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The dynamics of the initial thermal decomposition step of gas-phaseR-HMX is investigated using the master
equation method. Both the NO2 fission and HONO elimination channels were considered. The structures,
energies, and Hessian information along the minimum energy paths (MEP) of these two channels were
calculated at the B3LYP/cc-pVDZ level of theory. Thermal rate constants at the high-pressure limit were
calculated using the canonical variational transition state theory (CVT), microcanonical variational transition
state theory (µVT). The pressure-dependent multichannel rate constants and the branching ratio were calculated
using the master equation method. Quantum tunneling effects in the HONO elimination are included in the
dynamical calculations and found to be important at low temperatures. At the high-pressure limit, the NO2

fission channel is found to be dominant in the temperature range (500-1500 K). Both channels exhibit strong
pressure dependence at high temperatures. Both reach the high-pressure limits at low temperatures. We found
that the HONO elimination channel can compete with the NO2 fission, one in the low-pressure and/or high-
temperature regime.

1. Introduction

Decomposition of energetic nitramines (HMX (octahydro-
1,3,5,7-tetranitro- 1,3,5,7-tetrazocine), RDX (1,3,5-trinitro-
hexahydro-s-triazine), etc.) are very complicated processes that
have shown to involve hundreds of elementary reactions.1,2

Accurate kinetic parameters of these reactions are important for
modeling these complex processes in combustion and explosion.
However, due to the energetic nature of these materials and the
rapid rates of the intermediate reactions, it is difficult to monitor
these individual reactions experimentally. Theoretical methods,
especially accurate ab initio direct dynamics method ,provide a
viable alternative to study the dynamics of these reactions.

Experimental studies have shown that the initial decomposi-
tion step of gas-phase HMX and RDX involves at least three
possible paths:2-6 the NO2 fission, HONO elimination, and
concerted ring fission paths. Since the ring fission reaction has
much higher activation energy, the NO2 fission and HONO
elimination channels are energetically more favorable. Previous
experimental results revealed that NO2 fission is the dominant
path at low temperatures for gas-phase HMX.4,7 It is very
interesting to note that theoretical study on the mechanism and
kinetics of thermal decomposition of gas-phase HMX has been
rather limited. There have been several theoretical studies on
the mechanism, particularly the initial decomposition steps, of
the smaller RDX.8-11 Thermal rate constants for the NO2 fission
channel of RDX have also been estimated by the simple TST
method.2 Yetter and co-workers have proposed a rather detailed
mechanism consisting of 256 reactions for the decomposition
of RDX.1 In this mechanism, the HONO elimination channel
was not included for the reason mentioned above. A recent
theoretical study on the decomposition mechanism of RDX
showed that the barrier for the HONO elimination is only 0.2
kcal/mol higher than that of the NO2 fission.11 Although these

results are subjected to uncertainty in the level of theory and
basis set used, they suggested that the contribution from the
HONO elimination channel might not be negligible. In fact,
the HONO elimination channel might even be faster than the
NO2 fission channel for RDX at low temperatures due to
possible quantum-tunneling effects from the motion of the light
hydrogen atom. To the best of our knowledge, there has not
been any dynamical study on the relative importance of these
channels and tunneling effects in the HONO elimination channel
either for the gas-phase RDX or HMX.

It is our long-term goal to provide a detailed mechanism with
associated kinetic parameters for the decomposition of the gas-
phase HMX. Our initial progress in this direction was the recent
kinetic study12 of the NO2 fission of HMX from first principles.
The direct ab initio dynamics approach was utilized where rate
constants were calculated from the microcanonical variational
transition state theory using potential energy surface information
from an accurate hybrid nonlocal density functional theory. The
calculated rate constants were in excellent agreement with
available experimental data at low temperatures. This is an
encouraging sign. However, as mentioned earlier, the initial
decomposition of gas-phase HMX or RDX has a multichannel
nature. As discussed above, the HONO elimination channel may
compete with the NO2 bond fission channel. Furthermore,
unimolecular decomposition reactions often exhibit strong
pressure dependence. Such dependence has not been addressed
either for the decomposition of gas-phase RDX or HMX. Thus,
it is important to provide rate constants as well as the branching
ratio of these two channels as functions of both the temperature
and pressure. The multichannel dynamics and pressure-depend-
ent rate constants can be studied using the well-developed master
equation (ME) method.13-19 This method has been employed
in many recently theoretical studies18,20-28 on the pressure
dependent rate constants. The ME method requires the micro-
canonical rate constants,k(E), for each channel. The constant† Part of the special issue “Aron Kuppermann Festschrift”.
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k(E) can be calculated from either the variational or conventional
microcanonical transition state theory (µVT or µTST, respec-
tively).29-31 To obtain an accurate branching ratio, tunneling
effects in the HONO elimination step should be included in
rate calculations. This gives a new challenge to the dynamical
methodology because such inclusion has not been done in most
applications of the theory. Miller proposed an approach for
inclusion of tunneling effects ink(E) using an one-dimensional
Eckart tunneling model, though it has not been widely employed
in actual applications due to its large computational demand.32

In this study, we present a direct ab initio dynamics study
on the branching ratio and pressure-dependent rate constants
for the decomposition of gas-phaseR-HMX using the ME
method coupled with the microcanonical variational transition
state theory. Both the NO2 bond fission and HONO elimination
channels are considered.

2. Methodology

2.1. Rate Constants Calculations.Both canonical variational
transition state theory33,34(CVT) and microcanonical variational
transition state theory30,35 (µVT) were employed to calculate
the high-pressure limit thermal rate constants for both NO2

fission and HONO elimination reactions. The multichannel and
pressure-dependent rate constants were calculated by using the
master equation (ME) method.13-17 Quantum tunneling effects
were included in the rate constant calculations of the HONO
elimination reaction by using the small curvature tunneling36,37

(SCT) method in the CVT framework and Miller’s one-
dimensional Eckart tunneling model32 in the µVT framework.
There is considerable literature on the CVT,µVT, and SCT
methods,29-31 thus we will not discuss them here. Below we
give only some details for our implementation of Miller’s
tunneling model in the microcanonical TST framework and a
brief overview of the master equation method for calculations
of multichannel rate constants. These methods have been
implemented in the TheRate program.38

2.1.1. Quantum Tunneling Effects in Microcanonical Rate
Constants.The microcanonical rate constant for a unimolecular
reaction at fixed energyE is given by19,30

whereN*(E) is the sum of states at the transition state,F(E) is
the density of states at the reactant, andh is Plank’s constant.
In Miller’s one-dimensional tunneling model,N*(E) can be
expressed as a sum of one-dimensional tunneling probabilities32

wheren is the subscript of the microstates of the transition state;
En

* is the energy distributed in microstaten of the transition
state, andP(E - En

*) is the quantum tunneling probability with
respect to microstaten. Within the symmetrical-top rigid rotor
and harmonic oscillator approximations, eq 2 becomes

where J and K are quantum numbers of rotational angular
momentum;Jmax is the maximum available value ofJ; m is a
set of vibrational quantum numbers at the transition state (m )
(m1, m2, ..., mNvib); Nvib is the number of real vibrational

frequencies);V0 is the classical barrier height;EJ,K
* is the

rotational energy at the quantum state (J, K); Em
* is the

vibrational energy corresponding to the set of quantum numbers
m. The tunneling probabilityP(E - V0 - EJ,K

* - Em
*) has the

analytical expression for a one-dimensional Eckart potential.32

Equation 3 can be computationally demanding for large
molecules because it involves summations of all possible
rotational and vibrational quantum statesJ, K, andm.

In this study we have modified the Beyer and Swinehart
method to include quantum-tunneling effects. The Beyer and
Swinehart method is a very efficient algorithm39,40 to calculate
sum and density of states for vibrational modes. In this method,
instead of looping over all of the quantum numbers of each
vibrational mode, only two loops, one over energies and the
other over the number of vibrational modes, are required.
Another advantage of the Beyer-Swinehart method is that when
N*(E) andF(E) are evaluated at a givenE, their values at lower
energies are also computed. Thus, one needs only to calculate
N*(E) andF(E) once atE ) Emax. More details of the Beyer-
Swinehart method can be found elsewhere.39,40 Within the
Beyer-Swinehart framework, eq 3 has the form

whereEV is the energy distributed in vibrational motions;F(EV)
is the density of vibrational states at energyEV; ∆EV is the
energy increment. Notice that the loop over the vibrational
modes in eq 3 is replaced by the loop of energy in eq 4. The
upper bounds of the three loops in eq 4 are determined by the
energyE (Jmax is also determined byE).

Equation 4 is still computationally demanding, particularly
for large molecules due to the loops overJ and K quantum
numbers. For large molecules such as HMX,Jmax can be larger
than 3000 at the excess energy of about 340 kcal/mol in our
calculations. However, for large molecules where rotational
constants are rather small, the rotational energy varies very
slowly with K. In such cases, we can approximate the contribu-
tion to the sum over K in eq 4 forJ larger than a specificJs

value by

The average energyEhJ
* is calculated from averagingEJ,K

* at
several values ofK for a givenJ. In actual calculations of HMX,
we found that for Js ) 20 and the average energyEhJ

*

calculated from nine uniform grid points from 0 toJ, about 3%
error in the calculated rate constant was introduced. However,
the gain in the computational efficiency is by several orders of
magnitude, particularly for large molecules such as HMX. Such
an approximation does need further examination for other
systems.

2.1.2. Pressure-Dependent Multichannel Rate Constants.The
master equation method can be formulated in the discrete form
for a multichannel unimolecular reaction as follows19

k(E) )
N*(E)

hF(E)
(1)

N*(E) ) ∑
n

P(E - En
*) (2)

N*(E) ) ∑
J)0

Jmax

∑
K)-J

J

∑
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E-V0-EJ,K
*
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whereω is the collision frequency of the reactant molecules
with bath gas;Pi is the population of the activated reactant at
the energy leveli; Rij is the collision induced transition rate of
reactant from the energy levelj to i; ki

m is the microcanonical
rate constants of the channelm at the energy leveli. The first
term on the right-hand side of eq 6 describes the increase in
the population of the reactant at the energy leveli, while the
remaining two terms describes the decrease in its population
via collision with bath molecules and via chemical reactions,
respectively. Equation 6 can be rewritten in the matrix form

whereP is a column vector with elementsPi, and the elements
of matrix J are defined from eq 6

It was shown that the negative of the largest eigenvalue of matrix
J is the thermal rate constantskuni

whereg is the eigenvector corresponding to the largest eigen-
valuekuni. Because the elements of matrixJ depend on pressure,
the multichannel thermal rate constantskuni in eq 10 are pressure
dependent. We can calculate the rate constants for any specific
channel by including only the microcanonical rate constants of
that particular channel in eq 10. In our calculations, the energy
transfer rate was calculated by the exponential down model,19

and eq 10 was solved by the numerical method based on the
Nesbet algorithm.41

2.2. Electronic Structure Calculations. Johnson et al.42

recently reported a detailed study on the performance of different
nonlocal hybrid density functional theory (DFT) methods in
comparison with results of accurate quadratic configuration
interaction with single and double excitations (QCISD) and with
a correction for triple excitations (QCISD(T)) calculations for
the NO2 fission and HONO elimination from dimethylnitra-
mine (DMNA). They found that all considered DFT methods
(Becke’s one parameter functional with the correlation functional
of Lee, Yang, and Parr (B1LYP), Becke’s half-and-half
functional with LYP correlation functional (BH&HLYP), Bar-
one and Adamo’s Becke-style one-parameter functional with
modified Perdew-Wang exchange and Perdew-Wang 91
correlation (MPW1PW91), and Becke’s three-parameter func-
tional with LYP correlation functional (B3LYP)) perform well
in predicting stationary-point geometries in comparison with
those from the QCISD method. For energetic information, only
the B1LYP and B3LYP with the Dunning’s correlation-
consistent double-ê plus polarization (cc-pVDZ) basis set43 can
predict the reaction barriers for both the NO2 and HONO
elimination reactions to within 1 kcal/mol of those from the
QCISD(T)//QCISD/cc-pVDZ calculations. Because the B3LYP
method44 is more widely used and tested, the B3LYP/cc-pVDZ
level of theory is chosen for this study.

For the HONO elimination channel, the transition state has
been verified to have only one imaginary frequency vibrational
mode that connects the reactant and products. The IRC was
calculated in the mass-weighted internal coordinate with the
small step size of 0.02 amu1/2 bohr using the Gonzalez-Schlegel
method.45 A total of 21 points along the IRC (intrinsic reaction

coordinate) were selected for Hessian calculations by the
autofocusing technique.38 The NO2 fission channel generates
two free radicals, thus, the singlet open shell B3LYP method
with a mix of the frontier molecular orbitals was adopted.
Because this reaction channel has no barrier, the reaction
coordinate is approximated to be the broken N-N bond distance,
whereas other geometrical parameters are fully optimized.
Hessian matrices at selected points along the reaction coordi-
nated were calculated and used inµVT and CVT calculations
of rate constants. All electronic structure calculations were
performed using the GAUSSIAN 98 program.46 Rate constants
were calculated using the new modules of the TheRate
program.38

3. Results and Discussion

3.1. Potential Energy Surface.Although no theoretical
studies on the HONO elimination of HMX have been reported
to date, there were previous calculations on the same reaction
for related nitramines.11,42 For R-HMX, because there are two
different NO2 groups, namely the axial and equatorial groups,
there are two possible HONO elimination pathways. However,
we found that both pathways converge to the same transition
state and products via a concerted process. The concerted
mechanism for this pathway is consistent with recent theoretical
study11 of the decomposition mechanism of RDX by Chakraborty
et al. The calculated zero-point energy corrected barrier is 42.4
kcal/mol, that is about 3.2 kcal/mol higher than that of RDX
from Chakraborty et al. calculations. A noticeable difference
between the present study and that of Chakraborby et al. is that
in our calculation for HMX, the barrier for the HONO
elimination is about 2.7 kcal/mol higher than that of NO2 fission
reaction,12 whereas this difference is only 0.2 kcal/mol for
RDX.11 In addition, the calculated HONO elimination transition
state for HMX has a tighter structure, with the active N-N,
H-C, and H-O bond distances being 1.996 Å, 1.436 Å, and
1.200 Å, respectively as compared to 2.104 Å, 1.332 Å and
1.305 Å, respectively for RDX.11 This could be due to the
differences in reactivity of the two species. It could also be
attributed to the difference in the basis sets used in these two
calculations, namely the cc-pVDZ basis set in our calculations
versus the 6-31G(d) in the previous study for RDX. Note that
the cc-pVDZ includes a set of p polarization functions for
hydrogen atoms and d polarization functions for second-row
atoms, whereas polarization functions for hydrogen atom are
not included in the 6-31G(d) basis set. In the previous study42

for DMNA, it was shown that the B3LYP/cc-pVDZ level is
more accurate than the B3LYP/6-31 g(d) level for predicting
transition state properties in comparison to the QCISD/cc-pVDZ
level of theory.

Potential energy along the IRC of the HONO elimination
channel is shown in Figure 2. Figure 3 depicts variations of
selected bond lengths, particularly the active N-N, C-H, and
C-O bonds along the reaction coordinate. In the range of the
reaction coordinate from-1.0 to +1.0, the active C-H bond
changes from 1.12 Å (about 10% longer than its equilibrium
value) to 1.72 Å, the H-O bond from 1.6 to 1.02 Å, while the
N-N bond remains almost unchanged at around 2.0 Å (more
than 40% larger than its equilibrium value). These results
indicate that the HONO elimination reaction consists of three
stages, namely the N-N bond elongation initially, then the
hydrogen migration from the C atom to the O atom, and finally
the HONO molecule cleavage. The first stage accounts for at
least 74% of the barrier, i.e., 35 kcal/mol, whereas the hydrogen
migration requires the remaining 12 kcal/mol of the barrier.

dP
dt

) JP (7)

Jij ) ωRij i * j (8)

Jii ) -ω∑
j*i

Rji - ∑
m

ki
m (9)

Jg ) -kunig (10)
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Thus, only the top part of the potential barrier is important in
tunneling calculations and potential energy information along
the MEP for the absolute value of the reaction coordinate greater
than 1.0 is not critical for the dynamics and is not needed.

The NO2 fission channel is found to be an endothermic
process without barrier. The similarity in the geometries of the
reactant HMX (Figure 1b) and of the products (Figure 1f)
supports the use of the broken N-N bond length as the reaction
coordinate. We found that the axial and equatorial NO2 fission
pathways become degenerate after the N-N bond length longer
than 2.7 Å. The calculated reaction energy is 44.17 kcal/mol.
Including the zero-point-energy correction, it reduces to 39.73
kcal/mol. The potential energy profile becomes flat as the
breaking N-N bond length is larger than 2.5 Å, i.e., the energy
rises only 3.79 kcal/mol in the range from 2.5 Å to 3.5 Å. This
region is particular important for the variational transition state
calculations. The energy profile for the NO2 fission reaction is
given in Figure 4.

Figure 1. (a) Schematic diagram of the NO2 fission and HONO elimination channels ofR-HMX. (b) Optimized geometry ofR-HMX. (c) Optimized
geometry of the transition state of the HONO elimination channel. (d) and (e) Optimized geometries of the products of the HONO elimination
channel. (f) and (g) Optimized geometries of the products of the NO2 fission channel.

Figure 2. Plot of the potential energy along the minimum energy path
of the HONO elimination channel.
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3.2. Rate Constants at the High-Pressure Limit.We
employed both CVT33,34 and µVT19,30,35methods to calculate
the thermal rate constants at the high-pressure limit. Tunneling
effects for the HONO elimination channel are calculated using
the SCT method36 in CVT calculations and Miller’s Eckart
tunneling method32 in µVT calculations. The calculated rate
constants for both the NO2 and HONO elimination channels
are depicted in Figure 5 together with available experimental
data47-50 for the NO2 fission channel (unfortunately, experi-
mental data for the HONO elimination channel is currently not
available). In the present rate calculations, we used the statistical
factors 4 for the NO2 fission reaction because the four NO2

fission paths degenerated as mentioned earlier. The statistical
factor for the HONO elimination reaction is 8 because each
NO2 has two oxygen atoms that can react only with the nearest
hydrogen atom of the methylene group (the other hydrogen atom
in the same methylene group is too far for feasible migration).
First of all, the calculated rate constants of the NO2 bond fission
channel are within the uncertainty of the available experimental
data at low temperatures. The experimental data47-50, however,
are rather scattered and located mainly at very low temperatures
due to differences in experimental conditions and explosive
nature of HMX. It can be seen that within the temperature range
from 250 to 1500 K, the HONO elimination rate constants are
noticeably smaller than that of the other channel. The temper-
ature and pressure dependence of the branching ratio of these
two channels is discussed separately below. We found that
tunneling effects are important in the HONO elimination,
particularly at low temperatures. At 250 K, tunneling is predicted

to enhance the HONO elimination rate by a factor of 350 using
the CVT/SCT method and 2089 using theµVT/Eckart method.
As expected, the tunneling effects decrease as the temperature
increases. The difference in the tunneling contribution calculated
from these two methods could be due to combinations of several
factors. One is the width of the Eckart function being too narrow,
thus overestimating the tunneling probability. However, the
Eckart model does not include the “corner cutting”, i.e., reaction
path curvature effects, as included in the SCT method. The other
is that the mVT methodology includes tunneling for all possible
vibrational and rotational states, whereas the SCT method
assumes all vibrational modes are in the ground state and no
contributions from the rotational motions. However, since the
HONO elimination has rather a substantial barrier, we believe
that the large transmission coefficient calculated from theµVT/
Eckart method as compared to the CVT/SCT method is due
mainly to contributions from the vibrational excited states of
HMX.

It is interesting to note that both CVT andµVT methods
predict nearly identical thermal rate constants for both channels.
When including tunneling effects, CVT/SCT andµVT/Eckart
results for the HONO elimination channel differ somewhat.
Particularly, theµVT/Eckart rate constant is larger by a factor
of 6 at 250 K. Overall, the differences are acceptably small
between the two methods. These results support the use of the
CVT/SCT method in future calculations of thermal rate con-
stants. TheµVT/Eckart method is much more computationally
demanding and thus should be employed only when pressure-
dependent rate constants are needed.

3.3. Pressure Dependent Multichannel Rate Constants.In
calculations of the pressure-dependent rate constants of both
NO2 fission and HONO elimination channels, argon was used
as the bath gas to compute the collision frequency using the
Lennard-Jones model withσ and ε parameters of 7.1 Å and
794.0 K, respectively. These parameters were estimated by the
method of Reid et al.51 The typical energy grain of 100 cm-1

was selected. Test calculations showed that reducing the energy
grain to 50 cm-1 does not noticeably change the final results.
Rate constants were calculated at three different energy transfer
values: 300, 800, and 1500 cm-1 in order to provide estimation

Figure 3. Variations of selected bond lengths along the minimum
energy path of the HONO elimination channel.

Figure 4. Plot of the potential energy profile vs the breaking N-N
bond length of the NO2 fission channel.

Figure 5. Plot of the thermal rate constants at the high-pressure limits
vs temperature. Solid lines with symbols are the experimental data for
the NO2 bond fission channel. Note CVT andµVT (without tunneling)
results are almost identical for HONO elimination reaction.
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of rate constants from the weak to strong collision conditions.
The dependence of rate constants on the energy transfer
parameter is discussed below in a separate subsection. For the
discussion of the pressure dependence of the rate constants and
of the branching ratio, we used the results from the intermediate
energy transfer parameter of 800 cm-1.

Figures 6 and 7 show the pressure-dependent rate constants
for the NO2 fission channel and HONO elimination channel,
respectively. The rate constants for both channels exhibit very
weak dependence on the pressure at 500 K. The pressure
dependence becomes more profound as the temperature in-
creases. At 1500 K, both reactions show strong pressure
dependence, even at normal pressure (760 Torr). Particularly,
at normal pressure the rate constants of the NO2 and HONO
elimination channels are smaller than their high-pressure limits
by factors of 33.4 and 3.77, respectively. This phenomenon can
be easily explained by the strong collision model, in which the
pressure dependent-rate constant is given by19

wheref(E) is the distribution function;Z is the collision number;
[M] is the concentration of bath gas;k(E) are the microcanonical
rate constants. In eq 11, [M] is the only part that relates to the
pressure. At the high-pressure limit,Z[M] . k(E), k(E) can be
omitted andkuni is independent of the pressure. Here,kuni can
reach the high-pressure limit sooner at the lower temperature.
This is because at low temperatures the Boltzmann distribution
function centers at the lower energy wherek(E) are small, and

thus the high-pressure limit conditionZ[M] . k(E) can be
satisfied easily.

The NO2 fission reaction shows a stronger pressure depen-
dence than the does HONO elimination reaction. At 800 K, the
HONO elimination reaction is almost pressure independent in
the pressure range from 5× 10-3 to 103 Torr, whereas the NO2
fission reaction reaches the falloff region when the pressure
drops below 10 Torr.

3.4. Branching Ratios.Figure 8 plots of the branching ratios
of rate constants of the two channels, namelykNO2/kHONO as
functions of the temperature and pressure. It can be seen that at
a given temperature the branching ratio increases with the
pressure. It reaches the high-pressure limit at low temperature
due to the reason discussed above. As the temperature increases,
it exhibits strong pressure dependence. Particularly at the normal
pressure and at the temperature of 1500 K, which is typical in
combustion systems, the branching ratio is 9.55, which is much
smaller than the high-pressure limit value of 84.8. It is interesting
to point out that in the temperature range where experimental
data are available, the branching ratio is larger by more than 4
orders of magnitude, thus the contribution of the HONO
elimination channel is negligible and is consistent with the
experimental observation. However, in the temperature range
that is typical in combustion systems, i.e.,∼1500 K, and at
standard pressure, the branching ratio is only 9.55. This indicates
that the contribution of the HONO elimination channel is not
negligible and should be included in the kinetic model in thermal
decomposition of HMX. Due to the similarity between RDX
and HMX, this conclusion is also relevant for RDX.

3.5. Influence of the Energy Transfer Parameter.The
energy transfer parameter is important in determining the energy
transfer rate. Unfortunately, currently there is no sophisticated
method to estimate this value. To show the influence of energy
transfer parameter on the pressure-dependent rate constants, we
calculated the rate constants at three values 300, 800, and 1500
cm-1 ranging from the weak to strong collision condition for
both the NO2 fission and HONO elimination channels. The
results are depicted in Figures 9a and 9b, respectively. The
variation between the lower and higher limits can be thought
of as the maximum uncertainty in the pressure-dependent rate
constants. Because the rate constants of the NO2 bond fission
channel show a stronger dependence on the pressure, it also
exhibits the larger influence by the energy transfer parameter.
As the pressure increases, the differences between rate constants
from different values of this parameter decrease as expected.
Furthermore, as the temperature increases, the variation also
increases. At normal pressure and at 1500 K, the differences

Figure 6. Plot of the pressure-dependent rate constants of the NO2

fission channel at the energy transfer value of 800 cm-1.

Figure 7. Plot of the pressure-dependent rate constants of the HONO
elimination channel at the energy transfer value of 800 cm-1.

kuni ) ∫E0

∞
f(E)k(E)

Z[M]

Z[M] + k(E)
(11)

Figure 8. Plot of the branching ratio vs temperature for different
pressures at the energy transfer value of 800 cm-1.
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between the lower and higher energy transfer parameters is about
8.31 for the NO2 bond fission and 3.31 for the HONO
elimination channel. Thus, it does not affect the conclusions in
this study.

4. Conclusions

We presented a direct ab initio dynamics study of the
branching ratio and pressure-dependent rate constants of the
multichannel thermal decomposition of gas-phaseR-HMX.
Particularly, only the initial step of the decomposition with both
the NO2 fission and HONO elimination channels was consid-
ered. The master equation was employed. Both canonical and
microcanonical variational transition state (CVT andµVT)
theories were carried out. Quantum mechanical tunneling effects
in the HONO elimination channel were included using the
multidimensional semiclassical small curvature (SCT) method
in the CVT framework and the Eckart model in theµVT
framework. Potential energy information was calculated at the
B3LYP/cc-pVDZ level of theory.

We found that both the NO2 bond fission and HONO
elimination channels exhibit a strong pressure dependence in
the temperature range that is typical in most combustion systems,
i.e.,T > 1000 K. At the normal pressure and 1500 K, the thermal
rate constants of the NO2 bond fission and HONO elimination
channels are smaller than their high-pressure limits by a factor
of 33.4 and 3.77, respectively. Our results are consistent with
experimental observation that the contribution from the HONO
elimination channel is negligible with the branching ratiokNO2/
kHONO less than 1.0× 104 for temperatures below 300 K, where
experiments can be carried out for this energetic material.
However, for temperatures that are typical in combustion

systems, i.e., above 1000 K, its contribution is not negligible.
Particularly, at normal pressure and 1500 K, the branching ratio
is only 9.55, namely 9.5% of the total rate. In light of these
results, this reaction channel should be included in the kinetic
models for the thermal decomposition of HMX and RDX.
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