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The thermal and kinetic aspects of gas phase decomposition reactions can be extremely complex due to a
large number of parameters, a variety of possible intermediates, and an overlap in thermal decomposition
traces. The experimental determination of the activation energies is particularly difficult when several possible
reaction pathways coexist in the thermal decomposition. Ab initio calculations intended to provide an
interpretation of the experiment are often of little help if they produce only the activation barriers and ignore
the kinetics of the decomposition process. To overcome this ambiguity, a theoretical study of a complete
picture of gas phase thermo-decomposition, including reaction energies, activation barriers, and reaction rates,
is illustrated with the example of the �-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) molecule by
means of quantum-chemical calculations. We study three types of major decomposition reactions characteristic
of nitramines: the HONO elimination, the NONO rearrangement, and the N-NO2 homolysis. The reaction
rates were determined using the conventional transition state theory for the HONO and NONO decompositions
and the variational transition state theory for the N-NO2 homolysis. Our calculations show that the HMX
decomposition process is more complex than it was previously believed to be and is defined by a combination
of reactions at any given temperature. At all temperatures, the direct N-NO2 homolysis prevails with the
activation barrier at 38.1 kcal/mol. The nitro-nitrite isomerization and the HONO elimination, with the
activation barriers at 46.3 and 39.4 kcal/mol, respectively, are slow reactions at all temperatures. The obtained
conclusions provide a consistent interpretation for the reported experimental data.

I. Introduction
The understanding of the thermal and kinetic aspects of gas

phase decomposition reactions is imperative in many funda-
mental and applied fields, including the environmental sciences,
combustion and explosions, catalysis, matter under extreme
condition, and planetary sciences. Obtaining reliable data to
describe thermochemistry and kinetics can be extremely com-
plex for large molecules due to a large number of parameters,
a variety of possible intermediates, and an overlap in the thermal
decomposition traces of parallel processes. The experimental
determination of the activation energies is particularly difficult
when several possible reaction pathways coexist in the course
of the thermal decomposition. Ab initio quantum-chemical
calculations aimed to provide an interpretation of the experiment
are often of little help if they produce only activation barriers
and ignore the kinetics of the decomposition process. Although
the theoretical methods to overcome this ambiguity do exist,
their application is far from trivial, especially for large molecules
and fast or complex decomposition processes.

For this theoretical study of a complete picture of gas phase
thermo-decomposition, including reaction energies, activation
barriers, and reaction rates, we selected an illustrative example
of the �-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (�-
HMX) molecule. We think it serves as an ideal model system
for the task for several reasons. First, a �-HMX molecule is
big and complex and contains functional chemical groups typical
for a wide class of nitro-compound materials. Second, despite
concerted efforts to extensively study its decomposition process,
elucidation of the primary and secondary dissociation mecha-
nisms remains a challenge for both experimental1-3 and theo-
retical exploration.4-6 In experiments, it is difficult to distinguish
between competing chemical reactions during the initial steps

of the rapid decomposition of HMX as a global decomposition
is measured. One has to speculate from the global kinetics and
reaction products which reactions are taking place. As a result,
the reported decomposition barriers vary by a factor of 2-3
and the pre-exponential factors in the reaction rates differ by
orders of magnitude. More so, even the first step in the
decomposition process is still a subject of debate. In addition,
HMX is an important high energy density material for a broad
range of technological applications spanning from high explo-
sives and propellants to rocket engine fuels. Finally, as will be
shown below, the decomposition process of HMX is composed
of several seemingly coexisting pathways with a fairly small
difference in activation barriers and significantly different nature
of corresponding bond dissociation processes. The hydrogen
transfer and nitro-to-nitrite isomerization reactions possess well-
defined transition sates while the direct N-NO2 bond homolysis
proceeds as a reaction with no activation barrier.

In this article, we will show that theoretical calculations of
both activation barriers and reaction rates for each possible
chemical reaction and their careful analysis are crucial in
understanding the decomposition mechanisms and interpreting
experiments. In addition to activation barriers that are tradition-
ally reliably delivered by density functional theory, we apply
conventional transition state theory (CTST)7 and variational
transition state theory (VTST)8 to analyze an interplay among
three main decomposition reactions in HMX: direct N-NO2

homolysis, hydrogen transfer with the consequent HONO
elimination, and nitro-nitrite isomerization (NONO rearrange-
ment) with the consequent NO elimination. The obtained con-
clusions regarding the chemical decomposition mechanisms and
the conditions under which the dominating reactions proceed,
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are discussed and interpreted in conjunction with the available
experimental data.

II. Method of Calculations

A conventional transition state theory has been discussed
widely in the literature.7 Within this theory, the transition rate
is given by

where x is a reaction coordinate, xTS is a transition point, θ is
a step function, and the brackets indicate averaging over an
ensemble. This equation can be straightforwardly applied when
there is a clearly defined transition state for a reaction, assuming
vibrational and rotational variables are separable. Integrating
eq 1 over these variables and taking into account only harmonic
terms, it becomes9

Here, kB is the Boltzmann constant, T is the temperature of the
system, h is Plank’s constant, Zvib

0 is the vibrational partition
function of the initial system, Zvib

TS is the vibrational partition
function of the system at the transition point, Zrot

0 is the rotational
partition function of the initial system, Zrot

TS is the rotational
partition function of the system at the transition point, � is equal
to 1/kBT and EB is the barrier height of the reaction, obtained
as the difference between the total energy of the initial system
and the system at the transition point. The vibrational partition
function can be written as10

where M is the number of vibrational modes with frequencies
ωi. For the molecule in the initial system, the number of
vibrational modes is 3N - 6, where N is the number of atoms,
and becomes 3N - 7 at the transition state as one vibrational
mode becomes negative. In this equation, a quantization of
vibrations is taken into account. The quantization is important
mainly because of the numerator in eq 3 and the quantum nature
of zero point energy corrections; it corresponds to the zero point
energy of vibrations, which is not present in the classical limit.
We will show below that the zero point energy reduces the
energy barrier of the reaction. For the rotational partition
function, the quantization is not important. The classical
rotational partition function is given by11

were I1, I2, and I3 are moments of inertia along the principal
axes. We note that the sizes of HONO and NONO are
significantly smaller than the size of the HMX molecule.
Therefore, the moments of inertia of the initial system and the
system at the transition state can be considered almost the same.

This approximation will allow us to ignore rotations for the
reactions of interest.

For the N-NO2 homolysis reaction, which does not exhibit
a well-defined transition state during the decomposition process,
we use variational TST.8 Within VTST, one has to calculate
the rate constant as a function of xTS and find its minimum. In
the equilibrium state, when an NO2 group is attached to an HMX
molecule, it has nine vibrational modes. However, after splitting
from the molecule, the nitro group loses six vibrational modes
and gains three rotational and three translational modes. An
important assumption we make here is that the interaction energy
between NO2 and the remaining HMX molecule (which is
essentially the N-NO2 bond energy) depends only on the
distance between HMX and the center of mass of NO2 and not
on an orientation of the NO2 moiety. We will illustrate that this
assumption is correct to a good approximation (vide infra). This
allows us to choose the N-NO2 bond distance as a reaction
coordinate, meaning that the translational and rotational degrees
of freedom of NO2 are independent of each other. Overall, for
the N-NO2 fission reaction, there are three types of independent
degrees of freedom: (1) 3N - 12 atomic vibrational modes, (2)
three NO2 rotational modes, and (3) three NO2 translational
modes. Since the reaction coordinate depends only on the
position of the center of mass of the NO2 moiety, we can take
an average over the rotational and vibrational coordinates and
momenta in eq 1:

where Pb and Rb are the center of mass momentum and the
coordinate of the NO2 molecule, respectively. The term
V(R1,R2,R3) describes a change of the total energy of the system,
which is a change of the N-NO2 bond energy, and x represents
the bond energy as a function of the geometry of the system.
For ẋ we obtain

where Ṙ⊥ is a component of Rḃ perpendicular to the V ) EB

surface. It can be written as P⊥/2mNO2
. Using the property of

the delta function

and integrating over Pb and Rb in eq 5, we obtain

where σ is the area of the surface defined by the V ) EB. Next,
we need to find σ and to determine the value of EB for which
the rate becomes minimal as follows from VTST.
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∫ d3R δ(V(Rb) - EB) f(Rb) ) ∫V)EB
dσ f(Rb)

|∇bRV|
(7)

k )
Zrot

NO2Zvib
TS

h3Zvib
0

2mNO2
πσ

�2
exp(-�EB) (8)

Kinetics of Gas Phase Decomposition J. Phys. Chem. A, Vol. 114, No. 48, 2010 12657



In the calculations, we used plane wave density functional
theory12,13 in the GGA approximation with the PBE functional14

and the PAW15 method as implemented in the VASP16-19 code.
The kinetic energy cutoff was set to 600 eV. Atomic positions
were relaxed using conjugate gradient and quasi-Newtonian
methods within a force tolerance of 0.05 Å/eV.

III. Reaction Energies, Activation Barriers, and Kinetics

We model a gas phase HMX by placing a single �-HMX
molecule in a 15 × 15 × 15 Å3 cell and optimizing the atomic
positions with the VASP code. Calculations are performed only
at the Gamma point. By using this model, we consider three
chemical bond dissociation reactions as candidates for the initial
step in the overall decomposition process: the hydrogen transfer
with HONO elimination,2,4,20 the nitro-nitrite isomerization
(NONO rearrangement) with NO elimination,21 and the direct
N-NO2 homolysis2,4,20 as illustrated in Figure 1. The HONO
elimination is modeled by transferring one H atom to the axial
NO2 and relaxing the atomic positions. To simulate the NONO
rearrangement, we extend the axial N-NO2 bond and slightly
rotate NO2. After the relaxation, one of the O atoms from the
NO2 group binds with an N atom from the ring, forming NONO.
In the third reaction, the N-NO2 homolysis is modeled by
moving the NO2 group away along the N-NO2 bond direction
by 5.7 Å. The N-NO2 homolysis was studied in both spin-
polarized and spin-nonpolarized computational schemes. The
reaction energies of the HONO elimination, the NONO rear-
rangement, and the N-NO2 homolysis are found by taking the
differences of the total energies of the equilibrium HMX
molecule and of the corresponding final state (HONO, NONO,
or split-off NO2). All three reactions are established to be
endothermic with the energies of 2.42, 19.23, 57.81 (triplet),
and 42.84 (singlet) kcal/mol, respectively (see Figure 2a-c and
Table 1).

The minimal energy paths of the reactions and the corre-
sponding transition states were determined by means of the
climbing nudged elastic band method.22 We calculated six
intermediate images between the initial and final atomic con-
figurations. The activation barriers are defined as the dif-
ferences between the total energies of the equilibrium HMX
molecule and the corresponding transition states in the course
of the bond dissociation. The obtained activation energies of
the HONO and NONO reactions are found to be 44.59 and 49.46
kcal/mol (Figure 2a,b), respectively. The N-NO2 homolysis
pathway does not have a saddle point (Figure 2c); thus, the
activation barrier is considered to be the same as the reaction
energy. More details of these and some additional reaction

pathways and the transition state geometry configurations will
be given elsewhere.23

In applying VTST to properly describe the kinetics of the
N-NO2 homolysis reaction, we need to determine the energy
profile of the N-NO2 bond dissociation and determine the
isoenergetic surfaces (eq 8) (a constant energy surface area as

Figure 1. Structure of an HMX molecule and three possible primary
decomposition reactions. The direct N-NO2 homolysis (a) is simulated
by the elongation of the N-N bond, the HONO elimination (b) is
demonstrated as switching of the C-H---O bond to C---H-O bond,
and the nitro-nitrite isomerization (c) is displayed by a combined
rotation of the NO2 group and the elongation of the N-N bond to form
NONO.

Figure 2. Minimal energy pathway for the dissociation reactions: (a)
HONO elimination; (b) NONO rearrangement (c) N-NO2 dissociation
(the singlet state is shown). TS stands for the transition state.

TABLE 1: Reaction Energies, Barriers and Rates for
HONO Elimination, NONO Rearrangement, and N-NO2

Homolysis as Primary Candidates for the Initial Step in the
Endothermic Decomposition of HMXa

reaction

reaction
energy

(kcal/mol)
EB

(kcal/mol) ln(A (s-1))

ln(A (s-1))
from
eq 9

HONO elimination 2.4 39.4 32.9 32.5
NONO isomerization 19.2 45.8 34.2 38.4
N-NO2 homolysis

(singlet)
57.8 52.3 43.7 44.8

N-NO2 homolysis
(triplet)

42.8 38.1 41.3 31.2

a Barrier heights include zero point energy corrections.
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a function of the N-NO2 bond energy). In general, this is a
difficult task. However, for our system, a derivation of the shape
of the isoenergetic surfaces happened to be fairly simple. Before
defining the surface shape and its area, we will illustrate that a
fairly rough approximation works well here because we are
interested in the logarithmic value of the transition rate and,
therefore, for the prefactor of k (eq 7), a lesser accuracy than is
necessary for the exponential term, EB, would be sufficient. For
example, assuming the error in determining the surface area is
as large as 100% (note that our estimate is much better), the
corresponding error of its logarithm will be only about 1.3%.24

Now, we will use simple speculations to demonstrate that
the constant energy surfaces may be well represented by
semispheres. The tips we used here are likely to be valid for an
arbitrary large molecule. One can imagine that once NO2 is split
off from the HMX molecule, it will move away easily while if
pushed toward the rest of the HMX molecule, it will encounter
a potential wall without penetration. Figure 3 displays the
allowed dissociation pathways with the dashed arrows and the
forbidden region for NO2 movements with the solid line. Indeed,
in calculating the minimal energy paths for the N-NO2

homolysis in the allowed directions, we found that the constant
energy surfaces are very close to semispherical shapes. In Figure
4, we show the isosurfaces projected on one of the planes. Thus,
the area of the constant energy surface can be taken as σ )
3πR2. From this, we deduce that the transition rate increases
quadratically with the increase of the N-NO2 bond length. To
determine the value of R for which the rate constant is minimal,

we plot R2 exp(-V(R)/kBT) as a function of R and determine
that its transition point corresponds to the range of distances
from 3.8 to 3.9 Å depending on temperature (Figure 5). Now,
one can find the needed bond energy EB to substitute in eq 8
by matching the range 3.8-3.9 Å, found from Figure 5, to the
total energy as a function of N-NO2 bond distance in Figure
2. One can see that the bond energy V(R) at 3.8 Å is almost the
same as the N-NO2 formation energy. By doing this, we assign
this point in Figure 2 to be considered now as a transition state
for N-NO2 dissociation.

Further, we explore our earlier assumption that the bond
energy at the transition point is independent of the orientation
of the NO2 molecule. By probing a set of different molecular
orientations, we find that the resultant energy variations are
within 1 kcal/mol.

Next, we calculate the vibrational frequencies for all of the
considered structures by DFT perturbation theory:25 the perfect
HMX molecule, the HONO configuration at the transition point,
the NONO isomer at the transition point, and the N-NO2

homolysis. Furthermore, we derive the moments of inertia of
an NO2 molecule along the principal axes,26 which are 3.717 ×
10-47, 6.599 × 10-46, and 6.858 × 10-46 kg ·m2 along x, y, and
z, respectively.

Finally, the reaction rates are determined using eq 2 for the
HONO and NONO reactions and eq 8 for the N-NO2

homolysis. The obtained activation barriers (including zero point
energy corrections) and Arrhenius factors are collected in Table
1. Figure 6 shows the logarithmic dependence of k on 1000/T.
As can be seen, at low temperatures, the hydrogen transfer
mechanism has the activation barrier at 39.4 kcal/mol, very close
to the N-NO2 activation barrier, indicating that the HONO
elimination could be among the earliest decomposition reactions
in HMX. However, it is also a fairly slow reaction, which is
reflected in its smallest reaction constant at 32.9 s-1, implying

Figure 3. Allowed directions of the dissociation pathways for the
N-NO2 homolysis reaction (shown with dashed arrows).

Figure 4. Projection of constant energy surfaces on a plane for energies
10, 20, 30, 40, 50, 55, and 57.5 kcal/mol. The “diamonds” indicate the
results of ab initio calculations. The solid lines represent a fit to a circle.
Actual calculations were performed only for positive X, and points for
negative X are extrapolated on the basis of the symmetry of the
molecule.

Figure 5. Rate constants (multiplied by an arbitrary number) as a
function of R.

Figure 6. Reaction rates as a function of temperature. NO2
S denotes

the singlet state and NO2
T denotes the triplet state of the dissociated

system.
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that it can be quickly overstepped by another faster reaction.
At all temperatures the N-NO2 homolysis prevails in the
decomposition; its activation barrier is the lowest among the
reactions probed here at 38.1 kcal/mol and its reaction constant
is large at 41.3 s-1. The nitro-nitrite isomerization, NONO,
with the activation barrier at 45.8 kcal/mol and the reaction
constant at 34.2 s-1, is the slow process at all temperatures.
This suggests that the NO elimination hardly contributes to the
initiation of the decomposition of HMX, being always only a
secondary reaction, which may proceed on the background of
the primary decomposition mechanisms. The obtained here
results are consistent with previous theoretical studies, which
also found that N-NO2 homolysis is the dominating reaction
at low temperatures4 and the fastest at above 400 K.27 Another
study also found that the N-NO2 is the dominating reaction
under very high temperatures.28

Now, we will try to link our results to the experiment and
attempt to explain a fair amount of the dispersion in the
experimental values that have reported the activation barriers
for gas phase HMX from 32 to 53 kcal/mol and reaction
constants from 28 to 47 at 205-383 °C.29 The discrepancies
observed in the global kinetic measurements of the thermal
decomposition of HMX were attributed to the history and
characteristics of the samples, variations in the experimental
conditions,29 different heating rates, and the potentially strong
effects of autocatalytic reactions.30 It is also known that
clustering of HMX molecules occurs in the gas phase, even at
low pressure,31 so it was even proposed that isolated molecules
are probably not decomposing.29 Naturally, one has to keep in
mind that the measurements reflect the rate of the overall
decomposition process as opposed to a specific reaction as
simulated in this study. Although experimental values of the
HMX decomposition rates and activation barriers range widely,
most data were noted to exhibit a linear relation between ln A
and EB:29

This relationship, sometimes called the kinetic compensation
effect,32 was suggested to account for and unify most of the
differences in the reported rates.29 To check whether the
regression holds for the individual reactions and also to validate
our calculations, we added the values of ln A determined from
eq 9 corresponding to our calculated values of EB to Table 1
and compared them to the reaction constants calculated here
from DFT. Our calculated Arrhenius factors for the HONO
elimination (32.9) and the singlet state N-NO2 homolysis (43.7)
turned out to be in remarkable agreement with eq 9, which yields
32.5 and 44.8, respectively. The triplet state N-NO2 homolysis’
constant (41.3) and the NONO rearrangement’s constant (34.2)
deviate more than the other two reaction constants from the
experimental data. Overall following our results, the activation
barriers for both the HONO elimination (39.4 kcal/mol) and
the N-NO2 fission (38.1 kcal/mol) reactions fall in the experi-
mentally observed range33 of activation barriers at 32-53 kcal/
mol.29 Similarly, the calculated reaction rate constants for the
HONO (32.9) and the N-NO2 (41.3) dissociation mechanisms
are also found to be within the experimentally measured range
at 28-47 s-2.29 At the same time, the obtained conclusions
regarding the trends in the relationship between the reaction
constant and the activation barrier for the individual reactions
fall short in supporting the chemical compensation effect.

IV. Summary and Conclusions

We applied a combination of quantum chemistry and the
theory of transition states in its standard and variational versions
to simulate the entire process of gas phase thermochesmitry,
including understanding the nature of potential decomposition
mechanisms at the earliest stages and deriving the corresponding
reaction energies, activation barriers, and the reaction rates. We
illustrate the approach used on an example of a large and
complex organic molecule, HMX. We calculate the reaction
rates for the major decomposition mechanisms of gas phase
HMX, the direct N-NO2 fission, and the HONO and NONO
isomerizations. It was established that the decomposition process
in HMX is complex and may be determined by a competition
of at least two chemical reactions, with a visible dominance of
the direct N-NO2 homolysis while the HONO isomerization
still continues in the background, being the slower dissociation
mechanism. The obtained conclusions are in excellent agreement
with the earlier theoretical studies and the range of experimental
data for the overall HMX decomposition.

Our calculations illustrate the importance of including the
Arrhenius pre-factors in quantum chemical consideration of
decomposition mechanisms of complex molecules. The HONO
elimination and N-NO2 homolysis have almost the same
activation barriers and they would appear to be competing
dissociation mechanisms in HMX. However, the reaction rate
calculations show that the N-NO2 fission in the triplet state is
the 3 to 5 orders of magnitude faster reaction than the HONO
elimination. This implies that the HONO elimination will play
a minor role in the decomposition yielding the governing role
to the N-NO2 homolysis. This study and the performed analysis
can be now extended to not only other materials but also to
much more intricate solid state processes, which will facilitate
the revelation of important details of extremely complex
phenomena, such as the decomposition of condensed molecular
materials and the behavior of materials under extreme conditions.
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