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Using the BLYP and B3LYP level of density functional theory, four possible decomposition reaction pathways
of HMX in the gas phase were investigated:—NO, bond dissociation, HONO elimination,-N bond

scission of the ring, and the concerted ring fission. The energetics of each of these four mechanisms are
reported. Dissociation of the-NNO, bond is putatively the initial mechanism of nitramine decomposition in

the gas phase. Our results find the dissociation energy of this mechanism to be 41.8 kcal/mol at the BLYP
level and 40.5 kcal/mol at the B3LYP level, which is comparable to experimental results. Three other
mechanisms are calculated and found at the BLYP level to be energetically competitive to the nitrogen
nitrogen bond dissociation; however, at the B3LYP level these three other mechanisms are energetically less
favorable. It is proposed that the HONO elimination andNCbond scission reaction of the ring would be
favorable in the condensed phase.

I. Introduction the reactive properties of RDX in the gas phase particular,
o o . . ) they calculated the potential energy surface along a single
Cyclic aliphatic nitramines are important and widely used reaction coordinate for NNO, bond dissociation and concerted
energetic mater]als. In particular, octahydro-l,3,5,.7.-tetran|tro- symmetric ring fission to three GN,O, molecules. Harris and
1,3,5,7-tetrazocine (HMX) and hexahydro-1,3,5-trinitro-1,3,5- | ammertsma likewise invesitgate the-& bond dissociation
triazine (RDX) have become key materials for a variety of i3 RDX and find it energetically unfavorable compared to
military and industrial applications due to their thermal stability N—NO, bond dissociatio Additionally, Manaa and Fried used
and high detonation velocity relative to other explosi¥és.  pET to calculate the singlet and triplet states of the carbon
Because of their widespread use, a more rigorous investigationpjtragen dissociation in nitromethane and compared those results
into their properties and their reactive mechanisms has becomey, muyiticonfiguration self-consistent field (MCSCF) and qua-
a contemporary topic of interest for experimentalists and gratic configuration interaction (QCI) ab initio calculatichs.
theoreticians alike. Rice and co-workers have also employed DFT methods to study
Although RDX and HMX have been used for military the behavior of nitramines in two comparisons of density
applications for over 50 years, scientific investigation into their functional methods with higher level quantum chemistry
reactive processes has only been undertaken in the past twanethod<.” In their first study, Pai it et al. compared the
decades. Significant progress has been made in understandingerformance of various DFT functionals with various basis sets
the microscopic nature of these explosives; however, funda-to the performance of MP2 for the potential energy surface of
mental questions remain unanswered. In particular, the time sym-Triazine reaction%In their second study, they employed
frame associated with explosive reactions in addition to the the same two types of calculations in examining the structure
highly exothermic conditions associated with an explosion make and relative stability of conformers of RDXMore recently,
experimental investigation of the initial steps of the reaction Chakraborty et al. performed DFT calculation to map out several
difficult at best. The primary motivation for this research is to transition states for RDX.
use quantum chemistry techniques to complement current pespite the numerous theoretical results for RDX, very few
experimental investigations. Quantum chemistry techniques theoretical results have been reported for HMX. Recently, we
allow us the flexibility to explore time scales, temperature ysed a local-orbital DFT approach to study the energetics and
regimes and physical dimensions that are important to under-stryctures of the three pure polymorphic forms of crystalline
standing the nature of this reactivity. Recent years have seenymx.9 In this work, the energetics of four possible reaction
dramatic improvements in these methods that have resulted inmechanisms of HMX are investigated:—NO, bond dissocia-
their widespread use, not to mention a greater understandingtion, HONO elimination, G-N bond dissociation of the ring,
of their range of applicability. and the concerted ring fission to four @0, molecules. It is
Several different studies of quantum chemistry calculations important to note that despite the report of similar calculations
of nitramines have been previously reported. Density functional for RDX, there are differences in the decomposition environ-
theory (DFT) has proven to be the most effective method for ments of HMX and RDX°1! including evidence that HMX
studying HMX and RDX due to the size of these respective decomposes in the solid phd%as opposed to the liquid-phase
molecules and the relative computational demands of the decomposition of RDX. These differences often depend on the
guantum chemistry methods used to study their reactive various experimental conditions under which the experiments
properties. Wu and Fried have employed DFT to investigate are performed. In this paper, we pursue calculations to inves-
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Boat Form Chair Form
Figure 1. Boat and chair gas-phase conformers of HMX.

; : ; ; TABLE 1: Relative Energies (kcal/mol), Bond Lengths (&),
tigate these four reaction mechanisms of HMX in order to further and Bond Angles (deg) of the Boat and Chair Conformations

understand decomposition pathways that are specific to HMX. g gmx 2

The sections of this paper are orgamzeq as foIIc_)ws: T_he chair boat chair boat
computational methods are described in section Il, while section (BLYP) (BLYP) (B3LYP) (B3LYP)
Il discusses some background information on HMX as well as -

. : . relative energy 0.00 0.81 0.00 2.33
a comparison of calculations for the two different conformers. . 'pond lengths
Section 1V discusses the result of the calculations for the four  N—N (equatorial) 1.46 1.43 1.39 1.41
different reaction mechanisms described above. Finally, section  N—N (axial) 1.45 1.44 1.40 1.42
V contains some concluding remarks. N-O 1.23 1.23 1.22 1.22
C-N 1.47 1.47 1.46 1.45
. H-C 1.10 1.10 1.09 1.09
II. Computational Methods av bond angles
) ) N—N—-O 116.27 116.21 116.44 116.51

All of the energy calculations presented herein were per- 0-N-O 127.47 12751 127.08 126.98
formed using the Gaussian$&juantum chemistry package on C—N-N 117.06  116.89  117.38 117.69
a Silicon Graphics Origin 2000 computer. Within this package, =~ ¢~N—C 122.67  122.89 12322 12275

N—C—H 108.05 108.67 108.79 108.27

the Kohn—Sham spin unrestricted DFT formulation was em-
ployed#15and the spin state was initially contaminated with a 2 Results were obtained with both the BLYP and B3LYP levels of
mixed singlet-triplet state. The local-density approximation density-functional theory.
(LDA) of DFT has proven to be highly unreliable for predicting
dissociation energie’$;1° therefore, we use the generalized- €nergy (ZPE) correction was included in the total energy
gradient approximation (GGA) of DFT. It has been demonstrated calculations for each optimized geomety.
that GGAs yield a level of accuracy comparable to other
sophisticated ab initio methods182024n addition, the favorable  I1l. HMX Background
scaling of DFT methods with system size compared to other  The HvX molecule is an eight-membered ring of alternating
high-level quantum chemistry methods makes them more caron and nitrogen atoms, where two hydrogen atoms are
desirable to use for larger systems such as HMX. bonded to each carbon atom and a nitro group is bonded to
Two gradient-corrected functionals were chosen for this each nitrogen atom. There are four polymorphs of HMX;
study: BLYP and B3LYP. The Becke gradient-corrected B, 0, andy, with the 8 polymorph (chair conformation) as the
exchange functional (B) has been shown to reproduce the exackoom-temperature stable for#hThea andd polymorphs (boat
asymptotic behavior of exchange energy density in a finite conformations) are stable from approximately 377 to 429 K and
systen??2 The Becke three-parameter exchange (B3) is a approximately 429 to 549K (melting point), respectivélyt
hybrid method that mixes some Hartrefeock exchange energy  The y polymorph is a metastable hydrated structure (stable at
into the exchange function& This mixing is shown to improve approximately 429 K) that converts immediately¢iMX in
the barrier height of some reactions which may normally be the presence of solveff:33
underestimated due to the Coulonself-interactionof the In the gas phase there are two stable structural conformers
electrong?21.2526The correlation functional used is the gradient- of HMX: the boat form and the chair form (see Figure 1).
corrected functional of Lee, Yang, and Parr (LYPPrevious  Starting from the initial X-ray crystallographically determined
work shows that these two methods can properly describe thestryctures ofx-, 5-, andd-HMX, calculations were performed
complete dissociation curve using spin-unrestricted formula- ysing the methods described in section II. It was found that the
tiOI’]S.ls’zsAdditiona”y, Wu and Fried demonstrated that these o. and o structures both Optimize to the boat conformer and
two functionals yield good results for RDX, which is similarin  5-HMX optimizes to the chair conformer. The relative energies
composition to HMX? and geometries of the two conformationally different structures
The basis set used in this study was 6-311G with additional are listed in Table 1. The boat conformation is higher in energy
p-functions for H and additional d-functions for the second row than the chair conformation by 0.81 kcal/mol (BLYP) and 2.33
elements: C, N, and O. These calculations were carried out atkcal/mol (B3LYP). It is interesting to note that the bond lengths
0 K, and as a result the several high-frequency modes attribut-and angles of the two structures are virtually indistinguishable,
able to carborrhydrogen stretch modes may contribute a which perhaps explains their closeness in energy. However, there
significant zero-point vibrational energy. Therefore, a zero-point are significant differences between the BLYP structures and the
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SCHEME 2
NO» from experimental evidence where gaseous pyrolysis products

| were examined from the thermal decomposition of H#X2:38.39
Elimination of HONO is proposed as either a primary or

7 secondary mechanism; however, only the primary reaction
OzN—N N—NO, ——— mechanism is investigated in this work.

HMX decomposition is known to occur under different
conditions than RDX; the former decomposes in a condensed-
phase environment rather than a gas-phase environment. It is
commonly thought that the confining environment of a con-

N
H,C™™ CH,

HgC\N/CHg

NO,

NO2 densed phase would provide more steric constraints which
_N prohibit a mechanism such as the ring fission reaction from
HaC HGQ proceeding*3¢ Moreover, condensed phase experiments are

O;N—N N—NO, difficult to interpret because several possible product species
can be created. As a result, we also investigated a mechanism
not previously proposedscission of the ring via a €N bond.
Preliminary results of condensed-phase calculations suggest that
NO, this mechanism as well as HONO elimination may be energeti-
cally more favorable than NNO, dissociation in a condensed-
phase environment due to the steric hindrance of the latter in
the solid staté.

Although HMX decomposes in the condensed phase, the
current results presented here are results from calculations in
the gas phase. Understandably, the energetics of these calcula-

C—N bond. Among these several mechanisms, the putativetlons will not exactly predict the true energetic pathway in the

initial mechanism for decomposition of nitramines is the rupture Egggegssiﬁ-s?-gizgregwr?onxTrr?Qtti.o:'gV;/er(laa[t’etrhitsj dir::ucl)tfsv\?gglg €
of the N—NO, bond (Scheme 1). ppr .
condensed-phase reaction mechanisms.

CHs /CHg

B3LYP structures; the former yields largerN\ bond lengths
in both the equatorial and axial directions.

Four different unimolecular reaction mechanisms for HMX
were investigated: dissociation of N@oncerted ring scission,
elimination of HONO, and dissociation of the ring along the

Through transient laser pyrolysis experiments, Wight and
Botcher have shown that in RDX the initial decomposition
products involve the removal of a single N&36 Their
experiments were performed using a solid thin film; therefore, ~ A. N—N Bond Scission.Using the BLYP and B3LYP level
it appears that the NNO, bond dissociation occurs more of DFT in Gaussian98, the-NN bond scission energy for HMX
abundantly as a result of the large surface exposure of the NO in the gas phase was calculated. For a given range of fixeld N
groups. In addition to these experiments, dissociatior» O  bond lengths, the structure of HMX was optimized. Thand
also proposed as a primary decomposition pathway under¢ forms of HMX (boat conformation) are the higher temperature
collisionless, infrared multiphoton dissociation (IRMPD) experi- structures, from which the decomposition of HMX occurs;
ments®’ hence, this form was used to generate the calculated data. Figure

In addition to the dissociation of the N®ond, these IRMPD 2 shows a plot of the energy (BLYP and B3LYP), including
experiments propose that two other competing mechanisms existhe ZPE, as a function of this bond length. As shown in the
in RDX: concerted ring fission of RDX into three GN,O, data, there is no barrier to dissociation in the gas phase,
molecules and elimination of HONO from the molecule. suggesting that NNO, bond cleavage in condensed-phase
Similarly, we investigate concerted ring fission of HMX into HMX is a highly reversible process.
four CH:N20O, molecules (Scheme 2) and HONO elimination From these results, we find that the-NIO, bond dissociation
from HMX (Scheme 3). energy is 41.8 kcal/mol at the BLYP level and 40.5 kcal/mol at

Earlier DFT results for RDX in the gas phase demonstrated the B3LYP level. The potential energy profile value compares
that N—NO, bond dissociation is more energetically favorable extremely well with the N-N bond scission energy curves for
(~18 kcal/mol) over concerted ring fissi@he products that ~ RDX determined both theoretically and experimentally. Previous
may be produced from either of these mechanisms are supportectalculations of the RDX found that the dissociation energy for

IV. Results
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Figure 2. Energy versus equatorial \N bond length for the boat ~ Figure 3. Energy versus €N bond length (concerted scission) for
conformation of HMX. the boat conformation of HMX.

the rupture of the NNO; bond ranges between 38.7 and 43.4 . ) . o
kcal/mol for different levels of theord. Likewise, recent would produce a steric constraint that would likely inhibit
experimental results of RDX have yielded an estimated activa- formation of this intermediate. This physical constraint, in
tion barrier for the initial decomposition step-a87 kcal/mol4° combination with the relatively large barrier for the concerted
Although these experimental estimates may not represent the'ing f|s§|on, implies that this reaction mechanism is very unlikely
energy of N-N bond scission, microscopic imaging of the N an _I(_ieal Cr_ystalllne (_:ondensed_-phase environment. The
decomposed crystal suggests that this is the decompositionPrObab'“t}/ of this m_e_chamsm occurring would perhaps increase
mechanism at work. Finally, the potential energy profile shown if vacancies or cavities were to form in the molgcular crystgl.
in F|gure 2 has Zero barner, Wh|Ch |S |n agreement W|th These cavities WOU|d remove some Of the phySIcal constraints
experimental observations which indicate that the product that exist, allowing the concerted ring fission to proceed as a
translational energy distribution for the-NNO, cleavage is possible mech.an.lsm.. B .

peaked at zer&. Therefore, this mechanism is likely reversible ~ C. HONO Elimination. The transition-state searching algo-

in the condensed phase. rithm within Gaussian98 was used to determine a transition state
B. Concerted Symmetric Ring Fission.In this proposed  for elimination of HONO from the HMX molecule (see Scheme
reaction mechanism, the molecule decomposes into fouNgB4 3). A transition state using the BLYP level of DFT was found

molecules (see Scheme 2). Each fragment then undergoes ¥ielding a barrier between the ground state and product state.
proposed secondary decomposition reaction yielding experi- The energy of this transition-state barrier is 42.9 kcal/mol

mentally observed products: HCN, HONO,® and HCO. (BLYP), which is quite comparable to the amount of energy
Calculations were performed for fixed-N distances on the  required for dissociation of Nofrom the molecule.

ring; the geometry for each fixed-N distance was optimized. With a barrier comparable to NOdissociation and an
Figure 3 shows a plot of the energy (BLYP and B3LYP), energetically favorable intermediate, this reaction mechanism
including the ZPE, as a function of this distance. appears quite competitive to the putatively accepted primary

Unlike dissociation of N@ from the molecule, a definite ~ decomposition pathway. One advantage for this mechanism is
barrier exists between the ground state structure and the stabldhat it forms the stable intermediate and is not reversible in the
intermediate formed as the fragments become segregated. Thisondensed phase. Therefore, this reaction mechanism is more
barrier between the ground state and the stable intermediatdikely to encourage further secondary decomposition of HMX
(formed when the fragments are further apart) is found to be in the condensed phase; whereas,,Nisociation may not
approximately 48.1 kcal/mol at the BLYP level and 71.8 kcal/ because no stable intermediate is formed in the latter. In addition,
mol at the B3LYP level. Therefore, this process would not be the HONO elimination pathway is not as sterically confined by
reversible in the condensed phase as observed for the case dhe molecular environment as the N@issociation and the
NO, dissociation. The energy of this barrier relative to the concerted ring scission pathways.
dissociation energy of the-NNO, bond rupture is less favorable D. C—N Bond Scission.The potential energy curve corre-
by approximately 6.3 kcal/mol (BLYP) and 31.8 kcal/mol sponding to G-N bond scission was calculated by optimizing
(B3LYP). Spin-restricted calculations yielded very similar the HMX geometry for several €N bond distances. The
results, and similar results were reported for DFT calculations potential energy curve calculated represents optimization along

of RDX.3 a specific energetic pathway corresponding to fixeeNCbond
The intermediate produced from the concerted ring fission lengths and not optimization to a saddle point. The results of
is calculated to be more favorable than the-NO, bond these calculations indicate that the barrier for this specifitNC
dissociation (for both BLYP and B3LYP); however, the bond elongation pathway is 41.2 kcal/mol at the BLYP level
formation of this intermediate occurs at relatively largeXC and 56.0 kcal/mol at the B3LYP level. These energy barriers

distances. In the condensed phase, the packing of the moleculesre comparable to the calculated energy of the putatively favored
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Figure 4. Ten-membered ring intermediate structure of HMX.
and not via N-N bond breaking. The lack of HD mixing

N—NO; bond dissociation. These results represent only an upperwould also seem to indicate that @bl originates directly from
bound for the G-N bond scission reaction pathway; further the ring. Behrens does observe a large amowB0@6) of 13C—
investigations will determined a more accurate energy profile 12C and®0—160 scrambling in the CKO product. However,
for this mechanism in a condensed phase. it is important to note that in a high-temperature experiment

In the process of optimizing the structure for eachNCbond such as this, isotopic exchange can occur during the initial
distance, our calculations find that the energy increases as thigreaction or during secondary reactions prior to detection.
distance increases, as expected. The energy peaks, and the@onsequently, the lack of isotopic scrambling is more positive
beyond some energetic barrier a stable 10-membered ringproof but the existence of isotopic scrambling is inconclusive.
intermediate, schematically shown in Figure 4, is formed. The Behrens points out specifically that carbon and oxygen scram-
energy of this intermediate is found to be only 10.3 kcal/mol bling could likely occur during the formation and subsequent
(BLYP) and 11.5 kcal/mol (B3LYP) above the ground-state gas- decomposition of a formaldehyde polymer or during an aldehyde
phase HMX molecule. As with the HONO elimination this hydration/dehydration process.
mechanism would not be reversible in the condensed phase at Although the fact that the experimental information is
the formation of this stable intermediate. More importantly, the consistent with the intermediate in Figure 4, it certainly does
intermediate formed is the most energetically favorable of the not prove its existence nor its relevance to a condensed-phase
four proposed mechanisms. reaction mechanism. However, this reaction mechanism is more

The results presented here indicate that theNCbond likely to encourage further secondary decomposition of HMX
scission barrier is only somewhat less energetically favorable in the condensed phase similar to HONO elimination. More
(at the B3LYP level) compared to-ANO, bond dissociation. conclusive evidence can be obtained from explicit condensed-
It is important to note that these calculations have been phase reaction studies currently underway.
performed in the gas phase and condensed-phase effects ma%// )
change, even reverse, the relative energy ordering of the barriersY- Concluding Remarks

The relatively compact structure of the-@l bond scission As the scientific effort to understand the reactivity of highly
transition state may be structurally less confining compared to energetic materials grows, quantum chemistry methods can play
the drastic extension_of th(_aN\I bond_th_at must take place for 5 yseful role in that investigation. Because of the highly
the NG group to dissociate. Preliminary condensed-phase exothermic nature of explosive materials, it is difficult to
calculations of the potential energy surface in our group indicate jnvestigate many aspects of their reactivity with current
that in the compact crystal structure-N bond dissociationis  experimental techniques. However, quantum chemistry methods
energetically discouraged compared to theNCbond scission  offer a risk-free and relatively accurate means by which to study
mechanism. Of course, near areas with large surfaces or voidsheir behavior.
there is_ no confining environment and-Nl bond dissociation On the basis of the gas-phase calculations reported in this
would likely be more favorable. paper, N-NO, bond dissociation, HONO elimination, and the
This work represents the first determination of an intermediate proposed &N bond scission are energetically comparable at
for the C-N bond scission. Although such an intermediate has the BLYP level: 41.8, 42.9, and 41.2 kcal/mol, respectively.
never before been proposed, the experimental data available torhe concerted ring scission of the HMX molecule into four
us regarding the gaseous products formed during HMX decom- CH,N,0, molecules is calculated to be less energetically
position support such an intermediate. In particular, Behrens favorable at both the BLYP and B3LYP levels. At the B3LYP
has shown that the three primary decomposition products arejevel the proposed €N bond scission is less favorable than
N20, H,0, and CHO.*21°While the intermediate proposed here  N—NO, bond dissociation by 16.0 kcal/mol; however, the
does not address the formation of,® it is a plausible  predicted intermediate is only approximately 10.0 kcal/mol
explanation for the abundance of botbONand CHO. Behrens  ahove the ground-state gas-phase HMX structure. In a bulk
explains the formation of such products through a two-step condensed-phase environment theNChond scission mecha-
process involving an initial NN bond scission forming N®  nism may be energetically favored because of the steric
and HCN, which recombine to form Y0 and CHO. While constraints that will disfavor NNO, bond dissociation. Further
this is still plausible, the abundance of theQNand CHO calculations of these mechanisms to understand the effects of
products would point to a primary decomposition mechanism the condensed-phase environment are underway. The uniquely
that results in these products. Clearly, the simple fragmentationidentified intermediate of the €N bond scission may play a
of the intermediate proposed here would fit that description, as role in the decomposition under certain experimental conditions

shown in Figure 5. in the condensed phase.
Additionally, Behrens isotopically labeled decomposition
experiments also indicate that very littRN—1*N mixing (<5%) Acknowledgment. We acknowledge Tommy Sewell and

and H-D mixing (<7%) occurs in MO and CHO, respectively. Richard Evans for useful discussions related to this ongoing
This would indicate that pD originates directly from the ring  work. This research is funded by the University of Utah Center
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