
as compared to the cyclic nitramines. This is caused by the strained cage structure
and higher density of CL20. The more complex substituents on the nitramine
groups in CL20 provide more reaction pathways after the initial decomposition
step. Consequently, fewer endothermic reactions are possible after the initial
decomposition step, and hence the stability of the molecule is reduced [5].

The decomposition of CL20 occurs at around 200 °C [24-27] at
a rate two orders of magnitude faster than that of HMX [24]. The process is
a first order reaction with second order autocatalysis, [28] although autocatalysis
was not observed in all studies [25]. In contrast to the cyclic nitramines, where
the decomposition takes place primarily in the liquid phase, the decomposition of
CL20 mainly occurs in the solid state [24].

A large amount of solid residue (9-18%) remains after the decomposition of
CL20, which produces primarily CO,, N2O, NO> and HCN [26,27]. Traces of
NO, CO, [26, 27] HONO, HNCO [25] and H,O [26] have also been detected.
The ratio of the main products remains constant until maximum concentrations
of NO; and N,O are reached. Thereafter, the concentration of N,O stays
constant, that of NO, decreases and those of CO; and HCN increase [25-27].
The amorphous residue, which contains C=0, C=N and N-H bonds, is believed
to be a polyamide or polyazine [24-27, 29]. At temperatures above 700 °C the
residue decomposes entirely to give gaseous products, mainly HNCO and HCN
[26, 29].

As observed for the other nitramines, the initial step in the decomposition of
CL20 is assumed to be a homolytic N-NO; bond fission [5, 25-27]. An activation
energy of 177 kJ mol! has been determined for a solution of CL20 in acetone
[5]. Kinetically determined activation energies of 185.4 =4 kJ mol™' [26, 28] and
172 +26 kJ mol"!' [27] have been reported for the non-catalyzed part of the
decomposition. These values are slightly lower than the typical N-NO, bonding
energy due to the strained cage structure of CL20. Low temperature EPR
photolysis has shown that there is no preference for the homolysis of a particular
nitramine group [30-32].

A recent theoretical study finds that the N-N bond fission reaction during
the elimination of NO, is the most favorable process for the initial decomposition
of CL20 [33].

All nitro groups are lost from CL20 by a temperature of 285 ° [29]. The
resulting NO, radicals remain trapped in the crystal lattice, [30-32] where they
can react with other radicals which form in the cage structure, [25-27] thus
accelerating the decomposition [26]. It is possible that the C-N bond strength is
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increased by the formation of multiple bonds, [25] which would explain the
presence of C=N double bonds in the solid residue. It is also possible that the
formation of radical structures in the crystal lattice results in the breakdown of
the cage structure and the formation of N,O, CO, and HCN [26, 27].

Computational Results

We have calculated the ground states of the nitramines and GAP-diol at the
B3LYP/6-31G(d) level of theory. The B-conformer of HMX was found to be
9.41 kJ mol™! (7.91 kJ mol' with zpe) lower in energy than c-HMX, which is in
agreement with the literature values of 10.46, [15] 9.75 [14] and 9 kJ mol' [8].
The diaxial conformation of RDX was found to be favored by 0.30 kJ mol™!
(0.75 kJ mol' with zpe) over the triaxial conformation, by 1.32 kJ mol"!
(5.25 kJ mol! with zpe) over the monoaxial conformation and by 5.43 kJ mol!
(20.76 kJ mol! with zpe) over the triequatorial conformation. Whilst the triaxial
form has been reported as the minimum energy conformation, the diaxial
conformation was not considered in the report [22]. Other reports have also
found the diaxial conformation to be the global minimum [23]. The relatively
small energy differences between the conformers allow a fast conformational
exchange in the gas phase, with the triaxial form as the averaged geometry. The
B-polymorph of CL20 is 4.74 kJ mol™! (3.92 kJ mol' with zpe) lower in energy
than %-CL20 and 6.79 kJ mol' (5.99 kJ mol™!' with zpe) lower in energy than the
&-polymorph. For all further calculations, we used B-HMX, which is also the
most stable polymorph of HMX in the solid phase, diaxial RDX and &-CL20,
which is the most stable solid-state polymorph of CL20.

Figure 1. Conformations of the nitramines used in the calculations: S-HMX,
diaxial RDX and &-CL20.
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We then determined the transition states for the decomposition pathways
given in Scheme 1 at the B3LYP/6-31G(d) level of theory, which has been applied
in previous studies [15, 22]. As discussed above, the decomposition pathways
given in Scheme 1 for HMX also apply, with some deviations, for RDX and
CL20.

Here we focus on the N-NO» bond breaking reaction, the other decomposition
pathways will be discussed in a later report.

Table 1.  Calculated activation energies for the hemolytic N-NO- bond fission
(path e in Scheme 1).

Ea Ea Ea
HMX kJ mol! RDX kJ mol! CL20 kJ mol!
solution of
B3LYP/6-31G(d) (f HMX) [15] | 166.5 BPW 91/ 143.5 CL20 in 177
/ec-pVDZ [21]
acetone [5]
B3LYP/ B3LYP/
B3LYP/cc-pVDZ (¢ HMX) [13] | 166.2 /631G(d) [22] 163.2 /631G(d) [33] 157.4
Comparison of bond 193.3
breaking energies [16] ’
BLYP/6-311G(d,p) (A HMX) [14] | 174.9
B3LYP/6-311G(d,p) (0 HMX) [14] | 169.5
B3LYP/6-31G(d)* 178.5 173.2 -
B3LYP/3-21G* 162.8 152.1 153.1
Mixture with GAP
at BALYP/3-21G / T* 161.2 174.0 151.7
Mixture with GAP
at BLYP/3-21G / II 1693 1547 145.4

2 this investigation

We repeated the calculations of the transition states at the B3LYP/3-21G
level of theory. It was necessary to use this very small basis set as the high
computational cost associated with using a larger basis set would have prevented
the inclusion of the GAP-diol molecule in the calculations. Table 1 shows that we
found lower bond breaking energies with the smaller basis set for all nitramines.
The differences for RDX (21.1 kJ mol ') and for HMX (15.7 kJ mol!) are quite
large, whereas it is only 4.3 kJ mol™!' for CL20. We therefore expect the actual
activation energies to be higher than the calculated ones.

Thereafter, the transition states of mixtures of the nitramines with a monomer
of GAP-diol were calculated. In order to evaluate the effect of different alignments
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of GAP-diol on the activation energies, two different alignments were used.
Alignment | is the minimum energy arrangement of the respective nitramines
with GAP-diol, and alignment II was specifically chosen for the interaction of
the azide groups with a nitramine group.

i

Figure 2. Alignment I of the mixtures of the nitramines HMX, RDX and CL20
with GAP.

e e

Figure 3. Alignment II of the mixtures of the nitramines HM X, RDX and CL20
with GAP.

e

NO; elimination

The homolytic N-NO, bond fission is the most important initial step of the
decomposition of the nitramines [4, 8, 11, 13, 14, 16, 18,21, 22,25-27,33]. Due to
their different environments the NO» groups of each nitramine are not equivalent.
As the decomposition is assumed to have no activation barrier, [13-15, 21, 22]
a comparison of the product radicals of this decomposition step indicates the
NO; groups which can be eliminated most easily (Table 2).
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Table 2. Relative energies (kJ mol") of the product radicals of the homolytic
N-NO:; bond fission (B3LYP/6-31G(d))

HMX RDX CL20

axial 173.24 166.12 | five membered ring (planar) 154.47
equatorial 164.46 168.28 | five membered ring (non-planar) 148.77
six membered ring 170.06

Table 3. Axial and equatorial elimination of HONO from HMX and RDX at
the B3LYP/6-31G(d) level of theory

axial elimination equatorial elimination
HMX 204.42 (182.95) 203.64 (182.95)
RDX 184.84 (164.12) 194.56 (173.40)

The difference of 8.48 kJ mol! between the axial and equatorial HMX
radicals is in agreement with the literature value of 12.13 kJ mol! [15]. In previous
theoretical investigations of the elimination of NO, from RDX the triaxial
conformation was used, in which all NO, groups are equivalent [21, 22]. The
difference of 2.16 kJ mol! between the axial and equatorial elimination of NO,
from diaxial RDX suggests only a very slight preference for the axial elimination.
This would be difficult to determine experimentally as the equilibrium between
different RDX conformations would also play a role. Low temperature EPR
photolysis studies of CHO have shown that there is no preference for the
elimination of a particular nitro group [30-32]. Our results show that the elimination
of NO; from CL20 takes place in a five membered ring, the elimination of an
NO; group coplanar to the ring system is favored by 4.70 kJ mol™'. The elimination
of NO, from CL20 is from a five membered ring is favored by 12.3 kJ mol!
(13.8 kJ mol™") [33] over the elimination from a six membered ring.

The singlet and triplet reaction profile of the NO, elimination was determined
by optimization of the singlet and triplet compounds at different N-NO> distances.
The singlet-triplet crossover was found at 176.96 kJ mol! and an N-NO, distance
of 2.381 A for the equatorial N-NO; bond fission in HMX and at 173.02 kJ mol'
and an N-NO, distance of 2.428 A for the axial N-NO, bond fission of RDX.
The literature values at the same level of theory are about 10 kJ mol™! lower in
energy [15, 22]. Single point energy calculations only were performed for CL20
at different N-NO; distances due to the high computational cost.
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Figure 4. Reaction profile for the N-NO, bond fission of f-HMX (a), RDX
(b) und &-CL20 (c) at the B3LYP/3-21G level of theory.

The calculated bond fission energies agree with previously reported values
(Table 1) [13-16,21, 22]. As expected, the NO; elimination from CL20 is favored
by 11.87 kJ mol™! (9.70 kJ mol! with zpe) over the NO, elimination from HMX
due to cage strain.

The comparison of the energies of the product radicals between the
nitramines and their mixtures with GAP-diol shows only a small influence of the
GAP-diol molecule on the decomposition reaction. The elimination of NO; from
HMX is favored by 0.94 kJ mol™! (1.59 kJ mol! with zpe) for alignment I; for
alignment II the elimination step is 6.15 kJ mol™! (6.52 kJ mol! with zpe) higher in
energy. For CL20 the elimination of NO, from alignment I is favored by
3.07 kJ mol™! (1.38 kJ mol! with zpe), and from alignment II by 8.01 kJ mol!
(7.67 kJ mol™! with zpe). In summary, the elimination of NO, from HMX and
CL20 is more favorable in the presence of GAP, but more so for CL20 than for
HMX. This is in agreement with the faster rate of decomposition of mixtures of
CL20 with GAP-diol compared with mixtures of HMX with GAP [1]. For RDX
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the bond dissociation energy is higher in the mixtures with GAP than for isolated
RDX. Elimination from alignment I requires 24.50 kJ mol! (21.86 kJ mol"!' with
zpe) higher in energy, and alignment I1 2.65 kJ mol™! (2.57 kJ mol™!' with zpe). For
alignment II the product radical has a lower energy than in alignment I. This was
also observed for CL20, while for HMX, alignment I is more favorable.
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Figure 5. Reaction profile for the N-NO, bond fission of mixtures of f~-HMX

(a), RDX (b) and &-CL20 (c) with GAP-diol at the B3LYP/3-21G
level of theory.

We conclude that the presence of GAP-diol favors the N-NO, bond fission
reaction of HMX and CL20 while it inhibits the N-NO, fission of RDX. The
alignment of the molecules has a strong influence upon the extent to which the
elimination of NO; is favored.
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Conclusion

The reaction profiles for the N-NO» bond fission reaction in the mixtures of
the nitramines HMX, RDX and CL20 with the energetic binder GAP (glycidyl
azide polymer)-diol were investigated at the B3LYP/3-21G(d) level of theory
and compared with the reaction profiles of the decomposition of the isolated
nitramines and GAP-diol, which were calculated at the B3LYP level with
6-31G(d) and 3-21G basis sets. The following polymorphs were found as the
minimum conformers: f~-HMX, the diaxial conformation of RDX and -CL20.
For further calculations we used e-CL20 because it is the commercially available
material. The homolytic fission of an N-NO; bond is the most favorable initial
decomposition step of the cyclic nitramines and even more so for CL20 due to its
strained cage structure. The results obtained with the 3-21G basis set show the
same tendencies as for the 6-31G(d) basis set.

The transition states of mixtures of the nitramines HMX, RDX and CL20
with GAP-diol were calculated for two different conformations, the minimum
energy conformation and a conformation that was believed to be particularly
favorable for the decomposition of the nitramines.

We found the activation energies for the two investigated conformations to
be quite different and either conformation could favor or disfavor the homolytic
N-NO; bond fission depending on the respective nitramine. For HMX the homolytic
N-NO; bond fission in the mixture with GAP-diol is favored by 0.94 kJ mol-!
(1.59 kJ mol! with zpe) over isolated HMX, for CL20 it is favored by
8.01 kJ mol"!' (7.67 kJ mol! with zpe) and for RDX it is disfavored by
2.65 kJ mol™! (2.57 kJ mol'! with zpe)

Due to the great conformational flexibility of the system, the values given
for the increases or decreases in energy over the isolated compounds for a given
reaction pathway are only estimates and represent the upper limit for the actual
activation energy of the system.

Computational Methods

All calculations were performed with the Gaussian 03 program at the B3LYP
level using a 6-31G(d) and 3-21G basis sets [34]. The structures were minimized
within the symmetry constraints stated above. All minima were confirmed by
frequency analyses. The located transition states are of first order with Cartesian
displacement coordinates of the imaginary frequency mode corresponding to
a reaction of the starting materials to give the products.
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